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บทคัดย่อ 

ฟิสิกส์และเทคโนโลยีของการพัฒนาแหล่งก าเนดิอิเล็กตรอนความสว่างสูง (high brightness) 

เป็นส่วนส าคัญมากของการพัฒนาระบบเครื่องเรง่อนุภาคในอนาคต ล าอเิล็กตรอนที่มีความสว่างสูง 

หมายถึง อิเล็กตรอนพัลส์ที่มจี านวนอิเล็กตรอนหนาแน่นมากใน เฟส-สเปซ 6 มิติ (6-D phase-

space)  ซึ่งมักจะเขยีนรวมเป็น ( , , , , , )x yx p y p E t  ปืนอิเล็กตรอนแบบอาร์เอฟมีศักยภาพที่จะผลติ

อิเล็กตรอนความสว่างสูงเนื่องจากการเร่งอย่างรวดเร็วตั้งแตบ่ริเวณคาโทด แต่ ผลจากการค านวณ

ด้วยการจ าลองโดยโปรแกรมคอมพิวเตอร์ ชี้น าว่า ล าอิเล็กตรอนที่ผลิตจากปืนแบบอาร์เอฟ PBP-

CMU RF-gun มีเฟส-สเปซแบบสไลซ์ ที่ไม่ซ้อนทบักัน โดยแสดงลักษณะคล้ายกับการหมุน (rotation) 

ของเฟส-สเปซแบบสไลซ ์  ซึ่งส่งผลใหภ้าพฉายของอิมิตแตนซ์ (projected emittance) หรอือิมิต

แตนซ์ปรากฏ (apparent emittance)  มีคา่มาก ท าการวิเคราะห์ลักษณะการเปลี่ยนแปลงของเฟส-

สเปซแบบสไลซ์ เพื่อหาโครงสรา้งของสนามแมเ่หล็กไฟฟ้าที่เหมาะสม  ผลการศกึษาพารามิเตอร์

ต่างๆ พบว่า TM010 2856 MHz cavity ที่มคีวามยาวประมาณ  2.6242 เซนติเมตร หรอื 1
4  

ให้ผลในการลด emittance ได้ด ี เมื่อใชส้นามความเข้ม 40 MV/m ใน cavity จะท าให้ projected 

normalized emittance ลดลงได้ประมาณ 50% แตม่ีผลใหอ้ิเล็กตรอนมีพลังงานเพิ่มขึ้นอกีประมาณ 

1 MeV  เนื่องจาก cavity ที่จะใช้ชดเชยใช้ความถี่เดียวกับปืนอเิล็กตรอน (2856 MHz) ควรจะศกึษา

เพิ่มเติมเพื่อรวมสนามส าหรับการชดเชยนี ้  ไว้กับตัวของปืนอิเล็กตรอน  และจากการศกึษาพบว่า 

การหมุนให้ coupling-cell วางอยู่ในแนวเดียวแต่ด้านตรงข้ามกับช่องเปิดท่อน าคลื่น จะได้ล า

อิเล็กตรอนที่มลีักษณะสมมาตรขึ้น ซึ่งจะได้ท าการศกึษาปืนอเิล็กตรอนในลักษณะนี้ อย่างละเอียด 

ต่อไปในอนาคต 
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Abstract: 

Production of high brightness electron bunches is a key issue for the successful operation of 

next-generation light sources, future (short wavelength) FELs, linear colliders as well as plasma 

wake-field laser accelerators. A high brightness electron bunch requires high density in a 6-D 

phase-space, in other words, having maximum charges in a short bunch with low emittance. 

Such electron bunches can be produced with rapid acceleration in an RF-gun and an 

enhancement occurs when the time-sliced are all lined up. Beam dynamics study of the PBP-

CMU RF-gun via computer simulation has shown rotation of the slice phase-space ellipses, 

causing dilution of the beam projected emittance. The phenomenon seems to be macroscopic 

and is likely to be able to compensate employing an RF cavity. In this study, we investigate 

time-dependence of the slice phase-space and their responses to the compensation TM01 

fields. Successful in emittance reduction of 50% can be obtained using a 1
4  long TM010 

2856 MHz cavity operating with 40 MV/m field intensity. As the compensation cavity will be 

operated at the same frequency as the RF-gun, further study should be integrating the 

compensation fields into the RF-gun. Part of the study also found that rotating the coupling-cell 

to line up with the wave guide opening results in improvement of the electron beam quality. 

Detail study of the RF-gun with the rotated coupling-cell will be further investigated. 
 

Keywords:  emittance, RF-gun, phase-space 
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1. ความส าคัญและที่มาของปัญหา 

ฟิสิกส์และเทคโนโลยีของการพัฒนาแหล่งก าเนดิอิเล็กตรอนความสว่างสูง (high brightness) 

เป็นส่วนส าคัญมากของการพัฒนาระบบเครื่องเรง่อนุภาคในอนาคต ล าอเิล็กตรอนที่มีความสว่างสูง 

หมายถึง อิเล็กตรอนพัลส์ที่มจี านวนอิเล็กตรอนหนาแน่นมากใน เฟส-สเปซ 6 มิติ (6-D phase-

space)  ซึ่งมักจะเขยีนรวมเป็น ( , , , , , )x yx p y p E t  ปืนอิเล็กตรอนแบบอาร์เอฟมีศักยภาพที่จะผลติ

อิเล็กตรอนความสว่างสูงเนื่องจากการเร่งอย่างรวดเร็วตั้งแตบ่ริเวณคาโทด  

ในการศกึษาฟิสิกส์และเทคโนโลยีของการผลิตอิเล็กตรอนหว้งสั้นในเรือนเฟมโตวินาที  ของ

ศูนย์วิจัยฟิสิกส์ของพลาสมาและล าอนุภาค (Plasma and Beam Physics (PBP) Research Facility) 

มหาวิทยาลัยเชียงใหม่ ผลจากการค านวณด้วยการจ าลองโดยโปรแกรมคอมพิวเตอร์ ชีน้ าว่า ล า

อิเล็กตรอนที่ผลิตจากปืนแบบอาร์เอฟ PBP-CMU RF-gun มีเฟส-สเปซแบบสไลซ์ ที่ไม่ซ้อนทับกัน 

โดยแสดงลักษณะคล้ายกับการหมุน (rotation) ของเฟส-สเปซแบบสไลซ ์ ซึ่งส่งผลใหภ้าพฉายของอิ

มิตแตนซ์ (projected emittance) หรอือิมิตแตนซ์ปรากฏ (apparent emittance)   มีคา่มาก  หาก

สามารถแก้ไขหรอืชดเชยผลจากการหมุนของเฟส-สเปซแบบสไลซ์ โดยใช้สนามแม่เหล็กไฟฟ้า ใน 

cavity ที่มกีารกระจายของสนามอย่างเหมาะสมที่จะท าให้เฟส-สเปซแบบสไลซ์ จดัเรียงตัวกันตลอด

ทั้งพัลส์ และส่งผลใหส้ามารถลดขนาดของอมิิตแตนซ์ปรากฏได้อย่างมีนัยยะส าคัญ ซึ่งจะเป็น

แนวทางที่เอื้อประโยชน์อย่างมาก ต่อการ ศกึษาและพัฒนาแหล่งก าเนิดอเิล็กตรอนความสว่างสูง   

 

2. วัตถุประสงค์ 

2.1 เพื่อศกึษาฟิสิกส์และเทคโนโลยีของการผลิตล าอเิล็กตรอนความสว่างสูง 

2.2 เพื่อศกึษาการชดเชยการหมุนของเฟส-สเปซแบบสไลซ์ ของล าอิเล็กตรอนจากปืน

อิเล็กตรอนแบบอาร์เอฟ โดยใช้สนามแมเ่หล็กไฟฟ้า และวิเคราะห์ผลกระทบในการลดอิมติ

แตนซ์ปรากฏ 

2.3 เพื่อสร้างองค์ความรู้ใหมแ่ละงานวิจัยที่มมีาตรฐานระดับนานาชาติ ซึ่งเป็นการเพิ่มศักยภาพ

และยกมาตรฐานการวิจัยในสาขาฟิสิกส์ของเครื่องเร่งอนุภาคอิเล็กตรอนในประเทศ 



 

 

3. ระเบียบวิธีวจิัย 

 ศกึษาลักษณะการกระจายของเฟส-สเปซ จากปืนอเิล็กตรอนแบบอาร์เอฟ PBP-CMU RF-

gun โดยอาศัยการจ าลองด้วยโปรแกรมคอมพิวเตอร์   ใช้โปรแกรม  SUPERFISH เพื่อ

จ าลองสนาม RF ในปืนอเิล็กตรอน และ ใช้โปรแกรม PARMELA ส าหรับค านวณการ

เคลื่อนที่ของอเิล็กตรอน ขณะเคลื่อนที่ผ่านสนามแม่เหล็กไฟฟ้า ในแต่ละบริเวณ 

 วิเคราะหค์วามสัมพันธ์ของเฟส-สเปซแบบสไลซ์กับเวลา ตลอดห้วงพัลส์อเิล็กตรอน เพื่อ

ศกึษาการหมุนของเฟส-สเปซกับเวลา  

 หาการชดเชยการหมุนที่เหมาะสมส าหรับเฟส-สเปซ เพื่อท าให้เฟส-สเปซตลอดห้วงพัลส์

เรียงในแนวเดียวกัน และ หารูปแบบที่เหมาะสมของสนามแม่เหล็กไฟฟ้าส าหรับการชดเชย  

 ศกึษาการเคลื่อนที่ของอเิล็กตรอน ผา่นปืนอิเล็กตรอนแบบอาร์เอฟ PBP-CMU RF-gun และ

ผา่นสนามแมเ่หล็กไฟฟ้าส าหรับการชดเชยดังกล่าว พร้อมทั้งวิเคราะห์อิมิตแตนซ์ปรากฏ 

 อภปิรายผลการศกึษาและสรุปผลการวิจัยตลอดจนข้อเสนอแนะ  
 
4. ผลการวิจัย 

การวิเคราะหเ์ฟส-สเปซ ของล าอิเล็กตรอนจากปืนอเิล็กตรอน PBP-CMU RF-gun พบการ

หมุนของเฟส-สเปซแบบสไลซ์อย่างชัดเจน โดยแต่ละเฟส-สเปซแบบสไลซ ์ สามารถแทนได้ด้วย

ความสัมพันธ์เชิงเส้น (linear) การหมุนลักษณะนีน้่าจะชดเชยได้ด้วยสนามอาร์เอฟ ทั้งนีล้ักษณะการ

เปลี่ยนแปลงของเฟส-สเปซแบบสไลซ์กับเวลาส าหรับแต่ละปืนอเิล็กตรอน จะแตกต่างกัน 

เมื่อวเิคราะห์ลักษณะการเปลี่ยนแปลงของเฟส-สเปซแบบสไลซ์ เพื่อหาโครงสร้างของสนาม 

แมเ่หล็กไฟฟ้าที่เหมาะสม พบว่าสามารถใช้สนามจาก TM010 cavity  หรอื TM011 cavity ความถี่ 

1428, 2856 และ 5712 MHz  เมื่อท าการศกึษาพารามิเตอรต์่างๆ พบว่า TM010 2856 MHz cavity 

ที่มคีวามยาวประมาณ  2.6242 เซนติเมตร หรอื 1
4  ให้ผลในการลด emittance ได้ด ีเมื่อใชส้นาม

ความเข้ม 40 MV/m ใน cavity จะท าให้ projected normalized emittance ลดลงได้ประมาณ 50% 

แตม่ีผลให้อิเล็กตรอนมีพลังงานเพิ่มขึ้นอีกประมาณ 1 MeV   
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เมื่อใช้การค านวณการกระจายของสนามแม่เหล็กไฟฟ้าใน RF-gun แบบ 3  มิติ พบรายละ 

เอียดที่ส าคัญเนื่องจากความไม่สมมาตรขอบสนามรอบแกน z นั่นคือ พบว่าล าอิเล็กตรอน ณ 

ทางออกของ RF-gun เคลื่อนออกจากศูนย์กลางทั้งในแนวแกน x  และ แกน y  ซึ่งน่าจะเป็นผลมา

จากการที่ช่องเปิดท่อน าคลื่นวางอยู่ในแนวแกน y และ coupling-cell วางอยู่ในแนวแกน x ศกึษา

แนวทางการแก้ไขปัญหา โดย หมุนให้ coupling-cell วางอยู่ในแนวแกน y  โดยวางไว้ด้านตรงขา้มกับ

ช่องเปิดท่อน าคลื่น จะได้ล าอิเล็กตรอนและเฟส-สเปซ ที่อยู่ใกล้ตรงต าแหนง่พิกัด (0,0) มากขึ้น การ

กระจายของอเิล็กตรอนมลีักษณะคล้ายผลของ RF-gun ที่มสีนามสมมาตร นั่นคือ พบแนวทางการ

ปรับปรุง RF-gun ที่จะให้ล าอิเล็กตรอนที่มคีุณภาพดีขึน้  

                                 

                              
        

 

5. สรุปผลการวิจัยและข้อเสนอแนะ 

โครงการวิจัยนี้หาแนวทางที่จะชดเชยการหมุนของเฟส-สเปซแบบสไลซ์ดว้ย TM010 cavity 

เพื่อท าให้เฟส-สเปซแบบสไลซ์ จัดเรียงในแนวเดียวกันตลอดทั้งพัลส์ และจะส่งผลใหส้ามารถลด

ขนาดของอมิิตแตนซ์ปรากฏได้ ผลการศกึษาพบว่า สามารถลด  projected normalized emittance 

ลดลงได้ประมาณ 50% ด้วย TM010 2856 MHz cavity ที่มคีวามยาวประมาณ  2.6242 เซนติเมตร 

หรอื 1
4  เมือใช้สนามความเข้ม 40 MV/m แตม่ีผลใหอ้ิเล็กตรอนมพีลังงานเพิ่มขึน้อีกประมาณ 1 

MeV เนื่องจาก cavity ที่จะใช้ชดเชยใช้ความถี่เดียวกับปืนอเิล็กตรอน (2856 MHz) ควรจะศกึษา

เพิ่มเติมเพื่อรวมสนามส าหรับการชดเชยนี ้  ไว้กับตัวของปืนอิเล็กตรอน  และจากการศกึษาพบว่า 

การหมุนให้ coupling-cell วางอยู่ในแนวเดียวแต่ด้านตรงข้ามกับช่องเปิดท่อน าคลื่น จะได้ล า

อิเล็กตรอนที่มลีักษณะสมมาตรขึ้น ซึ่งจะได้ท าการศกึษาปืนอเิล็กตรอนในลักษณะนี้ อย่างละเอียด 

ต่อไปในอนาคต 

current RF-gun with horizontal coupling-cell 

new design RF-gun with vertical coupling-cell 
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1 บทน ำ 

 

ล ำอเิล็กตรอนที่มคีวำมสว่ำงสูง (high brightness) หมำยถึง อิเล็กตรอนพัลส์ที่มจี ำนวน

อิเล็กตรอนหนำแนน่มำกใน เฟส-สเปซ 6 มิติ (6-D phase-space)  ที่รวมถึง ต ำแหน่งและโมเมนตัมใน

แนวแกน x y และ z  ซึ่งมักจะเขยีนรวมเป็น ( , , , , , )x yx p y p E t  กำรที่จะให้ได้มำซึ่งล ำอเิล็กตรอน

ควำมสว่ำงสูงดังกล่ำว จะเน้นที่กำรผลติล ำอเิล็กตรอนให้มคีวำมสว่ำงสูงต้ังแตเ่ริ่มตน้ ซึ่งท ำได้ง่ำย

กว่ำกำรที่จะพยำยำมเพิ่มควำมสว่ำงในภำยหลัง ดังนัน้แหล่งก ำเนิดอิเล็กตรอนที่ให้ควำมสว่ำงสูง 

จะต้องเป็นแหล่งก ำเนิดที่ได้ถูกออกแบบ และผำ่นกำรศึกษำ มำเป็นอย่ำงด ี โดยฟิสิกส์และเทคโนโลยี

ของกำรพัฒนำแหลง่ก ำเนดิอิเล็กตรอนควำมสว่ำงสูง เป็นส่วนส ำคัญมำกของกำรพัฒนำระบบเครื่อง

เร่งอนุภำคในอนำคต  [1-3]  อำทิ เชน่ เป็นแหล่งก ำเนิดอิเล็กตรอนส ำหรับใช้กับ collider แบบเชงิเสน้  

ส ำหรับเครื่องเร่งแบบ wake-field laser ส ำหรับระบบผลติ Free Electron Laser (FEL) ทั้ง FEL ควำม

แบบ resonator และ single-pass (X-ray) FEL รวมไปถึงระบบผลติรังสเีอ็กซ์เฟมโตวินำทีด้วย

กระบวนกำร Compton scattering  อีกทั้งยังเป็นเทคโนโลยีที่นำ่สนใจเพื่อจะประยุกต์ใชก้ับกล้อง

จุลทรรศน์อเิล็กตรอน (electron microscope) กำรศกึษำวิจัยในส่วนนีจ้งึอยู่ในขั้นที่เรียกว่ำแนวหนำ้

ของแวดวงฟิสิกส์ของเครื่องเร่งและล ำอนุภำค และควำมสำมำรถในกำรเพิ่มควำมสว่ำง ไม่ว่ำด้วยวิธี

ใด จะมีสว่นชว่ยผลักดันงำนวิจัยด้ำนนีท้ั้งสิน้   

อิเล็กตรอนควำมสว่ำงสูงจะเกิดขึ้นได้เมื่อขนำดของล ำอิเล็กตรอนใน เฟส-สเปซ ทั้งตำมแนว

ขวำง ( , , , )x yx p y p  และตำมแนวยำว ( , )E t  มีคำ่น้อยมำก กำรบีบอัดห้วงของล ำอิเล็กตรอน  

(bunch compression) ให้ได้ห้วงที่สัน้และกำรลดกำรกระจำยของพลังงำน (energy spread) ในพัลส์ 

สำมำรถลดขนำดของเฟส-สเปซ ตำมแนวยำว ส่วนขนำดเฟส-สเปซ ตำมแนวขวำงจะลดลงได้ดว้ย

กำรลดขนำดและลดกำรลูอ่อก (divergence) ของล ำอิเล็กตรอน โดยทั่วไป มักจะใช้ ค่ำ อิมติแตนซ์ 

(emittance) ซึ่งแทนขนำดใน 6-D เฟส-สเปซ เป็นตัวชี้วัด  เชน่เดียวกับเฟส-สเปซ อิมติแตนซ์แบ่ง

ออกได้เป็น อิมติแตนซ์ตำมขวำง (แบ่งออกได้อกีเป็นอิมิตแตนซ์ตำมแนวแกน x  และแกน y ) กับอิมติ

แตนซ์ตำมยำว ทั้งนีพ้บว่ำ หำกเอ่ยถึงเพียงแค่อมิิตแตนซ์ ส่วนใหญ่มักจะหมำยควำมถึงอมิิตแตนซ์

ตำมขวำง กำรผลติล ำอเิล็กตรอนที่มอีิมติแตนซ์น้อย พร้อมทั้งอนุรักษ์ให้คงค่ำน้อยเชน่นั้นตลอด

ระบบล ำเลียงจนถึงจุดที่จะท ำกำรทดลอง เป็นส่วนส ำคัญในกำรผลิตล ำอิเล็กตรอนควำมสว่ำงสูง 

(ค่ำโดยทั่วไปของแหล่งก ำเนิดอิเล็กตรอนควำมสว่ำงสูง คือ มีประจุ 1 nC ควำมยำวพัลส์ < 10 ps   และ 

อิมติแตนซ์ < 7 mm mrad)   

สำเหตุหลักของกำรท ำใหอ้ิเล็กตรอนจ ำนวนมำก มำรวมกันอยู่ในปริมำตรที่เล็ก เป็นไปได้

ยำก เนื่องมำจำกกำรผลักทำงไฟฟ้ำของประจุชนิดเดียวกัน เรียกผลจำกกรณีเช่นนี้วำ่ space charge 

effects ซึ่งจะมีอทิธิพลต่อล ำอนุภำคที่มพีลังงำนต่ ำ ดังเชน่ขณะที่อเิล็กตรอนถูกปลดปล่อยออกจำก

คำโทด ในปัจจุบันได้เป็นที่ประจักษ์แล้วว่ำ สำมำรถลดผลของ space charge ลงได้ด้วยกำรเร่งในทันที
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ที่อเิล็กตรอนถูกปลดปล่อยออกมำจำกคำโทด เชน่ กำรตดิตั้งคำโทดไว้ในโพรงที่มีสนำมอำร์เอฟ (RF 

cavity) อิเล็กตรอนจะถูกเร่งดว้ยสนำมอำร์เอฟให้มพีลังงำนสูงกว่ำที่ space charge จะส่งอิทธิพล

ภำยในเวลำอันรวดเร็ว เนื่องจำกเมื่ออิเล็กตรอนมีพลังงำนสูงขึ้นจะมีแรงจำกสนำมแม่เหล็กมำ

ลดทอนแรงผลักจำกสนำมไฟฟ้ำ เรียกระบบผลติอิเล็กตรอนแบบนี ้ ว่ำ ปืนอเิล็กตรอนแบบอำร์เอฟ 

(RF-gun) ซึ่งสำมำรถผลิตอเิล็กตรอนพัลส์ด้วยจ ำนวนอิเล็กตรอนที่หนำแนน่มำกใน 6-D เฟส-สเปซ  

ปืนอเิล็กตรอนดังกล่ำว ได้เริ่มพัฒนำขึน้โดย J. Fraser และ R. Sheffield [4] ซึ่งถือได้ว่ำเป็น 

break-through ที่ส ำคัญไปสู่กำรผลิตแหล่งก ำเนิดอิเล็กตรอนควำมสว่ำงสูง เมื่อเปรียบเทียบกับปืน

แบบ DC ที่ใชก้ำรเร่งผำ่นคู่คำโทด-อำโนดที่ให้อเิล็กตรอนพลังงำนประมำณ 100 – 300 keV  ข้อเด่น

ของปืนอิเล็กตรอนแบบอำร์เอฟก็คือ สำมำรถติดตั้งคำโทดไว้ภำยใน RF cavity อิเล็กตรอนที่ถูก

ปลดปล่อยออกมำจะถูกเร่งในทันทีให้มีพลังงำนสูงขึ้นเป็น MeV ภำยในเวลำอันรวดเร็ว ซึ่งจะช่วยลด

ผลของ แรงผลักทำงไฟฟ้ำเนื่องจำก space charge ที่ท ำให้อมิิตแตนซ์เพิ่มขึ้น กำรพัฒนำที่ส ำคัญอีก

ขั้น คือ กำรออกแบบปืนอเิล็กตรอนแบบอำร์เอฟควำมสว่ำงสูง ที่ใชค้ำโทดเทอร์มิออนคิ (thermionic 

cathode) และระบบบีบอัดพัลส์ด้วยแมเ่หล็กแบบแอลฟำ ของ M. Borland [5] และงำนวิจัยของ E. 

Carlson [6] ที่ได้ศกึษำเพื่อออกแบบแหลง่ก ำเนดิอิเล็กตรอนของ Los Alamos Naional Laboratory FEL 

center ด้วย ปืนอเิล็กตรอนอำร์เอฟที่ใชโ้ฟโตคำโทด (photocathode)  และยังได้ริเริ่มใชว้ิธีชดเชยผล

จำก space charge ด้วยกำรออกแบบระบบโฟกัสที่สรำ้งจำกแม่เหล็กโซลีนอยด์ นิยมเรียกว่ำ 

emittance compensation scheme ของ Carlson ซึ่งนับได้ว่ำเป็นแนวทำงต้นแบบของกำรผลิต

อิเล็กตรอนควำมสว่ำงสูงดว้ยปืนอำร์เอฟแบบใช้โฟโตคำโทด  ส่วนกำรลดขนำดตำมแนวยำวสำมำรถ

ท ำได้โดยใช้ระบบบีบอัดพัลส์ด้วยสนำมแมเ่หล็ก  งำนวิจัยเพื่อศึกษำ ออกแบบ และพัฒนำปืน

อิเล็กตรอนแบบอำร์เอฟส ำหรับผลิตล ำอิเล็กตรอนที่มหีว้งสั้นมำก และมีอมิิตแตนซ์นอ้ย จงึเป็น

แนวทำงหลักในกำรพัฒนำแหลง่ก ำเนดิอิเล็กตรอนควำมสว่ำงสูง (State-of-the-art ส ำหรับปืน

อิเล็กตรอนอำรเ์อฟแบบโฟโตคำโทด ผลิตล ำอิเล็กตรอน ประจุ 1 nC  อิมติแตนซ์ 1-5 mm mrad) 

 ควำมหมำยของอิมติแตนซ์ ที่เป็นคุณสมบัติที่ส ำคัญของล ำอนุภำค แสดงโดยอำศัย รูปที่  1 

ซึ่งแสดงลักษณะเฟส-สเปซในแนวแกน x [7] โดยทั่วไปอิมติแตนซ์ x มักจะนิยำมด้วยพืน้ที่ (อำจจะมี

กำรหำรด้วยค่ำ  ) ของวงรี ที่ครอบคลุมประมำณ 95% (รูป 1 a) ของจ ำนวณอนุภำคทั้งหมด เรียก

วงรดีังกล่ำวว่ำ phase-space ellipse หรอื beam ellipse ทั้งนีก้ำรระบุเปอร์เซนต์ที่ใช้ในกำรนยิำมอำจ

แตกต่ำงกันไป เชน่ 90% หรอื 99%  โดยอิมิตแตนซ์สำมำรถค ำนวณได้จำกผลคูณของขนำดตำม

แนวแกนทั้งสองของวงร ี (รูป 1 b) ในลักษณะของล ำอนุภำคแบบพัลส์ค่ำอิมติแตนซ์มักจะหำจำก 

beam ellipse ที่ครอบคลุม ,x x ของทุกอนุภำคตลอดห้วงพัลส์ เชน่ ในรูปที่ 2 แสดง  เฟส-สเปซใน

แนวแกน x  และ beam ellipse ของล ำอิเล็กตรอน 1 พัลส์ จำกปืนอำร์เอฟ [8]  อย่ำงไรก็ดี ได้มกีำร

วิเครำะหเ์ฟส-สเปซ หรอื อิมติแตนซ์ ณ ช่วงสัน้ ๆ ของพัลส์อเิล็กตรอน ซึ่งในปัจจุบันเรียกค่ำ อิมติ

แตนซ์ ลักษณะนีว้่ำ อมิิตแตนซ์แบบฝำน หรอืแบบสไลซ์ (slice emittance) ดังแผนภำพในรูปที่ 3 
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รูปที่ 1 เฟส-สเปซในแนวแกน x และ beam ellipse [7] 

 

 
รูปที่ 2 เฟส-สเปซในแนวแกน x  และ beam ellipse ของล ำอิเล็กตรอน 1 พัลส์ จำกปืนอำร์เอฟ [8] 

 

 
รูปที่ 3 แผนภำพแสดงแตล่ะสไลซ์ (#1, #2, และ #3) ที่จะวิเครำะห ์เฟส-สเปซแบบสไลซ์  

 

 

 pulsee  

Slice #1 Slice #2 Slice #3 
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และในรูปที่ 4 แสดงตัวอย่ำง beam ellipse ส ำหรับแต่ละสไลซ์ (#1, #2, และ #3)  ซึ่งบ่งถึง อิมติแตนซ์

แบบสไลซ์ (ณ ช่วงใดชว่งหนึ่งของพัลส์) ของล ำอิเล็กตรอน  A และ  B  เมื่อวเิครำะหภ์ำพฉำย ของ 

 
รูปที่ 4  ตัวอย่ำง beam ellipse บนแตล่ะสไลซ์ ของล ำอิเล็กตรอน A และ B 

 

อิมติแตนซ์ (projected emittance) หรอื อิมติแตนซ์ปรำกฏ (apparent emittance) จำกทุกอนุภำค

ตลอดห้วงพัลส์ จะพบว่ำ อิมติแตนซ์ปรำกฏของล ำอิเล็กตรอน A มีคำ่มำกกว่ำของล ำอิเล็กตรอน B  

นั่นคือ ลักษณะกำรกระจำยตัวของเฟส-สเปซแบบสไลซ์ตลอดหว้งพัลส์ของอเิล็กตรอน มีผลอย่ำง

มำกต่อ อิมติแตนซ์ปรำกฏ  ได้มงีำนวิจัยทั้งเชงิทฤษฎีและกำรทดลอง รวมไปถึงกำรค ำนวณโดยใช้

แบบจ ำลอง จ ำนวนมำก เพื่อศกึษำอิมติแตนซ์ปรำกฏ กำรศกึษำเพื่อหำลักษณะและกระบวนกำรที่จะ

ท ำให้ได้มำซึ่งอิมติแตนซ์แบบสไลซ์ที่ให้อมิิตแตนซ์ปรำกฏน้อยที่สุด รวมไปถึงกำรคงไว้ไม่ให้อมิิต

แตนซ์ปรำกฏเพิ่มขึน้ตลอดระบบ transport เพื่อน ำไปสู่กำรพัฒนำแหลง่ก ำเนดิอิเล็กตรอนควำมสว่ำง

สูง 

จำกกำรที่คณะผู้วจิัยได้ด ำเนินกำรศึกษำฟิสิกส์และเทคโนโลยีของกำรผลิตอเิล็กตรอนหว้ง

สั้นในเรือนเฟมโตวินำที  [9] พร้อมทั้งน ำข้อมูลที่ได้ไปใช้ในกำรออกแบบ สร้ำงประกอบ ปืนอเิล็กตรอน

แบบอำร์เอฟ  ที่ใชค้ำโทดแบบเทอร์มิออนคิ (thermionic cathode) ส ำหรับใช้กับระบบบีบอัดพัลส์ในรูป

แมเ่หล็กบีบแบบแอลฟำ (alpha-magnet)  ซึ่งปืนอเิล็กตรอนดังกล่ำวเป็นส่วนประกอบส ำคัญของ 

ระบบผลติล ำอเิล็กตรอนหว้งสั้น ของศูนย์วิจัยฟิสิกส์ของพลำสมำและล ำอนุภำค มหำวิทยำลัย 

เชยีงใหม่ [10]  ข้อมูลส่วนหนึ่งจำกกำรศกึษำวิจัยดังกล่ำว ซึ่งได้มำจำกกำรค ำนวณด้วยกำรจ ำลอง

โดยโปรแกรมคอมพิวเตอร์ ชีน้ ำว่ำ ล ำอเิล็กตรอนที่ผลิตจำกปืนแบบอำร์เอฟฯ มีเฟส-สเปซของแต่ละ 

กลุ่มพลังงำนที่ไม่ซ้อนทับกัน โดยแสดงลักษณะคล้ำยกับกำรหมุน (rotation) ของเฟส-สเปซตำมขวำง 

ดังแสดงในรูปที่ 5   เนื่องจำกมีกำรหมุนของเฟส-สเปซ  ส่งผลใหภ้ำพฉำยของอิมติแตนซ์ (projected  

 

  

 
  

A B 

#1 

#2 
#3 

#1 
#2 

#3 



 5 

 
รูปที่ 5 กำรหมุน ของเฟส-สเปซ ตำมขวำง  ของล ำอเิล็กตรอนที่ผลิตจำกปืนแบบอำร์เอฟ  

ของศูนย์วิจัยฟิสิกส์ของพลำสมำและล ำอนุภำค มหำวิทยำลัยเชียงใหม ่[9] 
 

emittance) หรอือิมติแตนซ์ปรำกฏ (apparent emittance)   มคี่ำมำก  สืบเนื่องจำก งำนวิจัยของ K.J. 

Kim [11] ที่ถือวำ่เป็นแมบ่ทของกำรอธิบำยลักษณะของเฟส-สเปซ ภำยใต้กำรเร่งของปืนอเิล็กตรอน

แบบอำร์เอฟ-โฟโตคำโทด  ได้แสดงไว้ว่ำเฟส-สเปซภำยใต้สนำมอำร์เอฟที่ไม่คงที่  ส่งผลในลักษณะ

ของกำรเปลี่ยนควำมชันของ ,x x  ดังแสดงในรูปที่ 6  

 
รูปที่ 6  เฟส-สเปซ ภำยใต้สนำมอำร์เอฟที่ไม่คงที่  [11] 

  

ดังนัน้ ควรจะสำมำรถแก้ไขหรอืชดเชยผลจำกกำรหมุนของเฟส-สเปซ (ในรูปที่ 5) โดยใช้สนำมอำร์

เอฟ ใน cavity ที่มกีำรกระจำยของสนำมอย่ำงเหมำะสมที่จะท ำให้เฟส-สเปซ จัดเรียงตัวกันตลอดทั้ง

พัลส์ และสง่ผลใหส้ำมำรถลดขนำดของอมิิตแตนซ์ปรำกฏได้อย่ำงมนีัยยะส ำคัญ ซึ่งจะเป็นแนวทำงที่

เอือ้ประโยชน์อย่ำงมำก ต่อกำร ศกึษำและพัฒนำแหล่งก ำเนิดอิเล็กตรอนควำมสว่ำงสูง   
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โครงกำรวิจัยเรื่อง “กำรลดอิมติแตนซ์ปรำกฏของล ำอิเล็กตรอนจำกปืนแบบอำร์เอฟ” นี ้มี

วัตถุประสงค์คือ  

 เพื่อศกึษำฟิสิกส์และเทคโนโลยีของกำรผลิตล ำอิเล็กตรอนควำมสว่ำงสูง 

 เพื่อศกึษำกำรชดเชยกำรเปลี่ยนแปลงของของอมิิตแตนซ์แบบสไลซ์ของล ำ

อิเล็กตรอนจำกปืนแบบอำร์เอฟ โดยใช้สนำมแม่เหล็กไฟฟ้ำ 

 เพื่อศกึษำและวิเครำะหผ์ลกระทบของกำรชดเชยโดยใช้สนำมแม่เหล็กไฟฟ้ำ ในกำร

ลดอิมิตแตนซ์ปรำกฏของล ำอิเล็กตรอนจำกปืนแบบอำร์เอฟ  

 เพื่อสร้ำงองค์ควำมรู้ใหมแ่ละงำนวิจัยที่มมีำตรฐำนระดับนำนำชำติ ที่สำมำรถยก

มำตรฐำนกำรศกึษำและกำรวิจัยที่สอดคล้องกับกำรพัฒนำหลักสูตรสำขำฟิสิกส์

และฟิสิกส์ประยุกต์ คณะวทิยำศำสตร์ มหำวิทยำลัยเชียงใหม่  

 เพื่อเพิ่มศักยภำพและยกมำตรฐำนกำรวิจัย (รวมถึงกำรออกแบบ  สร้ำงประกอบ 

พัฒนำปรับปรุง) ในสำขำ ฟิสกิส์  ของเครื่องเรง่อนุภำคอิเล็กตรอนในประเทศ 

 เพื่อน ำผลวจิัยที่ได้ไปเผยแพร่ และตีพมิพ์ในวำรสำรวิชำกำรระดับนำนำชำติ 
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2 กำรด ำเนินกำรวจิัยและผลกำรวิจัย 

 

2.1 กำรกระจำยของเฟส-สเปซ   

โดยอำศยักำรจ ำลองด้วยโปรแกรมคอมพิวเตอร์ ได้ศึกษำลักษณะกำรกระจำยของเฟส-

สเปซ ของล ำอิเล็กตรอนจำกปืนอเิล็กตรอนแบบอำร์เอฟ  ของศูนย์วิจัยฟิสิกส์ของพลำสมำและล ำ

อนุภำค มหำวิทยำลัยเชียงใหม่ (PBP-CMU RF-gun) โดยกำรกระจำยของเฟส-สเปซดังกล่ำว จะหำ

ได้จำกกำรศกึษำกำรเคลื่อนที่ของกลุ่มอเิล็กตรอน ที่ถูกปลดปล่อยออกมำจำกคำโทด และอยู่ภำยใต้

อิทธิพลของสนำมแม่เหล็กไฟฟ้ำ ภำยในโครงสรำ้งของปืนอเิล็กตรอนแบบอำร์เอฟ   เริ่มดว้ยกำรใช้

โปรแกรม  SUPERFISH [12]   ซึ่งเป็นโปรแกรมส ำหรับหำผลเฉลยของปัญหำสนำมแม่เหล็กไฟฟ้ำ เพื่อ

จ ำลองสนำม RF ในปืนอเิล็กตรอน และ ใช้โปรแกรม PARMELA [13] ส ำหรับค ำนวณกำรเคลื่อนที่ของ

อิเล็กตรอนเมื่ออิเล็กตรอนเคลื่อนที่ผ่ำนสนำมแม่เหล็กไฟฟ้ำในแตล่ะบริเวณ โปรแกรมทั้งสองได้รับ

กำรพัฒนำขึน้โดย Los  Alamos Accelerator Code Group (LAACG), Los Alamos National Laboratory, 

Los Alamos, New Mexico, USA. 

ปืนอเิล็กตรอนดังกล่ำวเป็นปืนอิเล็กตรอนแบบ 1½-cell S-band side-coupling ซึ่ง

ประกอบด้วย 3 cavity ได้แก่ half-cell, full-cell และ side coupling cell ดังแสดงในรูปที ่ 7  ปืน

อิเล็กตรอนนี ้ถูกออกแบบมำให้ใชง้ำนที่ควำมถี่ 2856 MHz ซึ่งเป็นควำมถี่ S-band โดยกำรส่งคลื่น

ไมโครเวฟ (RF wave) ระหว่ำง full-cell และ half-cell จะท ำผำ่น side coupling cell รวมแลว้ท ำให้ปืน 

อิเล็กตรอนทีม่ีทั้งหมด 3 เซลล์ เกิด resonant อยู่ 3 โหมดด้วยกัน โหมดทั้ง 3 นีส้ำมำรถแยกจำกกัน

ด้วยควำมตำ่งเฟสของ RF ในแต่ละ cell ได้แก่ 0-mode, π/2-mode และ π-mode ในกำรใชง้ำนจะใช้ 

ใน π/2-mode ซึ่งมเีฟสของ RF field ใน half-cell กับ coupling cell ต่ำงกัน π/2 และ ใน coupling cell 

กับ full-cell จะต่ำงกัน π/2 ท ำให้ ใน half-cell กับ full-cell มีเฟสต่ำงกัน π  

ในกำรค ำนวณสนำมแม่เหล็กไฟฟ้ำใน cavity ของปืนอิเล็กตรอนใชโ้ปรแกรม  SUPERFISH   

ซึ่งให้ผลเป็นกำรกระจำยของสนำมแมเ่หล็กไฟฟ้ำใน 2  มิติ โดยมีสมมำตรเชงิมุม azimuth รอบแกน 

longitudinal นั่นคือ กำรค ำนวณไม่รวมรำยละเอียดของ coupling cell ใช้กำรสมมุตวิ่ำมีกำรส่งผำ่น

สนำมได้ โดยค ำนวณสนำมไฟฟ้ำใน half-cell และใน full-cell แยกออกจำกกัน 

ผลกำรค ำนวณจะได้กำรกระจำยของสนำมไฟฟ้ำของแต่ละเซลล์ ดังแสดงในรูปที่ 8 และ รูปที ่

9 แสดง รูปร่ำงของ cavity ของปืนอิเล็กตรอน ที่ล ำอเิล็กตรอนวิ่งผำ่น คือ half-cell และ full-cell ต่อ

กัน ส่วนเส้นสนำมไฟฟ้ำจำกกำรค ำนวณด้วย SUPERFISH  และกำรกระจำยของสนำมไฟฟ้ำตำม

ควำมยำวของ RF- gun cavity แสดงในรูปที่ 10 
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รูปที่ 7 ปืนอเิล็กตรอนแบบอำร์เอฟ ของศูนย์วิจัยฟิสิกส์ของพลำสมำและล ำอนุภำค 

มหำวิทยำลัยเชียงใหม่  ประกอบด้วย 3 cavity ได้แก่ half-cell, full-cell และ side coupling cell 

Half-cell 

tuning rod 

Coupling-cell 

RF input port       

thermionic 
 cathode 

 side-coupling 
     cavity 

 
electron 

beam 

Full-cell 

RF input port       
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input file ของ โปรแกรม  SUPERFISH ส ำหรับค ำนวณสนำมแมเ่หล็กไฟฟ้ำใน RF-gun cavity 

 
2.856-GHz SURIYA GUN AS BUILT (1 1/2 Cell)   
1st 1/2 Cell (Flat Heat Dam) 
$reg kprob=1, dx=0.03, dy=0.03, freq=2856. ,xmin=0.0, ymin=0.0, 
xmax=3.1607, ymax=4.19, xdri=1.83057, ydri=3.49395, beta=0.95, nbsrt=0,  
nbslf=1, rmass=-1, rhor=2.842D-6, tempr=20.0, alphat=3.93D-3, tempc=27.5 $ 
$po x=0.0   ,y=0.0     $ 
$po x=0.0   ,y=4.19    $ 
$po x=0.4507   ,y=4.19    $ 
$po nt=2, x0=0.4507,y0=1.726,r=2.464, theta=0.0 $ 
$po x=2.9147 ,y=1.5 $ 
$po nt=2, x0=2.7147, y0=1.5, r=0.20, theta=270.0 $ 
$po x=2.636   ,y=1.3 $ 
$po nt=2, x0=2.636 ,y0=1.05, r=0.25, theta=180.0 $ 
$po x=2.386 ,y=1.02  $ 
$po nt=2, x0=2.886 ,y0=1.02, r=0.5, theta=270.0 $ 
$po x=3.1607 ,y=0.52  $ 
$po x=3.1607 ,y=0.00  $ 
$po x=0.0  ,y=0.0  $ 
 
2nd Full Cell 
$reg kprob=1,dx=0.03,dy=0.03, freq=2856. ,xmin= 0.0 , xmax=5.72048, ymax=4.1894617, 
 xdri=2.66104,ydri=4.044,beta=0.95, nbsrt=1, nbslf=0, rmass=-1, 
 rhor=2.842D-6, tempr=20.0, alphat=3.93D-3,tempc=27.5 $ 
$po x=0.000 ,y=0.00  $ 
$po x=0.000 ,y=0.52  $ 
$po x=0.3575 ,y=0.52  $ 
$po nt=2, x0=0.3575, y0=1.02, r=0.5, theta= 0.0 $ 
$po x=0.8575 ,y=1.05 $ 
$po nt=2, x0=0.6075, y0=1.05, r=0.25, theta=90.0 $ 
$po x=0.446 ,y=1.3 $ 
$po nt=2, x0=0.446, y0=1.5, r=0.20, theta=180.0 $ 
$po x=0.246 ,y=1.726  $ 
$po nt=2, x0=2.71, y0=1.726, r=2.464, theta=88.802375 $ 
$po x=2.66358 ,y=4.1894617  $ 
$po nt=2, x0=2.66358, y0=1.7685617, r=2.4209, theta=0.0 $ 
$po x=5.08448 ,y=1.5 $ 
$po nt=2, x0=4.88448, y0=1.5, r=0.20, theta=270.0 $ 
$po x=4.72758,y=1.3 $ 
$po nt=2, x0=4.72758, y0=1.05, r=0.25, theta=180.0 $ 
$po x=4.47758 ,y=1.02  $ 
$po nt=2, x0=4.97758, y0=1.02, r=0.5, theta=270.0 $ 
$po x=5.32048 ,y=0.52  $ 
$po x=5.72048 ,y=0.52  $ 
$po x=5.72048 ,y=0.0   $ 
$po x=0.00 ,y=0.0   $ 
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รูปที่ 8  ผลกำรค ำนวณจำก SUPERFISH แสดงเวกเตอร์สนำมไฟฟ้ำ 

ใน half-cell (ภำพบน) และใน full-cell (ภำพล่ำง)  
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รูปที่ 9  รูปร่ำง (2 มิติ) ของ half-cell และ full-cell พร้อมทั้งเส้นสนำมไฟฟ้ำ 

จำกกำรค ำนวณด้วย SUPERFISH 

 

 
รูปที่ 10  รูปร่ำง (2 มิติ) ของ half-cell และ full-cell และกำรกระจำยของสนำมไฟฟ้ำ 

ตำมควำมยำวของ RF- gun cavity  

 

 

นอกจำกนีโ้ปรแกรม SUPERFISH ยังได้สรำ้ง output ส ำหรับเรียกใช้งำนโดย โปรแกรม PARMELA เพื่อ

ติดตำมกำรเคลื่อนที่ของอิเล็กตรอนใน RF-gun cavity ผลลัพธ์จำก PARMELA จะได้เฟส-สเปซตำม

ขวำงของอเิล็กตรอน ( x  vs  x  และ y  vs y ) พร้อมทั้งพลังงำนจลนข์องแต่ละอิเล็กตรอน ณ 

ต ำแหน่งทำงออกของปืนอิเล็กตรอน ในกำรค ำนวณใช้กระแสคำโทด 2.9 A และ อิเล็กตรอน 50,000 

อนุภำคแมคโคร ซึ่งแต่ละอนุภำคแมคโครแทนอิเล็กตรอนเดี่ยวจ ำนวน  31,700 ตัว  
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input file ของ โปรแกรม PARMELA 

run 1 2 2856. -0.004212 1.6457e-7 
title  SURIYA RF-gun  
INPUT 9 50000 6. .3 3600. 180. 
CATHODE 0 0.3 1 0 0.10971  
DRIFT 0 1 1 
CELL 3.1607 1. 1 0. 21.24 1 5  -1 
cfield 1 
HC-F.t7 
CELL 5.67478 1. 1 180. 40 2 10. -1 
cfield 2 
FC-F.t7  
DRIFT 0 1 1 
zlimit 3.2 
zout 
OUTPUT 1 
scheff 2.9 1.0 9.02 20 200 0 0 5 1.5 0 0.0 
start 180. 0.1 15000 10 1000                         
end 

 

น ำผลที่ได้จำกโปรแกรม PARMELA มำวิเครำะหเ์ฟส-สเปซ x x  โดยพิจำรณำทีละกลุ่มของ 1000 

อนุภำค เรียงตำมระดับพลังงำน (ดังแสดงในรูปที่ 11 ) และ กำรวิเครำะห ์เฟส-สเปซ y y  แสดงใน

รูปที่ 12 โดยจะเห็นกำรหมุนของเฟส-สเปซแบบสไลซ์อย่ำงชัดเจน ตำรำงที่ 1 แสดงคำ่ projected 

emittance จำก อิเล็กตรอนประมำณ 9025 อนุภำคแมคโคร โดยเทียบเท่ำได้กับกำรใช ้ energy slit 

กรองพลังงำน ในระบบจรงิ กำรค ำนวณ projected emittance ของล ำอิเล็กตรอนใชส้มกำร 
22 2

x i i i ix x x x      และได้ศกึษำลักษณะกำรกระจำยของเฟส-สเปซ ของล ำอิเล็กตรอน

จำกปืนอเิล็กตรอนแบบอำร์เอฟ ของหน่วยวิจัย SUNSHINE, Stanford Synchrotron Research 

Laboratoty (SSRL), Stanford Linear Accelerator Center (SLAC)  (แสดงในรูปที่ 13) พบกำรบิดหมุน

ของเฟส-สเปซที่แตกต่ำงไป  ทั้งนีส้ังเกตเห็นว่ำเฟส-สเปซ ของล ำอิเล็กตรอนจำกปืนอเิล็กตรอน 

PBP-CMU RF-gun ของศูนย์ฟิสิกส์ของพลำสมำและล ำอนุภำค มหำวิทยำลัยเชียงใหม่ มีคำ่กำรลู่

ออก (divergence) ที่นอ้ยมำก ตำมข้อจ ำกัดส ำหรับกำรออกแบบ และพบว่ำกำรหมุนของเฟส-สเปซมี

ลักษณะที่ซับซ้อนนอ้ยกว่ำ เนื่องจำกแต่ละเฟส-สเปซไม่พบลักษณะของกำรบิด ดังเชน่ในเฟส-สเปซ 

ของอเิล็กตรอนจำกปืนอเิล็กตรอนของ SUNSHINE, SSRL ที่มลีักษณะคล้ำยตัวอักษร S คือมกีำรบิด

โค้งตรงสว่นปลำย  โดยเมื่อพิจำรณำเฟส-สเปซทีละช่วงเวลำหรอืเฟส-สเปซแบบสไลซ์ (แสดงในรูป

ที ่ 14 และ 15)  จะเห็นได้ว่ำควำมสัมพันธ์ของ x และ x ของล ำอิเล็กตรอนจำกปืนอเิล็กตรอน 

PBP-CMU RF-gun ในแต่ละช่วงเวลำสัน้ๆ มีลักษณะเป็นเชงิเส้น (linear) ซึ่งจะได้ใชป้ืนอเิล็กตรอน

แบบอำร์เอฟ  PBP-CMU RF-gun ของศูนยว์ิจัยฟิสิกส์ของพลำสมำและล ำอนุภำค มหำ 

วิทยำลัยเชียงใหม ่เป็นต้นแบบ ส ำหรับกำรพัฒนำกำรชดเชยกำรบิดของเฟส-สเปซ  
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รูปที่ 11 เฟส-สเปซ x x ของอเิล็กตรอนเมื่อพิจำรณำทีละกลุ่มของ 1000 อนุภำคภำยในหว้งพัลส์ 

 

 
รูปที่ 12 เฟส-สเปซ y y ของอเิล็กตรอนเมื่อพิจำรณำทีละกลุ่มของ 1000 อนุภำคภำยในหว้งพัลส์ 
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ตำรำงที่ 1 ผลกำรค ำนวณจำกโปรแกรม PARMELA  

ส ำหรับล ำอเิล็กตรอนจำกปืนอเิล็กตรอน PBP-CMU RF-gun 

 Projected  rms  

      (mm.mrad) 

Normalized rms  

(mm.mrad) 

Maximum kinetic 

energy (MeV) 

Gun exit (x) 

           (y) 

6.406 

6.423 

27.673 

27.749 
2.06 

 

 

 
รูปที่ 13 เฟส-สเปซ x x ของอเิล็กตรอนจำกปืนอเิล็กตรอนของ SUNSHINE, SSRL  

เมื่อพจิำรณำทีละกลุ่มของ 1000 อนุภำคภำยในหว้งพัลส์ 
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รูปที่ 14 เฟส-สเปซ x x ของอเิล็กตรอนจำกปืนอเิล็กตรอน PBP-CMU RF-gun เมื่อพจิำรณำทีละช่วงเวลำ 
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รูปที่ 15 เฟส-สเปซ x x ของอเิล็กตรอนเมื่อพิจำรณำในแต่ละช่วงเวลำสัน้ๆ ตลอดห้วงพัลส์ 
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2.2  กำรศึกษำกำรกระจำยของเฟส-สเปซ เมื่อใช้สนำมจำก แม่เหล็กโซลีนอยด์ 

ส่วนใหญ่แลว้ แหลง่ก ำเนดิอิเล็กตรอนควำมสว่ำงสูง นิยมสรำ้งขึ้นเพื่อใช้งำนรว่มกับแมเ่หล็ก

โซลีนอยด์ [6] ได้ท ำกำรศึกษำกำรเคลื่อนที่และเฟส-สเปซของอเิล็กตรอน จำกปืนอเิล็กตรอนแบบ

อำร์เอฟของศูนย์วิจัยฟิสิกส์ของพลำสมำและล ำอนุภำค มหำวิทยำลัยเชียงใหม่ ผำ่นสนำมแม่เหล็ก

ไฟฟ้ำของแม่เหล็กโซลีนอยด์ โดยใช้กำรค ำนวณด้วย transformation matrix และใชแ้มเ่หล็กโซลีนอยด์

ที่มคีวำมยำวยังผล (effective length) 3 ซม. วำงต่อจำกทำงออกของ PBP-CMU RF-gun  

transformation matrix ของแม่เหล็กโซลีนอยด์ควำมยำว sL  [14]   

 
 solenoid strength  seB

S
p

     and  1

2
sSL  . 

 

ผลกำรค ำนวณแสดงในรูปที่ 16 โดยแสดงเฟส-สเปซ ของแต่ละ 1 ps slice ของอเิล็กตรอน  วงรใีนภำพ

แสดง phase-space ellipse โดยประมำณ ที่ครอบคลุมทุก x และ x  ซึ่งพืน้ที่ของวงรสีัมพันธ์กับ 

อิมติแตนซ์ จะเห็นได้ว่ำ แมเ่หล็กโซลีนอยด์ ลดอิมติแตนซ์ในลักษณะที่กระจำยต ำแหนง่ x x ให้เต็ม

พืน้ที่ว่ำงของวงร ี(รูปที่ 16 (ค)) ผลลัพธ์ก็คือ phase-space ellipse ที่เล็กลง ซึ่งต่ำงจำกกำรชดเชยผล

จำกกำรหมุนของเฟส-สเปซ ตำมแนวทำงที่ตอ้งกำรในโครงกำรวิจัยนี้ 
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(ก) 

 
(ข) 

 
(ค) 

รูปท่ี 16 เฟส-สเปซ (1ps slices) ของอิเลก็ตรอน  (ก) ท่ี 13 ซม. หลงัจากทางออกของ SURIYA RF-gun 
(ข) ท่ี 10 ซม. หลงัจากแมเ่หลก็โซลีนอยด์(ยาว 3 ซม.)  ความเข้ม 1000Gauss 
(ค) ท่ี 10 ซม. หลงัจากแมเ่หลก็โซลีนอยด์(ยาว 3 ซม.)  ความเข้ม 2000Gauss 
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2.3  กำรวเิครำะห์กำรกระจำยของเฟส-สเปซ  

เมื่อพจิำรณำ เฟส-สเปซ x x ของแตล่ะ slice พบว่ำแตล่ะกลุ่มเฟส-สเปซ จะเกำะตัวอยู่

บนเส้นตรงเส้นหนึ่ง (ดังตัวอย่ำงในรูปที่ 17) สอดคล้องกับค ำอธิบำยของ K.J. Kim  [11] ที่แสดงไว้ว่ำ

เฟส-สเปซตำมขวำงภำยใต้สนำมอำร์เอฟที่ไม่คงที่ (ขึน้อยู่กับต ำแหน่ง z และ เวลำ t  แตไ่ม่ขึน้กับ 

ต ำแหน่งและมุมตำมขวำง) เชน่ เมื่ออเิล็กตรอนผ่ำนรอยต่อของ cavity มำสู่บริเวณที่ไม่มีสนำมไฟฟ้ำ

แมเ่หล็ก หรอืที่ทำงออกของ cavity จะได้วำ่ ( sin )xp x k x     , เมื่อ    เป็น เฟสของ RF ณ 

ทำงออกของ cavity ส่งผลใหไ้ด้ เฟส-สเปซ ของ x x ได้เป็นกลุ่มของเส้นตรงที่มคีวำมชันต่ำงกันดัง

รูปที่ 18  ท ำกำรวิเครำะหห์ำควำมสัมพันธ์ของ slope หรอือัตรำส่วน /x x  ของเฟส-สเปซส ำหรับแต่

ละสไลซ์เพื่อหำกำรหมุนของเฟส-สเปซ โดยรูปที่ 17 แสดงกำรใช้ linear fit จำกข้อมูล ( , )x x  ของ

เฟส-สเปซในช่วงเวลำที่ 20.7 – 28.1 ps และอัตรำส่วน /x x และ /y y  หรอืควำมชันของ linear fit

ส ำหรับแต่เฟส-สเปซแบบสไลซ์ ตลอดทั้งพัลส์ แสดงดังกรำฟในรูปที่ 19 โดยของทั้ง x  และ y  มี

แนวโน้มใกล้เคียงกัน  ข้อมูล time response ดังกล่ำวจะน ำไปใช้ส ำหรับกำรศกึษำเพื่อท ำกำรชดเชย

กำรบบิดของเฟส-สเปซต่อไป 

 
รูปที่ 17 เฟส-สเปซ x x ของแตล่ะสไลซ์  

และกำรหำอัตรำส่วน /x x  ของแตล่ะสไลซ์ โดยใช้ linear fit 

 
รูปที่ 18   เฟส-สเปซ ภำยใต้สนำมอำร์เอฟที่ไม่คงที่  จำกกำรวิเครำะหข์อง K.J. Kim [11]  



 20 

 
รูปที่ 19 อัตรำส่วน /x x และ /y y  หรอืควำมชันของ linear fit  

ส ำหรับแต่เฟส-สเปซแบบสไลซ์ ตลอดทั้งพัลส์  

 

 
2.4  แนวทำงกำรชดเชยกำรบิดของเฟส-สเปซ ด้วยสนำมจำก cavity 

เมื่อได้ลักษณะกำรเปลี่ยนแปลงของเฟส-สเปซตลอดห้วงพัลส์กับเวลำ พิจำรณำว่ำหำกมี

สนำมแมเ่หล็ก ( )B r  จะสำมำรถเบนอิเล็กตรอน ณ ต ำแหน่ง r
 
โดยหำกกำรเบนดังกล่ำวเหมำะสม 

ทั้งในด้ำน ขนำดและเวลำ จะท ำให้เฟส-สเปซตลอดห้วงพัลส์เรียงในแนวเดียวกันได้ดขีึน้ ซึ่งจะเป็น

กำรลดอิมติแตนซ์ปรำกฏได้ 

 
พิจำรณำกำรกระจำยของสนำมแมเ่หล็กไฟฟ้ำในโหมด TM01p ใน cylindrical cavity รัศม ีa  [15] 

1( )cos i t

z o o

p z
E E J k r e

l


 ,     (1) 

1

1

( )sin i t

r o o

p a p z
E E J k r e

l x l

   ,    (2) 

12

1

( )cos i t

o o

a p z
B j E J k r e

x c l





   .   (3) 

โดยฟังก์ชัน  0 ( )J x  คือ zero order Bessel function of the first kind และกรำฟแสดงค่ำของ

ฟังก์ชันแสดงในรูปที่ 20  [16] ค่ำอนุพันธ์ หำได้จำก 

 1[ ( )] ( ).v v

d
x J x x J x

dx

 
   (4)     และ   ( ) ( 1) ( ).v vJ x J x

     (5) 
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รูปที่ 20 Bessel functions: 0 1 2( ), ( ), ( ).J x J x J x [16] 

นั่นคือ 0 1( ) ( ).J kr kJ kr    ซึ่งจำกสมกำร (3) แสดงว่ำกำรกระจำยของสนำมแม่เหล็ก 

( )B r  ตำมแนวรัศมี เป็นไปตำมฟังก์ชัน 1( )J x  คือมีค่ำเป็นศูนย์ที่ 0r   และค่ำเพิ่มขึ้นตำม

ระยะ r  เหมำะสมกับกำรน ำมำใช้เพื่อบิดเฟส-สเปซ โดยให้แรงที่มำกกว่ำแก่อนุภำคที่ไกล

จำกศูนย์กลำง ( 0)x  ดังแสดงในแผนภำพ รูปที่ 21 ส ำหรับกำรบิดชดเชยเฟส-สเปซ กลุ่ม

อนุภำคที่แสดงด้วยสีเขียว 

 

รูปที ่21 เฟส-สเปซ x x ของแตล่ะสไลซ์ และ 

ขนำดของแรง (ประมำณด้วยขนำดของลูกศร) ที่ตอ้งกำร แปรตำม ระยะ x จำกศูนย์กลำง 
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ส่วนควำมเหมำะสมของเวลำ พิจำรณำแตล่ะเฟส-สเปซ แบบสไลซ์ ซึ่งจะมี slope ของ linear 

fit x x  (รูปที่ 17 หรอื รูปที่ 21)  เท่ำกับ /x x  ซึ่งสำมำรถพิจำรณำได้วำ่ /x x  นั้นเป็นมุมที่เรำ

จะต้องเบนอิเล็กตรอนกลับมำ จะได้ควำมสัมพันธ์คือ 

Ref

Ref

( / )
/ ,    

e B dz x x p
x x B dz

p e





 
     

 


   (6) 

โดยค่ำ 
Ref

 B dz
 
  นีค้วรเท่ำกับค่ำที่อเิล็กตรอนได้พบใน cavity 

 

ส ำหรับกำรใชส้นำมจำก cavity ในกำรชดเชยกำรบิดของเฟส-สเปซ ค่ำ B dz  นั้น จะหำได้

โดยเริ่มจำกกำรประมำณว่ำอิเล็กตรอนวิ่งผ่ำน cavity เป็นเส้นตรงในแกน z ใชส้นำมแมเ่หล็กไฟฟ้ำ

ของโหมด TM01p ตำมสมกำร (3)  ส ำหรับโหมด TM010 นั้นสนำมแม่เหล็กที่ต ำแหน่ง 0r r  สำมำรถหำ

ได้จำก 

1 0 0sin( ( ) )B C t t         (7) 

เมื่อ 0t คือเวลำที่อิเล็กตรอนวิ่งเข้ำสู่ cavity  

และ 0 คือเฟสของสนำมแม่เหล็กขณะที่อิเล็กตรอนวิ่งเข้ำสู่ cavity  ส่วนเทอมที่เหลือเป็นค่ำคงที่ 

ท ำกำรอินทิเกรทตำมแนว z  จะได้ 

 0 0 0

0

cos( ( )

ll
t

c

t
B dz C t t 
   




      (8) 

 

เมื่อค ำนวณด้วยสมกำรที่ (6)  จะได้สนำมที่เรำต้องใชเ้บนอิเล็กตรอนกลับมำ (reference) 

และ เมื่อค ำนวณด้วยสมกำรที่ (8)  จะได้สนำมของ cavity ทีท่ ำให้อิเล็กตรอนเบนกลับ ท ำกำร

เปรียบเทียบผลทั้งสอง  ส ำหรับ TM010  cavity ยำว l  และควำมถีส่ั่นพ้องของ cavity เป็น 1428 

MHz, 2856 MHz และ 5712 MHz และแสดงในรูปที่ 22  พบว่ำทั้งสำมควำมถี่ให้ผลดี ใน ช่วง 30 ps 

แรก โดย cavity  ควำมถี ่ 2856 MHz ให้สนำมที่สอดคล้องที่สุด และได้ท ำกำรศกึษำ cavity 

ควำมยำวค่ำอื่นเมื่อใช ้cavity ควำมถี่ 2856 MHz แทนค่ำ 1
2,l    และ 1

4  หลังจำกท ำกำรปรับ

ค่ำคงที่ใหเ้หมำะสมแลว้ ได้ผลดังรูปที่ 23 ซึ่งจะเห็นว่ำควำมยำวของ cavity ก็ส่งผลตอ่กำรบิดกลับ

ของเฟส-สเปซ 
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รูปที่ 22 เปรียบเทียบสนำมที่เรำต้องใชเ้บนอิเล็กตรอนกลับมำ (reference) และ กำรเบนอิเล็กตรอน

ด้วยสนำมแม่เหล็ก  ของ TM010  cavity เมื่อใช ้ l  และควำมถี่เป็น 1428, 2856 และ 5712 MHz 

 

 
รูปที่ 23 เปรียบเทียบสนำมที่เรำต้องใชเ้บนอิเล็กตรอนกลับมำ (reference) และ กำรเบนอิเล็กตรอน

ด้วยสนำมแม่เหล็ก ของ TM010  cavity กรณี 1
2,l    และ 1

4  เมื่อใชค้วำมถี่ 2856 MHz 
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2.5 กำรศึกษำกำรชดเชยกำรบิดของเฟส-สเปซ ด้วยสนำมจำก cavity 

 ท ำกำรศึกษำกำรเคลื่อนที่และเฟส-สเปซ ของอิเล็กตรอน จำกปืนอิเล็กตรอนแบบอำร์เอฟ 

PBP-CMU RF-gun ผ่ำนสนำมแม่เหล็กไฟฟ้ำ ของ cavity โดยใช้โปรแกรม  SUPERFISH   ค ำนวณ

สนำมแม่เหล็กไฟฟ้ำใน cavity จำกนั้นใช้โปรแกรม PARMELA ในกำรติดตำมกำรเคลื่อนที่ของ

อิเล็กตรอน เมื่ออิเล็กตรอนเคลื่อนที่ผ่ำนสนำมแม่เหล็กไฟฟ้ำของปืนอิเล็กตรอนอำร์เอฟ แล้วผ่ำน

สนำมแม่เหล็กไฟฟ้ำของ RF cavity ที่มีควำมถี่สั่นพ้อง 2856 MHz มีควำมยำวของ RF cavity คือ 

5.249 และ 10.497 เซนติเมตร (0.5 เท่ำ และ 1 เท่ำของควำมยำวคลื่น) และท ำงำนในโหมด TM010 

และ TM011 

ตัวอย่ำง input file ของ โปรแกรม  SUPERFISH ส ำหรับค ำนวณสนำมแม่เหล็กไฟฟ้ำใน TM cavity 

2856-MHz TM_010 Cavity 

$reg kprob=1, dx=0.1, dy=0.1, freq=2856.0, 

xdri=0.0, ydri=2, beta=0.0, nbsrt=1, nbslf=1, rmass=-1 $ 

$po x=0.0   ,y=0.0$ 

$po x=0.0,y=4.018$ 

$po x=10.497,y=4.018$ 

$po x=10.497,y=0.0$ 

$po x=0.0,y=0.0 $ 

 

อินพุทที่ใช้ในตัวอย่ำงเป็น RF-cavity ทรงกระบอกที่มีควำมยำว 10.10497 เซนติเมตร และมีรัศมี 

4.018 เซนติเมตร จำกกำรค ำนวณจะพบว่ำ RF cavity นี้จะสั่นพ้อง ที่ควำมถี่ 2856 MHz ในโหมด 

TM010 ค่ำควำมยำวและรัศมขีอง 2856 MHz RF cavity ที่ใชใ้นกำรศกึษำ แสดงไว้ในตำรำงที่ 2 และ

ผลกำรกระจำยของสนำมแม่เหล็กไฟฟ้ำที่ได้จำกโปรแกรม SUPERFISH ได้แสดงไว้ในรูปที่ 24 และ 

รูปที ่25 

 
ตำรำงที่ 2 ขนำดของ 2856 MHz RF cavity ที่ใชใ้นกำรศกึษำ 

cavity cavity length (cm) cavity radius (cm) 

1- s-band -TM010 10.497 4.018 

½- s-band -TM011 5.249 1140.00 

1- s-band -TM011 10.497 4.640 
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(ก)      (ข) 

รูปที่ 24 กำรกระจำยของ (ก) สนำมไฟฟ้ำ และ (ข) สนำมแม่เหล็ก ใน 1- s-band -TM010 cavity 

 

 
(ก)      (ข) 

รูปที่ 25 กำรกระจำยของ (ก) สนำมไฟฟ้ำ และ (ข) สนำมแม่เหล็ก ใน 1- s-band -TM011 cavity 

 
กำรกระจำยของสนำมแมเ่หล็กไฟฟ้ำที่ได้ จะถูกน ำไปใช้โดยโปรแกรม PARMELA โดยน ำ RF cavity ไป

วำงต่อจำก RF-gun โดยไม่มี drift space รวมทั้งทดลองแปรค่ำควำมเข้มของสนำมแม่เหล็กไฟฟ้ำใน 

RF cavity จนได้ apparent emittance มีคำ่น้อยที่สุดในกำรค ำนวณแตล่ะชุด ซึ่งพบว่ำเป็น 27 MV/m 

ส ำหรับ RF cavity ยำว 1 ควำมยำวคลื่น และ 40 MV/m ส ำหรับ 0.5 ควำมยำวคลื่น โดยค ำนวณ 

apparent emittance ของล ำอิเล็กตรอนได้จำกสมกำร 22 2

x i i i ix x x x     และค ำนวณจำก

อนุภำคแมคโคร 9025 ตัวแรก ที่ผ่ำนออกจำก RF-gun (ครอบคลุมเวลำ 50 – 60 ps) ผลกำรค ำนวณ

แสดงในตำรำงที่ 3 และรูปที่ 26 ส่วนรูปที่ 27 ถึงรูปที่ 30 แสดงเฟส-สเปซแบบสไลซ์ ส ำหรับ 12 ps 

แรก 
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ตำรำงที่ 3 ผลกำรค ำนวณจำกโปรแกรม PARMELA 

 Projected  rms  

(mm.mrad) 

Normalized rms  

(mm.mrad) 

Maximum kinetic 

energy (MeV) 

Gun exit, x-x’      6.406 27.673 2.06 

Drift 1/2- s-band  6.423 27.749 2.06 

Drift 1- s-band  6.404 27.667 2.06 

1- s-band -TM010 27 MV/m  4.788 21.340 2.09 

1- s-band -TM010 40 MV/m  5.507 24.943 2.11 

1- s-band -TM011 27 MV/m  5.174 31.571 3.46 

1- s-band -TM011 40 MV/m  5.113 35.895 4.15 

½- s-band -TM011 27 MV/m  3.292 20.105 2.79 

½- s-band -TM011 40 MV/m  2.829 19.687 3.16 
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(c) TM011, 40 MV/m, half wavelength

 

รูปที่ 26 กำรกระจำยตัวในเฟส-สเปซของล ำอิเล็กตรอนเมื่อออกจำกปืนอเิล็กตรอน,เมื่อผำ่น 

1- s-band -TM010 RF cavity และ 1/2- s-band -TM011 RF cavity 
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รูปที่ 27 กำรกระจำยตัวในเฟส-สเปซ ของล ำอิเล็กตรอนก่อนเข้ำสู่ RF cavity 

 
รูปที่ 28 กำรกระจำยตัวในเฟส-สเปซของล ำอิเล็กตรอนเมื่อผ่ำน 1- s-band -TM010 RF cavity 

 
 

จำกผลกำรค ำนวณพบว่ำ 1/2- s-band -TM011 cavity ให้ค่ำ apparent emittance ต่ ำที่สุด แต ่cavity 

ควำมยำวตำมที่ก ำหนดนั้น จ ำเป็นจะต้องมี ขนำดใหญ่มำกเพื่อให้ มีควำมถี่สั่นพ้องที่ 2856 MHz ส่วน 

1- s-band -TM010 cavity นั้นใหค้่ำ apparent emittance น้อยรองลงมำโดยมีขนำดที่สำมำรถสร้ำงได้

จรงิและพลังงำนของล ำอิเล็กตรอนไม่เปลี่ยนไปมำกนักเทียบกับพลังงำนก่อนเข้ำ cavity ส ำหรับ 

1- s-band -TM011 cavity นั้นนอกจำกจะไม่สำมำรถลด apparent emittance ได้ดี แล้วยังเปลี่ยนแปลง

พลังงำนของอเิล็กตรอนไปมำกอีกด้วย  
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รูปที่ 29 กำรกระจำยตัวในเฟส-สเปซของล ำอิเล็กตรอนเมื่อผ่ำน 1- s-band -TM011 RF cavity 
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รูปที่ 30 กำรกระจำยตัวในเฟส-สเปซของล ำอิเล็กตรอนเมื่อผ่ำน 1/2- s-band -TM011 RF cavity 

 
ได้ทดสอบแปรค่ำควำมยำวของ TM010 cavity โดยวำง cavity ต่อจำก RF-gun โดยไม่มี drift 

space ใช้ค่ำสนำมแม่เหล็กไฟฟ้ำใน TM010 cavity เท่ำกับ 40 MV/m ผลกำรค ำนวณจำก PARMELA แสดง

ในตำรำงที่ 5 และรูปที่ 31 ส ำหรับกำรแปรค่ำควำมยำวของ TM011 cavity ท ำได้ยำก เพรำะมีควำมยุ่งยำก

ในกำรท ำให้ cavity มีควำมถี่สั่นพ้องตำมต้องกำร 
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ตำรำงที่ 5 ผลกำรค ำนวณจำกโปรแกรม PARMELA 

เมื่อล ำอิเล็กตรอนวิ่งผ่ำน TM010 cavity 40 MV/m ที่มคีวำมยำวต่ำง ๆ กัน  

Cavity length 

       (m) 

Projected  rms  

(mm.mrad) 

Normalized rms  

(mm.mrad) 

Maximum kinetic 

energy (MeV) 

Gun exit  

2.4 

6.4059 

2.2566 

27.6731 

13.6917 

2.06 

2.92 

2.5  2.2029 13.5523 2.96 

2.6242 ( 1
4 )  2.1461 12.9761 3.00 

2.7  2.1167 13.3369 3.02 

3.0  2.0367 13.1675 3.10 

3.5  2.0203 13.2557 3.19 

5.2485 ( 1
2 ) 

10.4969 (1 ) 

3.0532 

5.5070 

16.5409 

24.9430 

3.06 

2.11 

 
 

 
 

รูปที ่31 กำรกระจำยของล ำอเิล็กตรอนในเฟส-สเปซ เมื่อล ำอเิล็กตรอนวิ่งผำ่น  

TM010 2856 MHz cavity ที่มคีวำมยำว 10.496 cm ( ) และ  5.2485 cm 1
2( )  
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รูปที ่32 กำรกระจำยของล ำอเิล็กตรอนในเฟส-สเปซ เมื่อล ำอเิล็กตรอนวิ่งผำ่น  

TM010 2856 MHz cavity ที่มคีวำมยำว 3.0 cm และ 2.6242 cm 1
4( )  

 

จำกผลกำรศกึษำพบว่ำ cavity ที่มคีวำมยำวน้อยกว่ำ 1  สำมำรถลด normalized emittance ลง

ได้มำก ซึ่งพบว่ำ cavity ที่มคีวำมยำวประมำณ 2.6242 เซนติเมตร หรอื 1
4  ให้ผลในกำรลด 

emittance มำกที่สุด แตม่ีผลใหอ้ิเล็กตรอนมีพลังงำนเพิ่มขึน้อีกประมำณ 1 MeV   เมื่อพจิำรณำ cavity 

ที่มคีวำมยำว 1
4 แล้วให้สนำมไฟฟ้ำควำมเข้มค่ำต่ำงๆ (ผลกำรค ำนวณจำก PARMELA แสดงใน

ตำรำงที่ 6 และรูปที่ 33) พบว่ำสำมำรถลด normalized projected emittance ลงได้ หำกใช้สนำมไฟฟ้ำ

ควำมเข้มสูงขึ้น แตจ่ะส่งผลใหพ้ลังงำนของอเิล็กตรอนสูงขึ้นดว้ย  อย่ำงไรก็ตำมเมื่อวิเครำะห ์ กำร

กระจำยตัวในเฟส-สเปซแบบสไลซ์ของล ำอิเล็กตรอน ส ำหรับ 12 ps แรก ทีละช่วงเวลำ 1 ps (รูปที่ 34) 

พบว่ำเมื่อใชส้นำมควำมเข้ม 30 MV/m ใน cavity เฟส-สเปซแบบสไลซ์ในส่วนหัวของล ำอิเล็กตรอนจะ

จัดเรียงตัวกันได้ดีมำก 

 

 
รูปที่ 33 กำรกระจำยตัวของเฟส-สเปซของล ำอิเล็กตรอนที่ RF-gun exit และภำยหลังผ่ำน TM010 

RF-cavity ควำมถี่ 2856 MHz ควำมยำว 2.6242 cm ที่ม ีfield amplitude 30 MV/m และ 40 MV/m  
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ตำรำงที่ 6 ผลกำรค ำนวณจำกโปรแกรม PARMELA: TM010 2856 MHz cavity ควำมยำว 1
4   

Field Amplitude 

(MV/m) 

Projected  rms  

(mm.mrad) 

Normalized rms  

(mm.mrad) 

Maximum kinetic 

energy (MeV) 

Gun exit  

  20 

6.4059 

3.80600 

27.6731 

19.72044 

2.06 

2.53 

  25  3.31664 17.90141 2.65 

  30  2.87879 16.16009 2.76 

  35  2.48913 14.51148 2.88 

  40  2.14610 12.97613 3.00 

  45 1.85011 11.58690 3.12 

 

 

 
รูปที ่34 กำรกระจำยของล ำอเิล็กตรอนใน 1st ps, 4th ps, 8th ps และ 12th ps ภำยหลังผ่ำน 

TM010 2856 MHz cavity ควำมยำว 1
4  ที่ม ีfield amplitude 20 MV/m, 30 MV/m และ 40 MV/m 
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2.6  3D simulation  

ในกำรค ำนวณสนำมแม่เหล็กไฟฟ้ำใน cavity ของปืนอิเล็กตรอน ใช้โปรแกรม  SUPERFISH   

ซึ่งให้ผลเป็นกำรกระจำยของสนำมแมเ่หล็กไฟฟ้ำใน 2  มิติ ตำมสมมำตรเชงิมุม azimuth รอบแกน 

longitudinal นั่นคือ กำรค ำนวณไม่ได้รวมรำยละเอียดของ coupling cell เพื่อตรวจสอบว่ำกำร

ประมำณดังกล่ำวยอมรับได้ และไม่มผีลตอ่กำรศกึษำเฟส-สเปซ จะใชก้ำรค ำนวณกำรกระจำยของ

สนำมแมเ่หล็กไฟฟ้ำ แบบ 3  มิติ ซึ่งสำมำรถค ำนวณโดยใช้โปรแกรม CST Microwave studio [17] เริ่ม

จำกกำรสร้ำง model 3 มิติ ของ ปืนอเิล็กตรอน (ดังแสดงในรูปที่ 35 ) ซึ่งจะแสดงสว่นของบริเวณ

สุญญำกำศภำยใน cavity แล้วใชก้ำรค ำนวณด้วย eigenmode solver เพื่อค ำนวณกำรกระจำยของ

สนำมแมเ่หล็กไฟฟ้ำในปืนอเิล็กตรอน (ดังแสดงในรูปที่ 36 และรูปที่ 37)  พร้อมทั้ง พำรำมิเตอรท์ำง

อำร์เอฟอื่นๆ  

 
รูปที่ 35 โมเดล 3 มิติ ของ ปืนอเิล็กตรอนแบบอำร์เอฟ  ของศูนย์วิจัยฟิสิกส์ของพลำสมำและ 

ล ำอนุภำค มหำวิทยำลัยเชียงใหม่  ในโปรแกรม CST Microwave studio (MWS) 

 

        
รูปที่ 36 ภำคตัด yz-plane (ก) และ xz-plane (ข) แสดงเวกเตอร์สนำมไฟฟ้ำ

(ก)  (ข) 
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รูปที่ 37 ภำคตัด yz-plane (ก) และ xz-plane(ข) แสดงควำมเขม้สนำมไฟฟ้ำ 

แมว้่ำจำกรูปจะเห็นควำมไม่สมมำตรของสนำมเพียงเล็กน้อย เนื่องจำกช่องเปิดที่ตอ่กับท่อน ำคลื่นที่

ผนังของ full-cell และช่องเป ิดที่เชื่อมตอ่กับ coupling cell แตเ่มื่อใชส้นำมแมเ่หล็กไฟฟ้ำ แบบ 3  มิติที่

ค ำนวณได้ดังกล่ำว ส ำหรับโปรแกรม PAREMELA พบว่ำมีผลอย่ำงมีนัยยะต่อกำรเคลื่อนที่ของล ำ

อิเล็กตรอน โดย ณ ต ำแหน่งทำงออกของ RF-gun พบว่ำล ำอเิล็กตรอนไม่ได้อยู่ตรงกลำง (พิกัด 

0, 0x y  ) แตม่ีกำรเคลื่อนออกจำกศูนย์กลำงทั้งในแนวแกน x  และ แกน y  ดังแสดงในรูปที่ 38 

ผลดังกล่ำวส่งผลถึงเฟส-สเปซ ดังแสดงในรูปที่ 39 ซึ่งผลเช่นนี้เป็นปัญหำต่อกำรชดเชยด้วยกำรบิด

เฟส-สเปซกลับ ตำมที่น ำเสนอในกำรวิจัย และยังบ่งชีว้่ำ ล ำอเิล็กตรอนมคีุณสมบัติไม่ดเีท่ำที่คำดไว้

แตเ่ดิม 

 

รูปที่ 38 ภำคตัดขวำงของล ำอเิล็กตรอน ค ำนวณโดยใช้สนำม 3 มิติ  

โดยจุดศูนย์กลำงของล ำอเิล็กตรอน ไม่ตรงกับพิกัด 0, 0x y     

(ก) (ข) 
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รูปที่ 39 เฟส-สเปซ และ เฟส-สเปซ แบบสไลซ์ (12 ps แรก) ของล ำอิเล็กตรอน  

ค ำนวณโดยใช้สนำม 3 มิติ โดยจุดศูนย์กลำงของเฟส-สเปซ ไม่ตรงกับพิกัด 0, 0x x     

ได้มแีนวคิดที่จะหมุนต ำแหน่งของ coupling – cell ให้มำอยู่ในแนวแกนเดียวกับช่องเปิดที่ต่อ

กับท่อน ำคลื่น แตอ่ยู่คนละดำ้น ดัง model 3 มิติ ของ ปืนอเิล็กตรอน ในรูปที่ 40 เพื่อลดผลของควำม

ไม่สมมำตรของสนำมตอ่กำรกระจำยตำมขวำงของล ำอเิล็กตรอน รูปที ่ 41 และ รูปที่ 42 แสดง

สนำมแมเ่หล็กไฟฟ้ำ แบบ 3  มิติ ของ RF-gun ที่มกีำรหมุนต ำแหน่ง coupling – cell ผลจำกโปรแกรม 

PAREMELA ที่ศึกษำกำรเคลื่อนที่ของอนุภำคผำ่นปืนอิเล็กตรอนนี้ แสดงในรูปที่ 43 และ รูปที่ 44 ซึ่ง

พบว่ำล ำอเิล็กตรอนอยู่ใกล้ตรงต ำแหน่งพิกัด (0,0) มำกขึ้น และเฟส-สเปซ ที่ทำงออกของ RF-gun ก็

มีลักษณะคล้ำยผลที่ได้จำก RF-gun ที่มสีนำมสมมำตร จำกกำรค ำนวณสนำมดว้ยโปรแกรม 

SUPERFISH มำก ควรจะสำมำรถใช้กำรชดเชยกำรบิดเฟส-สเปซ ได้ ซึ่งกำรปรับปรุง RF-gun ใน

ลักษณะนีจ้ะได้ท ำกำรศกึษำอย่ำงละเอียดต่อไปในอนำคต  

 

รูปที่ 40 โมเดล 3 มิติ ของ ปืนอเิล็กตรอนแบบอำร์เอฟที่ท ำกำรหมุน coupling-cell 

ให้อยู่ในแนวเดียวกับท่อน ำคลื่น ในโปรแกรม CST Microwave studio (MWS) 
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รูปที่ 41 ภำคตัด yz-plane แสดงเวกเตอร์สนำมไฟฟ้ำ ของปืนอิเล็กตรอนแบบอำร์เอฟ 

ที่ท ำกำรหมุน coupling-cell ให้อยู่ในแนวเดียวกับท่อน ำคลื่น  

 

 

     

รูปที่ 42 ภำคตัด yz-plane (ก) และ xz-plane (ข) แสดงควำมเข้มสนำมไฟฟ้ำ  

ของปืนอิเล็กตรอนแบบอำร์เอฟที่ท ำกำรหมุน coupling-cell ให้อยู่ในแนวเดียวกับท่อน ำคลื่น  

 

 

(ก) (ข) 
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รูปที่ 43 ภำคตัดขวำงของล ำอเิล็กตรอน จำกปืนอเิล็กตรอนแบบอำร์เอฟที่ท ำกำรหมุน coupling-cell 

ให้อยู่ในแนวเดียวกับท่อน ำคลื่น  โดยจุดศูนย์กลำงของล ำอเิล็กตรอน จะใกล้กับพิกัด 0, 0x y   

 

 

 

         

รูปที่ 44 เฟส-สเปซ และ เฟส-สเปซ แบบสไลซ์ ของล ำอิเล็กตรอน  

จำกปืนอเิล็กตรอนแบบอำร์เอฟที่ท ำกำรหมุน coupling-cell ให้อยู่ในแนวเดียวกับท่อน ำคลื่น   

โดยจุดศูนย์กลำงของเฟส-สเปซ จะใกล้กับพิกัด 0, 0x x     
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3 สรุปผลกำรวิจัย 

 

โดยอำศยักำรจ ำลองดว้ยโปรแกรมคอมพิวเตอร์ ได้ศึกษำลักษณะกำรกระจำยของเฟส-

สเปซ ของล ำอิเล็กตรอนจำกปืนอเิล็กตรอนแบบอำร์เอฟ  ของศูนย์วิจัยฟิสิกส์ของพลำสมำและล ำ

อนุภำค มหำวิทยำลัยเชียงใหม่ (PBP-CMU RF-gun) โดยกำรกระจำยของเฟส-สเปซดังกล่ำว จะหำ

ได้จำกกำรศกึษำกำรเคลื่อนที่ของกลุ่มอเิล็กตรอน ที่ถูกปลดปล่อยออกมำจำกคำโทด และอยู่ภำยใต้

อิทธิพลของสนำมแม่เหล็กไฟฟ้ำ ภำยในโครงสรำ้งของปืนอเิล็กตรอนแบบอำร์เอฟ   เริ่มดว้ยกำรใช้

โปรแกรม  SUPERFISH เพื่อจ ำลองสนำม RF ในปืนอเิล็กตรอน และ ใช้โปรแกรม PARMELA ส ำหรับ

ค ำนวณกำรเคลื่อนที่ของอเิล็กตรอน ขณะเคลือ่นที่ผำ่นสนำมแม่เหล็กไฟฟ้ำ ในแต่ละบริเวณ  กำร

วิเครำะหเ์ฟส-สเปซแบบสไลซ์ พบว่ำ มกีำรหมุนของเฟส-สเปซสไลซ์อย่ำงชัดเจน  

เมื่อศกึษำลักษณะกำรกระจำยของเฟส-สเปซ ของล ำอิเล็กตรอนจำกปืนอเิล็กตรอนแบบ

อำร์เอฟ ของหน่วยวิจัย SUNSHINE, Stanford Synchrotron Research Laboratoty (SSRL), Stanford 

Linear Accelerator Center (SLAC) พบทั้งกำรบิดและหมุนของเฟส-สเปซ นั่นคือแตกต่ำงกันไป  โดย

กำรหมุนของเฟส-สเปซ ของ PBP-CMU RF-gun มีลักษณะที่ซับซ้อนนอ้ยกว่ำ และควำมสัมพันธ์ของ 

x และ x  ในแตล่ะช่วงเวลำสัน้ๆ มีลักษณะคล้ำยเชงิเส้น (linear) ที่นำ่จะชดเชยได้ด้วยสนำมอำร์เอฟ

แบบไม่คงที่ เมื่อวิเครำะห์ลักษณะกำรเปลี่ยนแปลงของเฟส-สเปซแบบสไลซ์อย่ำงละเอียด เพื่อหำ

โครงสรำ้งของสนำมแมเ่หล็กไฟฟ้ำที่เหมำะสม พบว่ำควรใช้สนำมจำก TM010 cavity  หรอื TM011 

cavity ควำมถี่ 1428, 2856 และ 5712 MHz  โดยนอกจำกจะให้ผลกับ เฟส-สเปซ ตำมแนวขวำงแล้ว 

ยังมีผลในทำงเร่งพลังงำนของอเิล็กตรอนอกีด้วย เมื่อท ำกำรศกึษำพำรำมิเตอรต์่ำงๆ จน พบว่ำ 

TM010 cavity ควำมถี่ 2856 MHz  ที่มคีวำมยำวประมำณ  2.6242 เซนติเมตร หรอื 1
4  ให้ผลในกำร

ลด emittance มำกที่สุด หำกใช้สนำมควำมเขม้ 40 MV/m ใน cavity จะท ำให้ projected normalized 

emittance ลดลงได้ประมำณ 50% แตม่ีผลใหอ้ิเล็กตรอนมีพลังงำนเพิ่มขึน้อีกประมำณ 1 MeV   
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ทั้งนีห้ำก cavity ที่จะใช้ชดเชยใช้ควำมถี่เดียวกับปืนอเิล็กตรอน (2856 MHz) ควรจะศกึษำ

เพิ่มเติมเพื่อรวมสนำมส ำหรับกำรชดเชยนี้  ไว้กับตัวของปืนอิเล็กตรอน  

หำกใช้กำรกระจำยของสนำมแมเ่หล็กไฟฟ้ำ แบบ 3  มิติ ส ำหรับกำรค ำนวณเฟส-สเปซ พบ

รำยละเอียดที่ส ำคัญเนื่องจำกควำมไม่สมมำตรขอบสนำมรอบแกน z นั่นคือ พบว่ำล ำอเิล็กตรอน ณ 

ทำงออกของ RF-gun ไม่ได้อยู่ตรงศูนย์กลำง (พิกัด 0, 0x y  ) แตม่ีกำรเคลื่อนออกจำกศูนย์กลำง

ทั้งในแนวแกน x  และ แกน y ซึ่งน่ำจะเป็นผลมำจำกกำรที่ชอ่งเปิดท่อน ำคลื่นวำงอยู่ในแนวแกน y

และ coupling-cell วำงอยู่ในแนวแกน x แนวทำงกำรแก้ไขปัญหำนี ้ก็คือ หมุนให ้coupling-cell วำงอยู่

ในแนวแกน y โดยวำงไว้ด้ำนตรงข้ำมกับช่องเปิดท่อน ำคลื่น ซึ่งจะได้ล ำอิเล็กตรอนและเฟส-สเปซ ที่

อยู่ใกล้ตรงต ำแหน่งพิกัด (0,0) มำกขึ้น ณ ทำงออกของ RF-gun โดยกำรกระจำยของอิเล็กตรอนมี

ลักษณะคล้ำยผลที่ได้จำก RF-gun ที่มสีนำมสมมำตร นั่นคือ พบแนวทำงกำรปรับปรุง RF-gun ที่จะ

ให้ล ำอิเล็กตรอนที่มคีุณภำพดีขึน้ ซึ่งกำรศกึษำอย่ำงละเอียดส ำหรับปืนอเิล็กตรอนในลักษณะนีจ้ะได้

ท ำกำรศกึษำต่อไปในอนำคต  

 

                                     

                                    

          

current RF-gun with horizontal coupling-cell 

new design RF-gun with vertical coupling-cell 
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The Plasma and Beam Physics Research Facility at Chiang Mai University has established a THz facility

to focus on the study of ultra-short electron pulses. Short electron bunches can be generated from a

system that consists of a radio-frequency (RF) gun with a thermionic cathode, an alpha magnet as a

magnetic bunch compressor, and a linear accelerator as a post-acceleration section. The alpha magnet is

a conventional and simple instrument for low-energy electron bunch compression. With the alpha

magnet constructed in-house, several hundred femtosecond electron bunches for THz radiation

production can be generated from the thermionic RF gun. The construction and performance of the

alpha magnet, as well as some experimental results, are presented in this paper.

Crown Copyright & 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

Femtosecond electron and photon pulses have become inter-
esting tools for basic and applied applications [1–3]. Short
electron pulses can be used directly [1] or to generate intense
THz radiation [4], ultra-short X-ray pulses [5], and free-electron
lasers [6].

Short electron pulses can be produced in a straightforward
way by using linear accelerators and bunch compressors. In the
case of using a chicane bunch compressor [7], a long relativistic
electron bunch with a small energy spread is accelerated in a
linear accelerator section at zero-phase, such that the head of the
bunch loses energy and the particles in the tail gain energy, while
the energy of the particles in the center do not change. In chicane
magnets, the high-energy particles in the bunch tail travel a
shorter path than the low-energy particles in the bunch head,
thereby leading to bunch compression. After sufficient further
acceleration, the energy spread becomes small again, and a new
step of bunch compression can be implemented.

In the case of using alpha-magnet bunch compression, sub-
picosecond electron bunches can be produced in a smaller facility
010 Published by Elsevier B.V. All

nd Materials Science, Chiang

6 53 943379;

.

from a thermionic-cathode radio-frequency (RF) gun and the
alpha magnet. It has been possible to produce electron pulses as
short as 120 fs rms and a bunch intensity of 100 pCb by using such
a compression system at the Stanford SUNSHINE facility [4,7,8]. A
similar system to generate femtosecond electron bunches has
been constructed and installed at Chiang Mai University. The
main components of the system are an S-band 1½-cell RF gun
with a thermionic cathode [9], an alpha magnet, and a SLAC-type
linear accelerator (linac), as shown in Fig. 1(a). At the exit of the
RF gun, electrons have been accelerated to about 2.0–2.5 MeV
with a well-defined correlation between energy and time
[Fig. 1(b)]. The electron bunch of 20–30 ps from the RF gun
enters the alpha magnet at an angle of 42.29 degrees with respect
to the magnet axis. The particles follow a close loop similar to the
letter a and exit the magnet exactly at the entrance point. In the
alpha magnet, higher energy electrons follow longer paths, while
lower energy electrons follow shorter ones. Therefore, the lower
energy electrons have a chance to catch up to the higher energy
electrons in the front, thereby leading to bunch compression. The
electron bunches are then accelerated in a 3-m single-section
linear accelerator and guided to the experimental station. With an
over-compression at the alpha magnet [Fig. 2(a)], the bunches are
compressed to less than 1 ps at the experimental station
[Fig. 2(c)]. Due to velocity dispersion, if the bunches are well
compressed at the magnet exit [Fig. 2(b)], then they would not be
optimum at the experimental station [Fig. 2(d)].
rights reserved.
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Fig. 1. (a) Schematic diagram of the bunch generation and compression system, and (b) particle distribution in energy-time phase space with a histogram at the

RF-gun exit.

Fig. 2. Particle distribution in energy-time phase space with a histogram: (a) and (c) are at the RF-gun exit, and (b) and (d) are at the experimental station.
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Fig. 3. Integration path in the alpha magnet.

Table 1
Alpha-magnet design parameters.

Parameters

Maximum field gradient 450 G/cm

Pole radius 10 cm

Good-field region (extent in X) 20 cm

Maximum gradient error 70.1%

Fig. 4. Alpha-magnet pole profile for POISSION input and the magnetic field line of

the alpha magnet.
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Bunch compression computer code [10] was employed to
study the bunch compression of our system by using some
information from the RF-gun study detailed in Rimjaem et al. [9].
Through a series of calculations, the optimum field gradient to
generate the short bunch was then obtained. For our system, the
maximum alpha-magnet field gradient of 450 G/cm is expected
for producing a short electron bunch at 20 MeV [9].
2. Design of the magnetic bunch compressor for the THz
facility at Chiang Mai University

The alpha magnet and its properties were first described by
Enge [11]. It has the shape of half an asymmetric quadrupole
magnet, with two poles and a mirror plate (front plate)
terminating the field across the vertical midplane. It is called
asymmetric because the pole face extends further horizontally
than vertically, in order to provide a large horizontal and uniform
field gradient region. The sequence of this alpha-magnet design
follows the quadrupole design, which is discussed in more detail
in Wiedemann [12] and Fischerm [13]. This magnet design was
modified and redesigned based on the alpha magnet of the
Stanford Synchrotron Radiation Lightsource Project [14].

A straightforward way to estimate the excitation currents of
the magnet is to use the integral form of Ampere’s Law:

I
H
,
� dl

,

¼NI ð1Þ

By using the approximation that the permeability of iron is
infinite and by choosing the integration part as shown in Fig. 3,
the integration starts from the magnet axis. The result is:

NI¼

Z a

0

ar

m0

dr¼
ga2

2m0

ð2Þ

where g is the field gradient (Tesla/m), a is the pole radius (m),
N is the number of turns, and I is the current (Ampere). With
the design parameters shown in Table 1, NI=17,905 Ampere-turn.
By considering the space available for the magnet coils and
the size of the hollow copper wires, the number of turns,
N=70 turns, was selected. The magnet would require a
maximum excitation current of 255 Ampere to provide the field
gradient of 450 G/cm.
2.1. Computer simulation

The pure quadrupole field, which gives a constant field
gradient along the vertical and horizontal midplane, can be
created from infinitely wide hyperbolic poles. In practice, the
magnet poles are cut to place the excitation coils, thus causing
the field gradient to drop near the corner of the poles. In the
case of the alpha magnet, there are concerns about the homo-
geneity of the field gradient and especially the gradient drop
near the pole corner and the front plate. The field gradient
drop can be compensated by iron shimming near the upper
end of the hyperbola pole by using a tangential technique [12]. At
proper positions on the hyperbola pole profile, the tangential
lines are extended to intercept with the pole root for iron
shimming. The pole profile is optimized by using by POISSION
[15], which calculates the magnetic fields from the input pole
profile (Fig. 4) as well as the field gradients. The calculation
results indicated that the position x=6.3 cm and x=23.8 cm are the
best starting points for tangential shimming, which gives a
gradient error of less than 70.1% along the midplane, as shown
in Fig. 5.



Fig. 5. Magnetic field distribution at midplane from the hyperbola pole compared with the final design.

Fig. 6. Magnetic field at x=10 cm as a function of current (NI).
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2.2. Magnetic field saturation

Magnetic field saturation [11] occurs at high excitation
currents, which causes some regions in the magnet core to have
too high of a magnet flux density. Fig. 4 shows that the return
yoke and the front plate are the regions that have a high flux
density. To reduce this high flux density, the thickness of the front
plate and the return yoke are increased. Fig. 6 shows the magnetic
field from POISSON before and after adding iron at these two
regions. The calculations show that after adding more iron, the
saturation occurs at higher currents (from 414,000 Ampere-turn
to 417,000 Ampere-turn).
3. Construction of the alpha magnet

3.1. Construction of the magnet core

The magnet core is constructed from low-carbon steel (0.035%
carbon, mr�2500–3000). The core is composed of two magnet poles
and a front plate. Each pole piece was fabricated from nine iron
laminations. All components of the magnet core were machined by a
computer numerical controlled (CNC) machine. Fig. 7(a) shows a pole
piece lamination of the alpha magnet. Nine laminations are stacked
and tightened together by long bolts and nuts, as shown in Fig. 7(b).
The complete assembly of the magnet core is shown in Fig. 7(c).



Fig. 7. (a) A pole piece lamination of the alpha magnet, (b) alpha-magnet poles,

and (c) alpha-magnet assembly.
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3.2. Construction of the magnet coils

The magnet coils are constructed from 1�1 cm2 copper wire,
with a 4-mm-diameter cooling hole. The double pancake
technique is used to wind the hollow copper wire. The wire is
wound by using a winding platform mounted on a rotating table.
In this design, one double pancake has two layers of copper
wire, and each layer has five turns. Before winding the coil, the
wire is wrapped by glass cloth tape as insulation. The wire is
wound five turns for the first layer, and it is cut and connected to
the other end for the winding of the second layer. The wire is
then wound five turns in the opposite direction of the first
layer. The water connectors are connected to both ends of one
double pancake. Seven double pancakes are connected and
stacked together to be one alpha-magnet coil, as shown in
Fig. 8(a). The resistance of the two coils is 94 mO, resulting in the
total power dissipation of 7.9 kW at a current of 290 A. The 10 1C
water, with flow rate of 10 l/s, is used to remove most of the heat
dissipation. The complete assembly of the alpha magnet is shown
in Fig. 8(b).
4. Performance of the magnetic bunch compressor

4.1. Magnetic field measurement

The alpha-magnet field distribution is measured along the X
direction at the midplane by using a DMT-130-PS Hall effect
Teslameter. The magnetic field gradient is then derived from the
field measurement. Fig. 9 shows the excitation curve of the alpha
magnet from calculations and measurements. A maximum
gradient of 465 G/cm can be achieved, limited by the DC power
supply. Saturation was observed at a current higher than 150 A.
With sufficient water cooling, there is no significant temperature
rise during operation.

4.2. Bunch length measurement

At the experimental station located downstream of the linac,
the 8- to 10-MeV electron bunches were used to generate
coherent transition radiation for electron bunch length measure-
ment. By placing a 25-mm-thick aluminum foil (Al foil) at 45
degrees with respect to the electron path, the backward transition
radiation is emitted perpendicular to the beam axis. A far-infrared
Michelson interferometer was employed to measure the electron
bunch length by an autocorrelation technique [16]. The coherent
transition radiation is collimated by a gold-coated parabolic
mirror. The radiation beam exits through a high-density poly-
ethylene window and enters a Michelson interferometer. The
interferometer consists of a beam splitter, a fixed mirror, and a
movable mirror. In the Michelson interferometer, the radiation is
split into two parts by a beam splitter, and it then travels in
different directions to be reflected back by the mirrors. After
reflection, the two radiation pulses are combined again and
detected by a pyroelectric detector for intensity determination. By
scanning the movable mirror, the radiation intensity as a function
of the optical path difference, called the interferogram, was
obtained, as shown in Fig. 10. For a Gaussian bunch distribution,
the full width at half maximum (FWHM) of the interferogram is
4
ffiffiffiffiffiffiffiffi
ln 2
p

sZ . The bunch length measurements for various alpha-
magnet gradients have been conducted, and the results are shown
in Fig. 11.

The measurement results show that short electron bunches
can be generated when the alpha-magnet gradient is higher than
300 G/cm. However, the calculation predicted the shortest bunch



Fig. 8. (a) Two complete coils, and (b) a completed alpha magnet.
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Fig. 9. Excitation curve of the alpha magnet from calculation (infinite m and finite m) and measurement.

Fig. 10. An interferogram obtained from the bunch length measurement.
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when using the alpha-magnet gradient of 328 G/cm for the
10-MeV electron beam (see Table 2). Equally short bunches can
be obtained from our system through a broad range of alpha-
magnet gradients due to the large energy spread (8–12 MeV).
Calculations from the bunch compression program show that
different electron beam energies require different alpha-magnet
gradients to generate the minimum bunch length, as shown in
Table 2. If the electron bunches have a large energy spread, then
some electrons are compressed at a specific alpha-magnet
gradient, while others are under-compressed or over-
compressed, depending on their energy. It is therefore possible
that equally short electron bunches of a large energy spread beam
can be obtained through a broad range of alpha-magnet gradients.
5. Conclusion

An alpha magnet was successfully designed, constructed, and
tested at the Plasma and Beam Physics Research Facility at Chiang
Mai University. With this alpha magnet constructed in-house, a
few hundred femtosecond electron bunches for THz radiation
production can be generated from the thermionic-cathode RF gun.
The experimental results show that electron bunches as short as
sz�200 fs can be generated from the system. Electron bunch
length may be reduced with energy spread and lattice optimiza-
tion. Our short electron bunches will be used to produce
THz radiation for spectroscopy experiments and THz imaging
applications.



Fig. 11. Bunch length as a function of the alpha-magnet gradient.

Table 2
Alpha-magnet gradient for a minimum electron bunch of different electron

energies.

Electron energy (MeV) Alpha-magnet gradient (G/cm)

(for minimum electron bunch)

8.0 298

9.0 315

10.0 329

11.0 342

12.0 352
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A femtosecond electron source has been developed at the Plasma and Beam Physics Research Facility

(PBP), Chiang Mai University (CMU), Thailand. Ultra-short electron bunches can be produced with a bunch

compression system consisting of a thermionic cathode RF-gun, an alpha-magnet as a magnetic bunch

compressor, and a linear accelerator as a post acceleration section. To obtain effective bunch compression,

it is crucial to provide a proper longitudinal phase-space distribution at the gun exit matched to the

subsequent beam transport system. Via beam dynamics calculations and experiments, we investigate the

bunch compression efficiency for various RF-gun fields. The particle distribution at the RF-gun exit will be

tracked numerically through the alpha-magnet and beam transport. Details of the study and results

leading to an optimum condition for our system will be presented.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bunch compression can be considered as the exchange of long-
itudinal phase-space parameters [1] and generally requires two steps.
First, an accelerating system creates a correlation between particle
energy and position. Then, a non-isochronous magnetic transport line
is used to rotate the particle distribution in phase-space until the
desired bunch length is reached. The accelerating section is phased
such that the center of the relativistic particle bunch does not see any
field (zero-phase) while the particles ahead of the bunch center are
accelerated and the particles behind the bunch center are decelerated.
Following the accelerating section, the particles travel through an
asynchronous curved beam transport system (chicane). Early particles
within a bunch, having been accelerated, follow a longer path than the
reference particles at the center of the bunch while the decelerated
particles being late with respect to the bunch center follow a shorter
path. All particles are considered highly relativistic and therefore bunch
compression works by way of path variation rather than velocity.

The first step can be eliminated in the case of an electron beam
generated in an RF-gun [1,2], in which the electron emerges from a
cathode, which is inserted into an RF-cavity. The electrons are
accelerated immediately where the acceleration is a strong func-
tion of time because of the rapidly oscillating field. An RF-gun with
a thermionic cathode can produce an electron bunch with a

correlation between energy and time such that higher energy
particles are at the head of the bunch followed by lower energy
particles. Bunch compression for this case can be achieved using an
alpha-magnet [3], which got its name from the alpha-like shape of
the particle trajectories. In the alpha-magnet, higher energy
electrons follow longer paths, while lower energy electrons follow
shorter ones and thereby leading to bunch compression.

A femtosecond electron source, as shown in Fig. 1, has been
developed at the Plasma and Beam Physics Research Facility (PBP),
Chiang Mai University (CMU), Thailand. Ultra-short electron bunches
can be produced with the bunch compression system consisting of a
thermionic cathode RF-gun, an alpha-magnet as a magnetic bunch
compressor, and a linear accelerator as a post acceleration section.
With a specific RF-gun design and alpha-magnet gradient, the
electron bunch can be compressed down to sub-picosecond scale
[4,5]. To obtain effective bunch compression, it is crucial to provide a
proper longitudinal phase-space distribution at the gun exit matched
to the subsequent beam transport system. Via beam dynamics
calculations and experiments, we investigate the bunch compression
efficiency for various RF-gun fields. The particle distribution will be
tracked numerically from the RF-gun exit through the alpha-magnet
and beam transport. Details of the study and results leading to an
optimum condition for our system will be presented.

2. Electron source

The PBP-CMU RF-gun consists of 1½ S-band cavities and a
thermionic cathode attached to one wall of the first half cell as
indicated in Fig. 1. The full cell and the half cell are coupled through
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a side coupling cavity, which can be seen in the 3D drawing of the
RF-gun in Fig. 1. The dimensions and fields are specially optimized for
ultra-short bunch generation. Systematic simulation studies were
carried out to investigate the fundamental and practical limits in
reducing the electron bunch lengths and details of RF-gun optimization
as well as beam dynamic studies for generating femtosecond electron
bunches have been described in Ref. [6]. Electron distribution at the
RF-gun exit depends greatly on the RF field in each cell. The optimum
ratio of the RF field in each cell as well as the field intensities play
important roles in the bunch compression. For very high RF-field in the
half cell, the bunch head can become quasi-monochromatic and thus
not suitable for bunch compression [2,6]. Experimentally, the PBP-CMU
RF-gun had been operated at the half cell/full cell field ratio (R) of 0.52
and 0.7. Particle distributions at the RF-gun exit obtained from
PARMELA [7] at these two field ratios for various field gradients are
shown in Fig. 2 and will be under further investigation for bunch
compression efficiency.

Electrons are continuously emitted with thermal energies from
the thermionic cathode and are extracted by RF-acceleration during
an accelerating phase of the RF-fields at 2856 MHz, in the RF-gun. The
first electron is accelerated rapidly and reaches the end of the half cell
just before the RF-phase becomes decelerating. It is further acceler-
ated through the full cell to reach a maximum kinetic energy of
2–3 MeV at the gun-exit depending on accelerating field gradients.
Later electrons feel some decelerating fields before they exit the half
cell and gain less and less overall energy. The bunch that exits the
RF-gun is about 100 ps long having the highest energy electrons at the
head of the bunch within 10–15 ps [8] forming the useful fraction of
the electron bunch. Higher field ratios (half cell/full cell) for the same
field in the full cell result in lower kinetic energy at the RF-gun exit.

3. Bunch compression

Bunch compression is accomplished by guiding the 20–30 ps
electron bunches from the RF-gun through an alpha-magnet [8].
The electrons enter the alpha-magnet at an angle of 49.291 with

respect to the magnet axis. Particles entering at this angle follow a
closed loop similar to the letter a and exit the magnet exactly at
the entrance point independent of the particle momentum. The
particle path length is, however, momentum dependent. The
momentum dependent path length S scales with the magnetic
field gradient g as Sp

ffiffiffiffiffiffiffiffiffiffiffi
bg=g

p
[2]. In the alpha-magnet, the particle

path length, therefore, increases with energy. This allows the lower
energy particles, emitted later in each bunch, to catch up with the
front for effective bunch compression. Later on, the optimized and
compressed part of the electron bunch will be filtered by energy
slits located in the a-magnet vacuum chamber and then acceler-
ated in a SLAC type linac and passing through a beam transport line
to experimental stations. At the experimental station, the electron
bunches reach a minimum bunch length of less than 1 ps.

To evaluate the bunch compression efficiency, particles are
tracked numerically through all components from the RF-gun to

RF gun

Linac

energy slits

alpha magnetthermionic
cathode

e-

e-

full
cellhalf

cell

coupling cavity

Fig. 1. Femtosecond electron source at the Plasma and Beam Physics Research

Facility (PBP), Chiang Mai University (CMU).

Fig. 2. Energy–time distribution of the electron bunch at the RF-gun exit for R¼0.52

(top) and R¼0.7 (bottom), half cell/full cell fields are shown in MV/m.
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experimental stations. The traveling time within each component
is calculated by the equations listed in Table 1 and the beam line
parameters are listed in Table 2. The effect of traverse particle
motion is not included in this calculation. The parameters ld and lq
are drift length and effective quadrupole magnet length, respec-
tively, g is the alpha-magnet field gradient (G/cm), and A is the linac

acceleration gradient (MeV/m). The calculation starts by varying
the alpha-magnet gradient while observing the particle bunch
distribution. The optimum compression occurs when the bunch
distribution (at least the head of the bunch) is close to a vertical
line. The optimum compression at various RF-fields for the field
ratio, R¼0.52 and, R¼0.7 are shown in Figs. 3 and 4, respectively.

As the RF field increases, a higher alpha-magnet field gradient
will be required for optimum bunch compression. Optimum
compression for higher field ratio R can be achieved at lower full
cell RF-field. The bunch lengths evaluated from the simulation by a
FWHM of the particle histogram are summarized in Tables 3 and 4
The calculations suggest an optimum compression for a field of
45 MV/m in the full cell for RF field ratio R¼0.52, and 40 MV/m for
the field ratio R¼0.7.

Experimentally, bunch length measurements by an autocorre-
lation technique indicated an average bunch length of szE170 fs
[4] for the field ratio R¼0.52 and a bunch length of szE350 fs for
the field ratio R¼0.7. The operating full cell RF field is approxi-
mately 42–44 MV/m. Therefore, in case of the R¼0.7, a lower
RF-field than the current operating condition would allow genera-
tion of shorter electron bunches.

4. Conclusion

Bunch compression efficiency depends greatly on the cavity
RF-fields and the alpha-magnet gradient. Calculation of bunch

Table 1
Traveling time within beam line components.

Component Traveling time

Drift space td ¼ ld=bc

Quadrupole magnet tq ¼ lq=bc

Alpha-magnet ta ¼ ð1:91655=bcÞ
ffiffiffiffiffiffiffiffiffiffiffi
bg=g

p
Linac tL ¼DðcpÞ=cA

Table 2
Beam line parameters.

Component Length (cm) Gradient

Gun to alpha 67.9 –

Alpha-magnet – Varied

Alpha to linac 113.4 –

Linac 304.0 2.7 MeV/m

Linac to experimental station 119.9 –

Fig. 3. Optimum electron distributions at the experimental station for R¼0.52 when using 40, 42, 45, and 50 MV/m full cell RF-fields with alpha-magnet gradient, g¼210, 248,

300, and 392 G/cm, respectively.
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compression efficiency can be done by tracking particle distribu-
tion numerically from the RF-gun exit through the alpha-magnet
and beam transport. Experimental results of bunch length

measurement agree with the calculation. The calculations suggest
an optimum compression at 45 MV/m for half cell/full cell field
ratio R¼0.52 and at 40 MV/m for the field ratio R¼0.7.
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Fig. 4. Optimum electron distributions at the experiment station for R¼0.7 when using 38, 40, 42, and 45 MV/m full cell RF-fields with alpha-magnet gradient, g¼214, 258,

292, and 346 G/cm, respectively.

Table 3
Condition for optimum electron distributions at the experimental station for the

field ratio, R¼0.52.

Half cell field/full

cell field (MV/m)

Optimum alpha-magnet

gradient (G/cm)

Bunch

length (ps)

21.24/40 210 0.5

22.34/42 248 0.3

23.9/45 300 0.4

26.55/50 392 1.7

Table 4
Conditions for optimum electron distributions at the experiment station for the field

ratio, R¼0.7.

Half cell field/full

cell field (MV/m)

Optimum alpha-magnet

gradient (G/cm)

Bunch

length (ps)

26.21/38 214 1.0

27.59/40 258 0.9

28.96/42 292 1.5

31.03/45 346 3.0
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A high brightness electron source of ultra-small emittance and high-average current is one of the most

important components for future accelerators. In a RF-electron-gun, rapid acceleration can reduce

emittance growth due to space charge effects. However, twisting or rotation of the transverse phase-space

distribution as a function of time is observed in thermionic RF-electron-guns and may set a lower limit to

the projected beam emittance. Such rotation being caused by the variation of the RF field with time may be

compensated by fields from a specific cavity. In this work, we study RF-electron-gun phase-space

dynamics and emittance under the influence of external fields to evaluate the compensation schemes.
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1. Introduction

A high brightness electron source of ultra-small emittance and
high-average current is one of the most importance components for
future electron accelerators [1,2]. Such beams are used as sources of
very high energy linear colliders, wake-field laser accelerator and
X-ray free electron laser.

In order to achieve high brightness beams, it is necessary to
master the production of such beams in special RF-guns, to develop
diagnostic techniques that provide information of the six-dimen-
sional phase-space distribution of electron bunches on sub-pico-
second time scales, to control the six-dimensional distribution of
the bunch in various ways and to be able to accelerate the electrons
to higher energies without diluting the brightness.

Electron bunches produced from a thermionic cathode RF-gun is
subjected to detrimental effects on the beam emittance, specifically
to a twisting of the time-sliced phase-space. The transverse phase-
space rotation can increase the projected emittance by several
orders of magnitude. Thus, in order to obtain a high brightness
beam, it is highly desirable to minimize this effect. This phenom-
enon may be compensated by passing the beam through a proper
time dependent external electromagnetic field. In this study, we
investigate schemes that reduce the projected emittance while
preserving Louville’s theorem of constancy of the beam emittance
by lining up temporal slices of phase-space distribution.

2. Method

In this study, we focus on compensation of the particle
distribution from the PBP-CMU RF-gun at the Plasma and Beam
Physics facility (PBP), Chiang Mai University, Thailand. The PBP-
CMU RF-gun consists of 11

2 S-band cavities and a thermionic
cathode attached to one wall of the first half-cell as shown in
Fig. 1. The full-cell and the half-cell are coupled through a side
coupling cavity, which can be seen in the 3D drawing of the RF-gun
in Fig. 1. The details of RF-gun optimization for the production of
femtosecond electron bunches as well as beam dynamic studies
have been described in Ref. [3]. In this study, the dynamics of
particle motion in the RF-gun and in the external electromagnetic
fields has been simulated with the code PARMELA [4]. Note that the
average half-cell and full-cell fields used in the simulation are 23.9
and 45.5 MV/m as specified in Ref. [3].

2.1. Beam emittance

Beam emittance is the region in phase-space occupied by
particles in a beam [5]. By definition, phase-space is represented
by coordinates and their conjugate momenta. However, for con-
stant energy particles it is more convenient to replace the conjugate
momentum with the slope of the trajectory (xu), defined as

px ¼ po tanxu� po tanxu: ð1Þ

In this paper, the term ‘‘beam emittance’’ is used for transverse
apparent or projected emittance while ‘‘slice emittance’’ is used for
emittance of a time-sliced beam. In either case, the emittance is
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calculated as the r.m.s. emittance, defined by

ex ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/xi

2S/xui
2S�/xixuS

2
q

ð2Þ

where the average is taken over all particles i. Space charge forces
and radial fields in RF-cavities can degrade the beam emittance
significantly. The space-charge effect is inversely proportional
to the square of the particle energy. Thus, rapid acceleration
in a RF-gun reduces the space-charge effect. Moreover, space
charge effect causes rotation of the transverse phase-space
distribution due to its energy dependence. Eq. (2) indicates
that if all particles lie on a line in phase space, in other words,
x¼mxu, the beam emittance will vanish. Since m is time dependent,
this rotation cannot be ignored if a high brightness beam is to be
achieved. There are several approaches suggested for emittance

minimization, for example, using a solenoid magnet [5], using RF
radial focusing [6], alternative cathode material [7] and special RF-
gun designing.

2.2. Slice phase-space

Fig. 2 shows the transverse phase-space distribution at the PBP-
CMU RF-gun exit every ps along the microbunch. The twisting or
rotation of the time-sliced phase-space can obviously be seen.
Closer inspection of the 1 ps phase-space distribution in terms of
time correlation can be obtained by looking at xu=x and yu=y ratios.
The ratio for each phase-space slice is obtained by fitting data with
robust straight-line fit [8]. The xu=x and yu=y ratios as a function of
time is shown in Fig. 3. This time response will give an estimation of
compensation needed for each phase-space slice. The rotation of
horizontal and vertical phase-space slice are very much alike. Fig. 4
shows the energy–time phase space of the electron bunch at the RF-
gun exit with a histogram. The head of the bunch contains higher
energy particles followed by lower energy ones and the particles
are more concentrated at the head of the bunch. The energy–time
phase-space information should be taken into account for beam
dynamics studies.

2.3. Transverse magnetic fields

To compensate the observed phase-space rotation, different
deflections should be applied to particles that are off-center.
Increasing deflection should be applied for particles at increasing
distance from the beam center. Transverse magnetic modes of a
circular cylindrical cavity TM01p with azimuthal magnetic fields
increasing with radial positions seem to serve our purpose. The
general expression for the TM01p field components are [9]

Ez ¼ EoJoðk1rÞcos
ppz

l
eiot

Er ¼
�pp

l

a

x1
EoJuoðk1rÞsin

ppz

l
eiot

Bf ¼�jo a

x1c2
EoJuoðk1rÞcos

ppz

l
eiot : ð3Þ

3. Results and discussion

The TM010 mode and TM011 mode were investigated in this
study. Since the rotations of horizontal and vertical phase-space
slices are very much alike and the TM fields under the investigation
are azimuthally symmetric, only the results for horizontal phase
space will be presented. The field amplitudes are optimized by
considering the compensation required in each phase-space slice.
The required deflection can be calculated using the xu=x ratio
normalized to the average energy of each beam slice. Analysis of
the time response for the compensation suggested the sin(ot) field
at S-band frequency. The dimensions of the S-band TM010 and
TM011 cavities used in this study are listed in Table 1. Fig. 5 shows
the phase-space distribution of the simulated beam after passing
the TM010 cavity with the cavity length of the 1 S-band wavelength.
Figs. 6 and 7 show the phase-space distribution of the simulated
beam after passing the TM011 cavities with the cavity lengths of
1 S-band and 1/2 S-band wavelengths, respectively. The insets
show the energy–time phase space of the electron bunch after
passing each cavity. Fig. 8 shows the phase-space distribution for
all slices (projected) of the beam at the RF-gun exit and after
passing the TM010 and TM011 cavities. The compensation results
in terms of projected emittance, calculated using Eq. (2), are listed
in Table 2. The beams have gained some energy after passing
through the TM011 cavities. Therefore, normalized projected
emittance to the beam average energy will be used for comparison.

RF input

thermionic
cathode

e-

full
cell

half
cell

coupling cavity

Fig. 1. PBP-CMU RF-gun at Plasma and Beam Physics facility (PBP), Chiang Mai

University.
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The normalized projected emittance and the beam energy increase
after passing the 1-wavelength-long TM011 cavity. With the
1-wavelength-long TM010 cavity, the normalized projected emit-
tance decreases by 10–20% while the beam energy and the energy–
time phase-space remain the same. The 1/2-wavelength-long
TM011 cavity offers the best compensation of around 30% reduction
but the energy–time phase space becomes undesirable for bunch
compression purposes. Moreover, the geometry of such a cavity is
not practical.

Fig. 2. Transverse phase-space distribution [(a) horizontal and (b) vertical] at PBP-CMU RF-gun exit every ps along microbunch.

Fig. 3. x0/x and y0/y ratios at RF-gun exit as function of time. Fig. 4. Energy–time phase-space of electron bunch at RF-gun exit with histogram.

Table 1
Cavity dimensions.

Cavity Cavity length (cm) Cavity radius (cm)

1�lS-band-TM010 10.497 4.018
1
2�lS-band-TM011 5.249 1140.00

1�lS-band-TM011 10.497 4.640

K. Kusoljariyakul, C. Thongbai / Nuclear Instruments and Methods in Physics Research A 645 (2011) 191–196 193



Author's personal copy

4. Conclusion

The study of phase-space dynamics of the electron beam from
the PBP-CMU thermionic cathode RF-gun through some compen-
sation electromagnetic fields has been conducted. The preliminary
simulation results show that the TM010 and TM011 cavities are

capable of lining up the phase-space slice and reducing the
projected emittance of the PBP-CMU beam. However, there are
more parameters that should be included and optimized in
the study. Further study to find more specific parameters of the
cavities will be conducted. The final results may lead us to a new
emittance compensation scheme.

Fig. 5. Phase-space distribution of simulated beam after passing TM010 cavity with cavity length of 1 S-band wavelength.

Fig. 6. Phase-space distribution of simulated beam after passing TM011 cavity with cavity lengths of 1 S-band wavelength.
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Fig. 7. Phase-space distribution of simulated beam after passing TM011 cavity with cavity lengths of 1=2 S-band wavelength.

Fig. 8. Phase-space distribution (projected) of beam at RF-gun exit and after passing TM010 and TM011 cavities.

Table 2
Projected emittance obtained from simulation.

Projected erms (mm mrad) Normalized erms (mm mrad) Maximum kinetic energy (MeV)

Gun exit

(x) 6.406 27.673 2.06

(y) 6.423 27.749

1�lS-band-TM010 27 MV/m 4.788 21.340 2.09

1�lS-band-TM010 40 MV/m 5.507 24.943 2.11
1
2�lS-band-TM011 27 MV/m 3.292 20.105 2.79

1
2�lS-band-TM011 40 MV/m 2.829 19.687 3.16

1�lS-band-TM011 27 MV/m 5.174 31.571 3.46

1�lS-band-TM011 40 MV/m 5.113 35.895 4.15
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The production and the utilization of four fundamental probes, namely, electron, ion, neutron
and photon probes, have played a vital role in the research and development in modern science
and technology. These probes are generated by various types of particle accelerators. In Thai-
land, beams of charged particles are accelerated to energies ranging from keV to GeV. Low-energy
(<200 keV) heavy-ion implanters are applied to research in material surface modification, biology
and nanotechnology whereas the MeV tandem accelerator is employed in material surface analysis
and lithography. Relativistic femtosecond electron beams are used to produce transition radiation
with wavelengths in the tera-Hertz (THz) region. Synchrotron radiation is generated from a 1.2-
GeV electron synchrotron coupled to a storage ring. The details of present and future accelerator
R & D activities are presented and discussed.
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I. INTRODUCTION

In Thailand, the first accelerator facility was estab-
lished in Chiang Mai about four decades ago. A nanosec-
ond pulsed neutron generator was constructed and in-
stalled at the Fast Neutron Research Facility on the main
campus of Chiang Mai University (CMU) [1]. The high
stability Cockcroft-Walton-type accelerator was modified
to incorporate beam chopping and bunching devices. A
140-keV deuteron beam was used to produce neutrons
from the T(d,n)4 He reaction. Pulsed neutrons, 1.5 – 2
ns, were initially utilized in the measurement of double
differential neutron emission cross sections with a 10-m
flight path [2]. A few years later, a 150-kV heavy-ion
implanter with 0◦ and 45◦ beam lines was designed and
constructed [3]. Gaseous ions such nitrogen ions were
generated and used to modify tribological properties of
metals and alloys. Subsequent machines were installed
for ion-bioengineering studies. A decade ago, femtosec-
ond electron bunches from a thermionic RF-gun with a

∗E-mail: thirapat@fnrf.science.cmu.ac.th; Fax: +66-53-222774

bunch compressing α-magnet were built at CMU for the
SURIYA facility [4]. At the beginning of this century,
a synchrotron radiation facility based on a 1-GeV elec-
tron beam coupled to a storage ring was commissioned
at the Synchrotron Light Research Institute in Nakorn
Ratchasima. In this paper, the development and the
present status of accelerator technology and its utiliza-
tions are reviewed.

II. ION BEAM

Development of low- and medium-energy (keV – MeV)
ion-beam accelerators and related technology and appli-
cations has been a main focus of the national research
in accelerator physics. We have established an ion beam
research center at CMU as a unique comprehensive ion
beam and plasma research laboratory in the ASEAN
(Association of Southeast Asian Nations) region. The
laboratory, named Plasma and Beam Physics Research
Facility, is now equipped with a 1.7-MV Tandetron tan-
dem accelerator mainly for ion beam analysis (Fig. 1),
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Fig. 1. Schematic diagram of the 1.7-MV tandem accelerator and ion beam line for ion beam analysis.

a 220-kV Varian versatile ion implanter for various ion
implantations, a 30-kV bioengineering-specialized verti-
cal ion beam line for biological applications, a 30-kV
plasma immersion ion implantation facility for mate-
rial surface modification, a 10-kV ion beam neutralizer
for neutral beam implantation in non-conducting ma-
terials, and a number of plasma facilities. Historically,
a 150-kV deuteron-accelerator-based 14-MeV fast neu-
tron generator, a 150-kV heavy-ion implanter, a 150-kV
high-current broad-beam ion implanter and a 300-kV
ns-pulsed accelerator-based beam line with a chopper-
buncher system [5] for time-of-flight (TOF) Rutherford
backscattering spectrometry (RBS) analysis were also
constructed, but have since been demolished. With ap-
plying all of these ion beam facilities, Thai scientists have
been able to carry out very much research work on ma-
terials modification, surface analysis and biological ap-
plications and achieve significant attainments.

In Thailand, ion beams were first applied for modifi-
cation of solid materials, such as local steels [6], alloys
[7], cermets [8], ceramics [9,10], and semiconductors [11].
We achieved improvements in material surface hardness,
wear resistance, friction coefficient, corrosion resistance,
high-temperature oxidation resistance, optical properties
and formation of nanostructures.

Based on the success in the conventional materials
modification by ion beams, the application of ion beams
was extended to biology. The ion beam biology (IBB)
research has been an emphatic research program in
the field of low-energy accelerator applications. It was
launched in 1998 and since then has continued in Thai-
land. The research is generally aimed at utilizing ion
beam and plasma technology for applications in biology,
agriculture, horticulture, medical science and life science.
This is a highly interdisciplinary field requiring highly in-
ternational and inter-departmental collaborations. Our
work involves equipment development, technology devel-
opment and basic research. The research has led to es-
tablishment of ion beam biotechnology in the country
and has succeeded in ion-beam-induced mutations of lo-
cal rice (Fig. 2), flowers and vegetables and DNA trans-

Fig. 2. Photograph of Thai local rice mutants in either
short straw (the two in the middle) or tall straw (left) in-
duced by N-ion beam bombardment compared with the con-
trol (right).

fer in bacteria and yeasts [12–14]. The basic research
has been focused on investigations of the mechanisms
involved in the ion-beam-induced mutation and DNA
transfer, such as low-energy ion interactions with DNA
and cell envelope materials [15–17].

Besides the applications in materials modification, ion
beams have been applied for material analysis. Two ac-
celerators, namely, the 1.7-MV Tandetron tandem ac-
celerator and the 300-kV medium-energy ns-pulsed ion
beam accelerator, have been employed for material anal-
ysis. The Tandetron accelerator employs two ion sources,
a duoplasmatron ion source and a source of negative
ions by cesium sputtering (SNICS), capable of produc-
ing analyzing ion beams of light species, such as hy-
drogen and helium, and heavy species. The beam line
is currently capable of being used for ion beam analy-
sis techniques such as Rutherford backscattering spec-
trometry (RBS), RBS/channeling, particle induced X-
ray emission (PIXE), elastic (non-Rutherford) backscat-
tering (EBS) and ionoluminescence (IL) with the assis-
tance of commercial and self-developed softwares. The
medium-energy ion accelerator is featured with ns-pulsed
beam so that time-of-flight (ToF) RBS analysis using
medium-energy ion beams is available for detailed anal-
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Table 1. Operating and beam parameters of the electron beam accelerator at CMU.

Parameters RF-gun Linac

Beam energy [MeV] 2.2 – 3 6 – 10

Macropulse peak current [mA] 1000 50 – 150

RF-pulse length (FWHM) [µs] 2.8 8

Repetition rate [Hz] 10 10

Beam-pulse length [µs] ∼2 ∼0.8

Number of microbunches/macropulse 5700 2300

Number of electrons/microbunches 1.4 × 109 8 × 107 – 6 × 108

Fig. 3. The MeV ion beam lithography system and ap-
plication. Left: photograph of the L-shape aperture system.
The arrow points to the aperture. Right: SEM micrographs
of patterns written in a 7.5-µm-thick PMMA layer by using
the L-shape aperture system with a 3-MeV He beam.

ysis of materials. Ion beam analysis experiments and
applications have been vigorously used in analyses of el-
ements, elemental depth distributions, radiation damage
in crystals, thin or hierarchical films, and nanostructures
of various materials, including metals, semiconductors,
ceramics, gemstones, airborne dusts and biological or-
ganisms [18,19].

The MeV ion beam has been utilized in Thailand for
ion beam lithography, which has been a useful technique
for microfluidics applications. MeV-ion beam lithography
is a direct writing technique capable of producing mi-
crofluidic patterns and lab-on-chip devices with straight
walls in thick resist films. In this technique, a small
beam spot of MeV ions is scanned over the resist sur-
face to generate a latent image of the pattern. In our
system, the size of the rectangular beam spot is pro-
grammably defined by two L-shaped tantalum blades
with well-polished edges [20,21] (Fig. 3). The minimum
beam spot size is now 1 µm. This allows rapid exposure
of entire rectangular pattern elements up to 500 × 500
µm2 in one step. If different dimensions of the defining
aperture are combined with the sample movements rela-
tive to the beam spot, entire fluidic patterns with large
reservoirs and narrow flow channels can be written over
large areas in short time. Fluidic patterns were writ-
ten on silicon (Si) and polymeric PMMA (polymethyl-
methacrylate) for preliminary studies (Fig. 3).

Accelerator-based ion beams have been working, to-
gether with plasma technology, for ion beam nanotech-
nology applications. Not only is the ion beam itself in-

Fig. 4. SiC nanocrystallite formed by C-ion implantation
in a Si wafer: ion beam energy: 40 keV, fluence: 6.5 × 1017

ions/cm2, implantation temperature: 400 ◦C. (a) XRD spec-
trum from the sample. The measurement was done for the
Θ-2Θ plane positioned at the angle of 38.4◦ from the (001)
direction of the substrate. The inset shows the 3C-SiC (111)
peak intensity as a function of the Θ-2Θ plane angle with re-
spect to the substrate (001) orientation (for the 90◦ case, the
plane is parallel to the wafer surface). The mean SiC grain
size was calculated by using the Scherrer formula to be 8.4
nm. (b) TEM micrograph of the SiC nanograin; one of the
examples, as indicated by the white circle, is seen to be about
6 – 8 nm in size, which is in good agreement with the result
calculated from the XRD spectral peaks.

trinsically a nanotechnology as it works in nanoscale ma-
terials when the ion energy is appropriately controlled,
but also it can be applied to process a material surface
in a way of either top-down or bottom-up for nanos-
tructure formation. The ion beam nanotechnology re-
search was initiated with carbon ion implantation in
tungsten carbide cemented by cobalt (WC-Co) cermet to
achieve a surface nanostructure, which resulted in ultra-
low friction coefficient [22]. This work has led to two US
patents. Later on, the research topics were extended to
include ion beam synthesis of nanocrystalline materials
such as silicon carbide (SiC) [23,24] (Fig. 4), ion beam
and plasma deposition of nanofilms such as diamond-like
carbon (DLC) coatings [25], ion beam lithography of mi-
cro/nanopatterns, ion beam and plasma-induced surface
nanostructures such as nanofibers and nanoislands, ion
beam nanoanalysis, and ion beam nanobiotechnology.
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Fig. 5. Schematic layout of the accelerator system at Chiang Mai University for generation of short electron bunches. Q:
quadrupole magnet, SC: screen, CT: current monitor, and TR and PXR: transition and parametric X- radiation experimental
stations.

III. ELECTRON BEAM

The SURIYA electron beam facility to produce fem-
tosecond electron bunches and THz radiation has been
under development for a decade. Figure 5 shows a
schematic diagram of the bunch generation and com-
pression system [26] using a specially designed radiofre-
quency (RF) gun [27]. In the RF gun, electrons
are continuously emitted with thermal energies from a
thermionic cathode and are extracted and accelerated
during an accelerating phase of the RF field with a fre-
quency of 2856 MHz. At first, electrons are accelerated
rapidly and reach the end of the half-cell just before
the RF phase decelerates. They are further accelerated
through the full-cell to reach the maximum kinetic en-
ergy of 2.0 –2.5 MeV at the gun exit depending on the
accelerating field gradients. Later on, the electrons feel
some decelerating fields and gain less and less overall en-
ergy, resulting in a well-defined correlation between en-
ergy and time. Electron bunches of 20 – 30 ps from the
RF gun are then compressed in an α-magnet, where the
particle path length increases with energy. This allows
the lower energy particles, emitted later in each bunch,
to catch up with the front for effective bunch compres-
sion. The optimized and compressed part of the electron
bunch is then filtered by using energy slits located in
the α-magnet vacuum chamber and is then transported
through a SLAC-type linac and a beam transport line
to experimental stations. At the experimental stations,
the bunches are compressed to less than 1 ps [28]. The
operating and beam parameters are shown in Table 1.

The femtosecond electron bunches are used to gener-
ate intense THz or far-infrared radiation in the form of
coherent radiation. Such radiation is of great interest for
THz spectroscopy and THz imaging applications [29,30].
After acceleration, the compressed electron bunches are
used to generated coherent transition radiation (TR) by
passing through a thin aluminum (Al) foil. The Al foil or
radiator is tilted by 45◦ facing the electron beam direc-
tion. The backward transition radiation is emitted per-

pendicularly to the beam axis and is transmitted through
a high-density polyethylene (HDPE). The radiation en-
ergy of 19 µJ per macropulse or a peak power of 24 W
was measured by collecting over an acceptance angle of
160 mrad. The available THz radiation, measured us-
ing a Michelson interferometer with a room-temperature
pyroelectric detector, covers wavenumbers from 5 cm−1

to around 80 cm−1 (0.15 THz – 2.4 THz). THz spec-
troscopy can be done easily by measuring the power
transmission or the power reflection of a sample via a
Michelson interferometer and the Fourier transforma-
tion, as well as with dispersive Fourier transform spec-
troscopy (DFTS). THz spectroscopy experiments, espe-
cially those on highly absorbing substances, using co-
herent THz transition radiation sources and DFTS tech-
niques, have been reported [31]. Reflection and trans-
mission THz imaging experiments have been conducted
as examples of THz radiation applications using our ra-
diation source [32]. It is possible to extend the spectral
range further by using shorter electron bunches.

IV. SYNCHROTRON LIGHT

The Siam Photon Laboratory (SPL) is an accelera-
tor complex of the Synchrotron Light Research Institute
(SLRI), under the Ministry of Science and Technology of
Thailand. The laboratory is in the technopolis of Surana-
ree University of Technology in Nakhon Ratchasima, 250
km from Bangkok to the northeast.

The Siam Photon Source (SPS) is the first synchrotron
light source in Thailand [33]. It is a modified SORTEC
ring, which was owned by the SORTEC Corporation in
Tsukuba, Japan, but is now owned by SLRI, along with
an injector linac and a booster synchrotron. The linac
and the booster synchrotron are being used in the SPS
almost without change. A layout of the SPS is illus-
trated in Fig. 6. The injector linac consists of an elec-
tron gun producing electrons, which are later accelerated
to 40 MeV with a 6-MeV buncher and two 17-MeV ac-
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Table 2. Major parameters of the storage ring of SPS (in
addition to those given in the text.

Electron beam energy [GeV] 1.2

Maximum beam current [mA] 120

Horizontal emittance [nm·rad] 41

Coupling [%] 0.8

Betatron tunes νx, νy 4.75, 2.82

Synchrotron tune νs 2.33 × 10−3

Natural chromaticities ξx, ξy -9.40, -6.61

Momentum compaction 0.0170

RF frequency [MHz] 118

Harmonic number 32

RF voltage [kV] 120

RF power [kW] 14

Number of RF cavity 1

Energy loss per turn [keV] 65.94

Fig. 6. Schematic diagram of the SPS at the SPL.

celeration tubes. The acceleration system is powered by
a 35-MW klystron microwave power supply. The typi-
cal electron beam current is 60 – 80 mA. The electrons
transported from the linac are further accelerated from
40 MeV to 1.0 GeV by the booster synchrotron. An
inflector magnet and four bump magnets are used for
beam injection. The yokes of the bending magnet and
quadrupole magnets are made of laminated silicon steel
plate of 0.5 mm in thickness. The reentrant-type RF ac-
celeration cavity is driven by a 108-MHz RF power sup-
ply. The storage ring of the SPS was designed to store
1.0-GeV electrons with a beam emittance of 72π nm-rad.
The circumference of the ring is expandable from 43 m to
81.3 m to provide 4 long straight sections for the installa-
tion of insertion devices. The lattice of the new ring is a
double-bend achromat (DBA) lattice with four superpe-
riods for a total of 8 bending magnets. The modification
requires additional 12 quadrupole magnets, 8 sextupole
magnets and 20 steering magnets. The first synchrotron
light was produced in December 2001. After that, the
light source has continuously been upgraded [34,35]. In
2005, the storage ring energy was upgraded from 1.0 GeV
to 1.2 GeV by replacing the power supply of the bending
magnets [31]. Operating the light source, thus, requires a
ramp-up procedure after injection. The energy upgrade
further reduces the emittance. The energy of the booster

Fig. 7. Schematic diagram of the experimental floor plan
of the SPL.

synchrotron is also planned to be upgraded to 1.2 GeV
to allow full energy injection. With the improved wa-
ter cooling system and many small sub-systems of the
SPS, the beam lifetime at present is 23 hours at 100 mA.
Since 2009, a planar undulator has been installed and is
now being commissioned. To serve the X-ray commu-
nity, a 6.4-T superconducting wavelength shifter (WLS)
transferred from MAXLab (Lund, Sweden) is planned
for producing hard X-rays from the 1.2 GeV ring. The
parameters characterizing the current storage ring are
given in Table 2.

The storage ring of the SPS has 8 beam ports. The
layout of the experimental floor plan is shown in Fig. 7.
Originally, the SPS was constructed, along with the first
beamline, for photoemission experiments (BL4: PES)
[36]. BL4 was later decommissioned in 2009 and was
modified for use with the undulator light (BL3.2a: PES
and BL3.2b: PEEM). Currently, three beamlines are
open to the users. Those are for small-angle X-ray scat-
tering experiments (BL2.2: SAXS), deep X-ray lithog-
raphy (BL6: DXL) [37] and X-ray absorption spec-
troscopy (BL8: XAS) [38]. The number of projects using
BL4: PES, BL6: DXL and BL8: XAS and the number
of publications have been constantly increasing in recent
years.

The beamlines to utilize radiation from the undulator
for PES and PEEM (BL3.2a:PES and BL3.2b:PEEM)
are now being commissioned. Four more beamlines
are currently under construction. Those are for time-
resolved XAS (BL4: XAS), infrared (IR) spectroscopy
and imaging (BL4: IR), X-ray fluorescence (XRF)
(BL5.1) and XAS (BL5.2). The latter two beamlines,
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BL5.1 & 5.2, are being jointly constructed by a consor-
tium of three institutes (Suranaree University of Tech-
nology, Nanotechnology Center and SLRI). In addition,
a hard X-ray beamline has been constructed to utilize
hard X-ray from the 6.4 T WLS for macromolecule crys-
tallography (BL7.2: MX).

The SPL has dedicated tremendous service to research
applications. Here are examples. Application of syn-
chrotron light with the X-ray absorption technique was
used to study cadmium accumulation in rice stems in an
attempt to use bacteria to reduce the Cd that contami-
nates local rice. Rice stems grown with bacteria Cupri-
avidus taiwanensis S2500-3 were found to have 61% re-
duction of cadmium accumulation. With the help of the
synchrotron-radiation-based X-ray absorption technique
at the SPL, Thai scientists found that “Wan Mahakarn”,
a typical plant in tropical countries, was able to accumu-
late heavy metals by the so-called phytoremediation pro-
cess. A quantum mechanical modeling for movement of
water molecules around an ion in solution was done and
was used to calculate the absorption of X-rays. The cal-
culations were confirmed by results of X-ray absorption
spectroscopy measurements at BL8 [39]. In an archeo-
logical study, researchers using X-ray absorption spec-
troscopy at BL8 studied the forms of copper inside 1300-
to 2000-year-old beads found in four archeological sites
in Thailand. They found that the structures and the
chemical forms of copper in the beads were very similar
to those in 600- to 700-year-old beads found in southern
Italy. “This may indicate a long history of trade be-
tween the south of Thailand and the Mediteranian”, the
researchers commented [40].

V. FUTURE PLAN FOR AN INFRARED
FREE ELECTRON LASER

At Chiang Mai University, we plan to establish a new
research facility centered on the production and the uti-
lization of femtosecond electron pulses and free electron
lasers (FEL) optimized for mid- and far-infrared/THz
radiation. The main goal of the extension to the THz fa-
cility would be the generation of infrared (IR) radiation
covering the mid- and the far-infrared region to wave-
lengths up to the THz region. This broad interest is fu-
eled by promises in support of basic and applied research,
security, biology, chemistry, medicine, etc. Infrared and
THz radiation can be used for security to replace or am-
plify, for example, metal detectors to detect non-metallic,
but dangerous, articles. Furthermore, quality controls of
food products would be possible through packing mate-
rial by examining chemical composition, water content
and freshness of food. In biology and chemistry, IR and
THz radiation is used in spectroscopy to investigate vi-
brations of macro-molecules. Especially, high-intensity
THz radiation has been used to study biological samples
in watery environments rather than in dry condensed

Fig. 8. Schematic diagram of the planned layout of the
new facility for free electron lasers.

states. The structure and the integrity of semiconduc-
tor devices can be investigated through packaging while
studying the circuit layers. All of these are planned ap-
plications.

In order to realize the applications, we will rearrange
and construct the facility area. Recently, a large well-
shielded area became available through the decommis-
sioning of a fast neutron facility, and it is planned to
establish a new center there by first relocating SURIYA
to this location. The size of the new location (12 × 13.5
m2) will allow the installation of several FELs side by
side. The beam from SURIYA will be turned around
by several 180◦ achromatic deflections to let the elec-
tron beam pass through one of the 2 – 3 FEL undulators
that are required to optimally cover the desired radiation
spectrum. The electron beam from the SURIYA facility
is not optimal now, but by only a modest increase of the
RF power to the RF gun, a beam condition can be gen-
erated that will be optimal for a FEL, but will no longer
be optimal for bunch compression. The source of the
electron beam being a 2.5-MeV RF gun ensures that the
beam emittance is sufficiently small for all FELs. Simi-
larly, the energy spread from the gun is less than 1%. A
schematic outline of the facility is shown in Fig. 8. The
free space available for each FEL with optical cavities is
about 10 m. A photon beam line attached to each FEL
will guide the photons to a well-shielded, radiation-free
area (∼150 m2) and an associated experimental location.
We expect to commission the first FEL within five years.

VI. CONCLUSION

In Thailand, accelerators have been vigorously be-
ing developed and related research activities have been
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taken during the last 20 years. Two accelerator bases
are the representatives, namely, the ion and electron
beam laboratory at Chiang Mai University and the Syn-
chrotron Light Research Institute near Bangkok. At
present, in Thailand, there are nearly ten ion accelera-
tors in operation and several are under construction. Ion
beam technology has been broadly applied for materials
modification, material analysis, biology, agriculture and
nanotechnology. High-energy electron beam accelerator
technology has been constantly developed for advanced
applications, including THz radiation spectroscopy. The
synchrotron light research has formed a nationally fo-
cused high-technology accelerator base to be used by
various users. The construction, installation and applica-
tions of accelerators and related technology have signifi-
cantly promoted scientific, technological and educational
development for the country.
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Abstract. This work reports an application of reflective terahertz (THz) imaging for identification 

of water distribution in the proton exchange membrane (PEM) fuel cell.  The THz radiation 

generated from relativistic femtosecond electron bunches is employed as a high intensity source.  

The PEM fuel cell is designed specifically for the measurement allowing THz radiation to access 

the flow field region.  The THz image is constructed from reflected radiation revealing absorptive 

area of water presence.  The technique is proved to be a promising tool for studying water 

management in the PEM fuel cell.  Detailed experimental setup and results will be described.  

Introduction And Background 

“Terahertz (THz) radiation” is the most common term used to refer to frequency 10
12

 Hz which lies 

between the microwave and infrared regions of electromagnetic spectrum [1].  THz radiation has 

attracted increasing interest in imaging and spectroscopy in a broad range of applications such as in 

medical diagnosis, security measures for airports and screening, radio astronomy, communication 

and sensing, and atmospheric studies [2].  This is because THz is non-ionizing and capable of 

penetrating a wide variety of non-conducting materials (e.g., clothes, papers, plastics and ceramics); 

but it is strongly absorbed by polar molecules such as water, and is reflected by metals [3]. 

The proton exchange membrane (PEM) fuel cell is a transducer that converts chemical energy 

into electrical.  The basic single cell consists of a membrane electrode assembly (MEA) sandwiched 

between flow-field plates.  In the flow channels, water is brought in with reactants in the form of 

humid fuels.  Meanwhile, water is generated as a byproduct from electrochemical reaction and must 

be removed.  Visualization of water formation and transport in an operating PEM fuel cell is a 

challenging phenomenon due to the opaque nature of traditional gas diffusion layer (GDL), flow 

fields and end-plate materials [4].  As water is one of the main constituents of fuel cell, it should be 

possible to use THz wave to detect water buildup and removal in the PEM fuel cell.  

Our femtosecond electron source, developed at the Plasma and Beam Physics Research Facility, 

Chiang Mai University, Thailand, can generate coherent transition radiation in the THz regime 

ranging from 0.15 - 2.4 THz (5-80 cm
-1

). In this paper, we demonstrate promising results for 

identification of water presence in the flow channels of a PEM fuel cell by reflective THz imaging. 

THz Radiation Source 

At the Plasma and Beam Physics (PBP) Research Facility, THz radiation is generated in the form of 

coherent transition radiation from femtosecond electron bunches [5].  The system to produce such 

short electron bunches consists of a thermionic cathode RF-gun, an alpha magnet, and a linear 

accelerator (Linac), shown in Fig. 1.  At the THz radiation experimental station (Fig. 2), the short 
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electron bunches are used to generate coherent transition radiation by passing through a radiator 

made of a 25.4 µm-thick Al-foil.  The radiator is tilted by 45
o
 facing the electron beam direction.  

The backward transition radiation is emitted perpendicular to the beam axis and transmits through a 

high density polyethylene (HDPE) window of 1.25–mm-thick and 32-mm diameter.  The coherent 

radiation, covering much THz spectral range up to 80 cm
-1

 (2.4 THz), yields high intensity radiation 

which can be detected with a room temperature detector.  The beam profile after 6-cm focal-length 

lens shown in Fig. 3 indicates the focused beam width at FWHM to be approximately 2 mm.  

                                                                          

                                                                               

Experimental Technique & Results 

The PEM fuel cell for THz imaging must allow THz radiation to probe the flow channels.  From 

outer to inner layers (see Fig. 4), our PEM fuel cell consists of end plates, flow fields and a 

membrane electrode assembly (MEA).  The end plates provide structure rigidity.  The flow fields 

with serpentine channels guide water and reactant gases to flow in to and out of the cell.  The MEA 

 

Figure 2. Schematic diagram of the THz radiation system 

 

Figure 3. THz beam profile after 6 -cm focal -length lens 

 
Figure 1. Schematic diagram of the system to generate femtosecond 

electron bunches. 
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is where the electrochemical reaction occurs.  On the THz probing side, we insert a THz window 

and cut a circular opening on the end plate.  The flow field made of brass is machined through its 

channels with 2 mm in width and 2 mm in depth.  Silicon is selected to be a window of our fuel cell.  

It is often used as a window material for THz spectroscopy of liquid samples due to its high 

reflectivity in this spectral regime [6].  The Nafion
®

 membrane and the carbon cloth including Pt 5 

mg/cm
2
 were used for the MEA.  This PEM fuel cell must operate in conditions as close as possible 

to those prevailing in practice (especially in term of current density, gas hydration and 

stoichiometry).  

                                                                                 
Visible image. 
Fig. 5 shows water buildup in the flow channels of cathode side operating at 30%RH and constant 

current 10 A.  The water droplets diffused from a membrane electrode assembly (MEA) merged 

with the condensed droplets on the flow channel wall forming water columns.  At some part of the 

flow channel, the surface of the MEA and inner surface of the transparent window were covered 

with a water film.  Along an arc of the flow channel, more water gathered and clogged the gas flow. 

Therefore, gas and water transportation along the flow channels is crucial for PEM fuel cell 

performances. 

THz Response of Fuel Cell Structures. 

For multilayer normal incidence, the overall reflection coefficient Г is given by the relation between 

the reflected beam and the incident beam.  It can be derived through the elementary reflection 

(�� �	
���	���	
��	
	���	

), the phase thickness (���� �

�������

�
) of the j

th
 layer and assuming no backward 

waves in the most right medium ((M + 1)
th

 layer ) [7], resulting in Equation (1):  
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     j = M, M-1, …, 1                                                                               (1)  

 

Figure 4. PEM fuel cell components designed with machine through 

flow field channels made of brass enclosed with a THz window.  

 

Figure 5. Distribution of droplets in the flow channels after 180 

minutes from the start of operation with active dimension of 50x100 

mm2  and current drawn at 10 A. 
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The radiation spectral reflection from two interfaces of the sample has specific frequency 

dependence depending on the refractive indices of the layers.  The refractive index of air, silicon 

and water in THz region is 1.000, 3.416 and 2.098 respectively.  Calculations of reflected signal 

respect to wavenumber from multilayer structures of air|Si|air and air|Si|water are shown in Fig. 6.  

Reflectance of air|Si|air is noticeably higher than that of air|Si|water.  The calculation results 

suggest that we should be able to distinguish the flow channels from those without water. 

Reflective THz Imaging Setup. 

Preliminary measurements on non-invasive diagnostics for multilayered fuel cell structures have 

been conducted utilizing a reflective imaging setup.  A parallel THz beam is reflected off a gold-

coated mirror to a THz lens of 6-cm focal-length.  The beam is then focused onto a sample at 

approximately 30°  incident angle.  The focused beam-size at the sample is approximately 2 mm.  

The reflected signal from the fuel cell is collected by another THz lens of 3-cm focal-length and 

continued to a pyroelectric detector.  The model fuel cell under investigation is placed on top of the 

X–Y translational stages and scanned using computerized motion controllers with 0.5 -mm travel 

range on both axes (see Fig. 7). 

                                                               
Reflective THz Image. 

Visible images of the flow field before and after covering with Si window are shown in Fig. 8(a) 

and 8(b) respectively.  As can be seen in Fig. 8(c) representing two channels in the flow field, a 

reflective THz image of the flow field taken through Si window provides sufficient 

contrast.  Because the reflection of brass was high and that of flow channel was low, the shape of 

flow channels is recognizable. 

Identification of Water Presence in the Channel. 

Because hydrated substances are highly absorptive in the THz region, water exhibits strong contrast 

to surrounding materials in a THz image.  We filled water into the flow channel covered with Si 

window for water identification experiment.  The THz image in Fig. 9 compares a water-filled 

channel with an unfilled channel indicated as air-filled in the figure. The darker area reveals 

 

Figure 7. A photograph of the reflective THz  imaging setup 

 
Figure 6. Caculation of spectral reflectance of the mulilayer 

structures. 
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absorptive region within the flow channels, with the darkest region lies in water-filled channel.  In 

order to clearly distinguish the water-filled and the air-filled region, we perform a line-scan plot 

(along the dash-line shown in Fig. 10).  It is evident that we are able to identify water presence in 

the flow field with THz imaging. 

                                                             
 

                                                                             
Improve Resolution of THz Image with Mesh Filter. 

The resolution is generally the key to determine the quality of the images.  In this section, we 

discuss the spatial resolution in the context of the geometrical configuration of the reflective THz 

imaging system.  We investigated the spatial resolution of our reflective THz imaging by one-- 

 

Figure 10. THz -signal line -scan along the dashed line in Fig. 9. 

 
 

Figure 8. Visible images of  a flow field channel (a) before and (b) 

after covering with Si window; (c) THz image of (b).  

 
Figure 9. THz image of machine-through-brass flow field channel 

with silicon window. 
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dimension THz intensity across an arc of the flow field channel (the dotted line in Fig. 9).  Fig. 

11(a) illustrates the real profile of an arc of the flow channel having a width of 6 mm.  An abrupt 

decrease of the THz signal is observed when the detector moves from a position over a rib of the 

flow channel to the trench etched into the flow channel, as shown in Fig. 11(b).  From THz data, we 

achieve a 10% to 90% resolution of about 2.6 mm.  Spatial resolution can be improved using a THz 

band-pass filter.  Reflective THz image of the flow channel was taken with a 180x180 µm copper 

mesh as a THz filter which has a transmission band between 20–40 cm
-1

. The resolution was 

analyzed as described previously and the intensity across the dotted line is shown in Fig. 11(c).  The 

spatial resolution with the mesh filter yields 1.7 mm. 

Conclusions 

In conclusion, we demonstrated an application of reflective technique for THz imaging. In this 

investigation, a reflective THz imaging system is successfully established and employed for 

identifying water presence in flow channels of a PEM fuel cell. A spatial resolution of image may 

fall to 1.7 mm when using 180x180 µm thin copper mesh. The image results are convincing 

evidences for further employing THz radiation from the femtosecond electron source at the PBP 

Research facility, Chiang Mai, Thailand as a visualizing tool to study water transport dynamic in 

PEM fuel cells. 
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Abstract 

The PBP-CMU Linac system has been established to generate femtosecond electron bunches and to study their 

applications, especially for generation of coherent terahertz (THz) radiations. The dipole magnet and the prototype 

quadrupole magnet for the system have been designed and fabricated in house. Both the simulated and the measured 

results were used for evaluating the magnet performance and will be used as a guideline for design and fabrication of 

magnet devices in the future. 
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1. Main text  

The femtosecond electron and photon pulses research laboratory under the Thailand Center of 

Excellent in Physics (ThEP Center) has been established at the Plasma and Beam Physics Research 

Facility (PBP), Chiang Mai University (CMU). The laboratory aims are to develop a relativistic electron 

source with femtosecond (10
-15

) bunch length and to study its applications, especially generation of 

coherent terahertz (THz) radiations via transition radiation (TR). The radiation in THz frequency range is 

widely used, for example, for non-ionizing spectroscopy, chemical and biological imaging, medical 

imaging and airport security scanning [1,2]. 

A layout of the PBP-CMU Linac system is shown in Figure 1(a). The main components are an RF-gun 

with a thermionic cathode, an alpha magnet, a linear accelerator (Linac), experimental stations, a dipole 

spectrometer magnet and a Faraday cup. Furthermore, along the beamline, there are quadrupole and 



 P. Boonpornprasert et al. / Energy Procedia 00 (2013) 000–000 

steering magnets for beam focusing and guiding; and beam diagnostics instruments for probing the beam 

properties. Detail of the current PBP-CMU Linac system was reported in [3]. 

The PBP-CMU Linac system demands some dipole magnets and quadrupole magnets to support an 

expansion of the system to an infrared free electron laser (FEL) facility as the layout shown in Figure 

1(b). We have planned to construct the magnet iron cores by using Thai local low carbon steel. Generally, 

low carbon steel is classified by percent by weight of carbon (%C) in the steel. Each type of carbon steel 

has different B-H saturation curve. For this reason, magnet simulations with various type iron core 

materials are needed to evaluate the efficiency of the magnet. The result comparisons will be used for the 

iron core material choosing. 

This paper presents and compares the magnetic field simulation results and the magnetic fields 

measurement results for a dipole magnet and a quadrupole magnet. Both the dipole magnet and the 

prototype quadrupole magnet have been designed [4] and fabricated in house at our facility. 

 

 

(a) Current system 

 

(b) Future expansion for an IR-FEL facility. 

 
Fig. 1.  Layout of the PBP-CMU Linac system.  

2. Dipole Magnet  

Dipole magnet is a magnetic deflection device. In our system the dipole magnet serves as an electron 

beam dump and a beam energy analyzer. Figure 2 illustrates a C-shape dipole magnet with a gap of h. 

The magnet is excited by electric currents in the coils which are mounted around the two poles. The 

magnetic field (B) produce by the dipole magnet is 

 

0
NI

B
h


 ,          (1) 
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where I is the excitation current, N is the number of turns in a coil and h is the air gap. Note that, the 

equation (1) is only an approximation since it neglects fringe fields and iron saturation [5]. The radius of 

curvature (ρ) of an electron trajectory in dipole fields is often expressed in terms of the dipole field (B) 

and the electron momentum (p) as 

 

 
 

 
1

1  T
0.2998m

 GeV/c

B

p
  .       (2) 

 

Fig. 2. C-shape dipole magnet layout 

 

The dipole magnet of the PBP-CMU Linac system, as shown in Figure 3, was placed around the end of 

the beamline (Figure 1(a)). The magnet is a C-shape magnet which has been designed to deflect a 15 

MeV electron beam by 60° into a Faraday cup. The magnet has 125×125 mm square pole faces with the 

gap of 40 mm. The magnet coils were made from water cooled copper wire.  

 

 
 

Fig. 3. Dipole magnet of the PBP-CMU Linac system 

3. Quadrupole Magnet  

With a finite emittance, the transverse beam size will increase as the beam move through a drift space. 

Some quadrupole magnets are therefore needed for focusing the beam transverse sizes. Figure 4 shows a 

quadrupole magnet layout with a bore radius of R. The magnet consists of 4 pole pieces, 4 coils and a 

circular yoke. The red arrow lines in Figure 4 are the magnetic field lines which point from the north 
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poles (N) to the south poles (S). A quadrupole magnet focus electron beam on one transverse axis while 

defocus on the other. Therefore beam focusing for both transverse axes demands at least 2 quadrupole 

magnets, called a quadrupole doublet. 

The magnetic fields of a quadrupole magnet are zero at the center of transverse positions and linearly 

increase with the transverse positions as 

 

x
B gy , 

y
B gx ,       (3) 

 

where Bx and By are the magnetic field components, x and y are the positions in the transverse axes and g 

is the magnetic gradient. The magnetic gradient depends on the excitation current (I) as 

 

0
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2 NI
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R


 ,          (4) 

 

where N is the number of turns per coil. Focusing properties of a quadrupole magnet is described by the 

focusing strength k, whose value depends on the magnetic gradients. 
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where β is the particle relativistic factor [6].   

 
 

Fig. 4. Quadrupole magnet layout showing components and field lines 

 

The quadrupole magnet which is presented in this work is the prototype quadrupole magnet of the 

PBP-CMU Linac system as shown in Figure 5. Some of the magnet parameters are shown in Table 1. 

Table 1. Quadrupole magnet parameters 

Parameter Value Unit 

Thickness ( ℓ) 60 mm 

Bore radius (R ) 20 mm 

Number of turns in a coil (N) 110 turn 

Coil (15 AWG) Diameter 1.450 mm 
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Fig. 5. Prototype qaudrupole magnet of the PBP-CMU Linac system 
 

 

4. Magnet Simulations 

In this work, we use the RADIA code for magnet simulation. RADIA code [7], running as an add-on 

application to Mathematica [8], is developed by insertion devices laboratory of the European Synchrotron 

Radiation Facility, France. The code is used for calculating the 3D magnetostatic fields of magnetic 

devices, especially the devices in charged particle accelerators.   

 

 

Fig. 6. B-H saturation curves of RADIA carbon steel materials 

 

There are 3 types of carbon steel materials available in RADIA. Their B-H saturation curves and 

carbon percentages are shown in Figure 6. The RADIA simulations of the dipole magnet and the 

quadrupole magnet were evaluated with various iron core materials listed in Table 2. Figure 7(a) and 
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Figure 7(b) show the RADIA simulation model of the dipole magnet and the quadrupole magnet, 

respectively. 

    
  (a) Dipole magnet           (b) Quadrupole magnet 

Fig. 7. Model of the magnets for RADIA simulation. 

5. Magnet Measurements 

The magnetic field measurement device is a Hall probe of a size 1.0 1.3 0.2  3cm (GMW Group 3 

Digital Hall Effect Teslameter). Figure 8 shows measurement setup for the dipole magnet. The hall probe 

was attached to a holder which can be moved along y- and z-axes. For the quadrupole magnet, the 

measurement setup is shown in Figure 9. The magnet was placed on the measurement stand where probe 

could be moved within the quadrupole field region. The Hall probe was placed on x- and z- axes 

translation stages equipped with linear actuators and can be moved precisely through computer interface. 

The magnet is excited by a current regulated DC power supply and a 0.01Ω shunt resistor was used to 

determine the supplied current. 

 

 
 

Fig. 8. Dipole magnet measurement setup 
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Fig. 9. Quadrupole magnet measurement setup 

6. Simulation and Measurement Results 

6.1. Dipole Magnet 

The dipole magnet excitation curve was measured by measuring the magnetic fields By at the pole 

center while increasing currents from 0 to 18 A with 0.5 A step. The measurement results and RADIA 

simulations results are shown together in Figure 10. The equation from fitting of measurement data is 

 

0.0459 0.0244B I  .        (9) 

 

This equation will be used for evaluate the magnetic field values from given excitation currents. The 

simulation and the measurement results show that, at the same excitation current, carbon percentage in the 

magnet core affects to the magnetic field intensity. The magnet core with lower carbon percentage can 

generate higher magnetic field. 

The magnetic fields in yz-plane were measured and the results are shown Figure 11. The field 

distribution benefits for the electron deflection angle and energy calculation. 

 

 

Fig. 10. Dipole magnet excitation curves 
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Fig. 11. Measured magnetic field distribution of the Dipole magnet (I = 5A).  

6.2. Quadrupole Magnet 

The quadrupole magnet excitation curve was measured by measuring the fields at (x,y,z) = (20,0,0) mm 

position, while increasing current from 0 - 18 A with 0.5A step. The results in Figure 12 show that the 

saturation effect starts to occur around 10.5 A for the measurement and at higher current for the 

simulations. Polynomial fit of the curves in unsaturated region (0-10.5A) and saturated region (10.5-

18.0A) are  

  

5.62 1.57g I  ,          (9) 

20.11 7.63 8.33g I I    ,       (10) 

 

respectively. These equations will be used in the magnet control and operation of the accelerator system. 

The comparisons between the simulation and the measurement results are corresponding to the dipole 

magnet as the magnet core with lower carbon percentage generate higher magnetic field gradient.  

For transverse gradient measurement, The By field along the x-axis were recorded at (x,y,z) = (0 to 

40,0,0) mm with a 1 mm step and the field gradients were then calculated. The results are shown in 

Figure 13 along with RADIA simulation results. The average gradient, within the bore radius range (0-20 

mm), from the measurement (for 5 A) is 29 ×10
-4

 T/mm and the average gradients from simulation results 

are 30.1, 32.2 and 33.5 ×10
-4

 T/mm for RadMatSteel42, RadMatSteel37 and RadMatXc06, respectively. 

The effective length of a quadrupole magnet is the length which is derived from the longitudinal field 

profiles of the magnet as [5,6] 

 

eff

0

g dz

g





,         (11) 

 

where 0g is the gradient at the center of the magnet along z. For the effective length measurement, we 

measured the magnetic field By along z-axis at the position x = 10 mm and y = 0 mm. The measurement 
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result and the simulation results are shown in Figure 14. The effective lengths can then be calculated by 

using (11) with the integral term, g ds , equals to the area under a graph in Figure 14 and 0g equal to the 

gradient value at z = 0 mm. The measured effective length is 76.6 mm and the effective lengths from 

simulation are 76.9, 77.0 and 77.0 mm for RadMatSteel42, RadMatSteel37 and RadMatXc06, 

respectively. 
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Fig. 12. Quadrupole magnet excitation curves. 

 

 
Fig. 13. Quadrupole magnet gradients along x-axis (I = 5A). 

 

 
Fig. 14. Quadrupole magnet gradient along z-axis (I = 5A). 
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7. Conclusion 

The simulations by using RADIA code and the measurements of the dipole magnet and the prototype 

quadrupole magnet were conducted and their results were analyzed. The simulations can evaluate well the 

magnet properties; including, the excitation curves and the field distributions for the dipole magnet; the 

excitation curves, the transverse gradient and the effective length for the quadrupole magnet. at the same 

excitation current, carbon percentage in the magnet core affects to the magnetic field intensity. The 

magnet core with lower carbon percentage generates higher magnetic field intensity. The excitation 

curves and field distributions from the measurements will be used in the magnet control and operation of 

the accelerator system. Both the simulated and the measured results will be used as a guideline for design 

and fabrication of magnets for the 180 degree achromat system in the future expansion for an IR-FEL 

facility. 
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Abstract 

A study to upgrade the linear accelerator system at the Plasma and Beam Physics (PBP) Research Facility at Chiang 

Mai University (CMU) to be an injector system for an infrared free-electron laser (IR FEL) is underway. The current 

PBP linac system consists of an S-band thermionic cathode RF-gun, a bunch compressor in a form of alpha-magnet 

and a SLAC-type linear accelerating structure. Since characteristics of the emitted FEL light strongly depend on 

electron beam properties, a dedicated work to develop and optimize the injector system to drive the FEL is 

particularly important. In this paper, the results of numerical study to optimize the longitudinal electron beam 

properties as well as some preliminary results of FEL simulations are presented and discussed. 
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1. Introduction 

At the Plasma and Beam Physics (PBP) Research Facility, Chiang Mai University, Thailand, the 

project to produce THz transition radiation based on femtosecond electron bunches has been establised 

for many years [1].  The accelerator system consists of an S-band (2.856 GHz) thermionic RF electron 

gun [2], a magnetic bunch compressor in a form of an alpha-magnet [3], an S-band travelling wave linear 

accelerator (linac), and various beam diagnostic components.  Electron beams with a bunch charge of 

about 16-96 pC and an rms bunch length as short as 70 fs were experimentally measured. When the 

electron bunches with the mentioned bunch length pass through an undulator, the radiation with a 
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frequency of about 0.3 to 3 THz is emitted in phase resulting in an intense coherent radiation. However, 

the intensity of the coherent radiation falls off at the frequency higher than 3 THz or at the wavelength 

shorter than 100 m. When the radiation wavelength is shorter than the electron bunch length, the 

incoherent radiation part dominates the coherent radiation part. To increase the radiation intensity, an 

external electric field can be used to stimulate the electrons to emit more coherent radiation via a 

microbunching process. The external field must have a frequency and phase such that the electrons loss 

their energies into the radiation. This mechanism is a basic principle in production of free-electron lasers, 

which can be achieved either using a long undulator, or an external seed laser, or a reclying spontaneous 

undulator radiation. The later principle is commonly used in a compact, low energy, and long radiation 

wavelength free-electron laser. 

A possibility to develop an infrared free-electron laser (IR FEL) facility is studied at Chiang Mai 

University. The project focuses on the production and utilization of the mid-infrared (MIR) and far-

infrared (FIR) or THz radiation based on a linac injector and free-electron laser technology [4]. The goal 

of the project is to produce the intense coherent radiation with tunable wavelengths covering from 2.5-20 

m (MIR) to 20-200 m (THz). 

 

Fig. 1.  Schematic layout and components of the possible IR FEL system at Chiang Mai University, Thailand 

 

A plan to upgrade the existing PBP linac system to be the injector for both coherent THz transition 

radiation and free-electron lasers is proposed. The foreseen FEL facility will consist of a thermionic 

cathode RF-gun, an alpha-magnet, an S-band SLAC-type linac, a 180
o
 achromat section, a planar type 

undulator, and an optical resonator (Figure 1). Details of the components in the current PBP linac system 

were already reported in [1]. The 180
o
 achromat section, the undulator magnet, and the optical cavity are 

new components, which are under detailed consideration. The undulator magnet is chosen to be a planar 

type with 22 periods and a total length of 1.67 m. The optical cavity composes of two symmetric 

spherical mirrors with a coupling hole on one of the mirrors. To design and optimize the 180
o
 achromat 

section, we adopt the magnet lattice of the Kyoto University Free-Electron Lasers (KU-FEL) for initial 

study. The achromat section consists of three 60
o
 bending magnets and two sets of doublet quadrupole 

magnets. Details of the KU-FEL achromatic system have been described in [5]. Schematic layout of the 

proposed IR FEL at Chiang Mai University is shown in Figure 1.  

For benchmark, we have investigated the injector parameters of the MARK-III FEL of Duke 

University, USA [6] and the FEL–SUT of Tokyo University, Japan [7]. Both facilities use the same type 

of the electron source, the magnetic bunch compressor and the accelerating section as the current PBP 

linac system. The beam dynamics study and optimization of the proposed injector system starting from 

the parameters of both accelerators [6, 7] are performed to achieve the proper electron beam properties for 
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driving the IR FEL. The computer code PARMELA (Phase And Radial Motion in Electron Linear 

Accelerator) [8] has been used to investigate multi-particle beam dynamics from the RF-gun to the exit of 

the 180
o
 achromat section and to optimize the electron beam lattice parameters. For the FEL radiation due 

to the interaction between the electron beam and the undulator magnetic field, the study has been studied 

using the numerical code GENESIS 1.3 [9]. Some preliminary results of the FEL simulation are presented 

and discussed in the last section of the paper.  

2. Electron Beam Optimization 

The FEL performance depends greatly on electron beam characteristics. Generally, the injector system 

for the FEL facility should produce electron beams with high peak current, small transverse emittance, 

and low energy spread in order to generate intense coherent FEL light in an undulator. In this study, we 

focus on optimization of longitudinal electron beam properties by adjusting the parameters of three main 

components; the RF-gun, the linac, and the 180
o
 achromatic section.  

PARMELA simulations were performed to study electron beam dynamics in all components, except 

the alpha magnet. Since the goal of the optimization aims to produce electron beams with a very low 

energy spread (<1%), the electrons with high energy level have been optimized to form a quasi-

monogenetic beam at the head of the bunch. Therefore, the compression in the alpha-magnet for this 

useful part of the bunch can be neglected. In this case, the alpha-magnet will serve only as the energy 

filter element. Some small energy spread will be induced during the post acceleration of the electron 

beam through the linac leading to the electron distribution suitable for the bunch compression 

downstream the linac. In our case, the 180
o
 achromat is used as both turn around section and as the 

magnetic bunch compressor. For the simulation of multi-particle beam dynamics, we assume that the 

cathode emits a uniform stream of 30,000 (macro) particles per 2.856 GHz with a current of 2.9 A. Thus, 

a single particle represents a charge of 33.85 fC, which equivalents to 2.12x10
5
 electrons. 

2.1. Beam dynamics simulation of the RF-gun 

The RF-gun at the PBP facility is a one and a half-cell S-band resonant cavity with a thermionic 

cathode and a side coupling cavity. To simulate the RF field distribution inside the RF-gun, the code 

SUPERFISH is used [10]. Then, the particle-in-cell code PARMELA is utilized to track multi-particles 

through the fields obtained from the SUPERFISH simulation.  

The accelerating field gradients of both half- and full-cell cavities were adjusted to produce an 

electron bunch with low energy spread, especially at the head of the bunch. These concentrated electrons 

at the head of the bunch will be the main contribution in the FEL lasing. The field ratio of the RF-gun is 

defined as a ratio of the accelerating field amplitudes at the cathode plane and at the center of the full-cell. 

For the field ratio of 1:2 with the accelerating field gradients of 35 and 70 MV/m, the RF-gun provides an 

electron beam with low energy spread at the head of the bunch. The three dimensional electron beam 

distributions at the RF-gun exit are shown in Figure 2. The distributions for transverse and logitudinal 

phase spaces are shown in Figures 3 and 4, respectively.  

The electron bunch that actually exits the RF-gun is about 100 ps long (Figure 4). The high energy 

electrons with small energy spread are accumulated at the head of the bunch of about 10-15 ps, which is 

the most useful fraction of the bunch. Then, the electron bunches are filtered by the energy slits inside the 

vacuum chamber of the alpha-magnet to remove low energy electrons. For the RF-gun condition noted 

above, we set the energy filter level at 3.81 MeV.  This leads to the output electron beams with the 

maximum electron energy of 3.91 MeV and the rms energy spread of 0.82%. Parameters of the electron 

beam after energy filtering using the alpha-magnet energy slits are listed in Table 1.    
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Fig. 2. Three dimensional particle distributions at the RF-gun exit for the field ratio of 1:2 and the accelerating field amplitudes of 

35 and 70 MV/m 

 

Fig. 3. (a) Particle distributions in x-y plane and (b) Transverse phase space distribution (x-x′ and y-y′) at the RF-gun exit 
 

 

Fig. 4. Particle distributions in longitudinal phase space (energy-time) at the RF-gun exit  
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Table 1. Parameters of RF-gun and its output electron beam 

Parameter Value 
. 

Field ratio 
 

1 : 2 

Accelerating field 

 

Half-cell: 35 MV/m 

Full-cell: 70 MV/m 
 

Beam output energy 

    - Average  

    - Maximum 

    - Minimum 

Energy spread 

Energy filter level 

Bunch length (FWHM) 

Bunch charge 

 

 

3.91 MeV 

3.94 MeV 

3.81 MeV  

0.82 % 

3.81 MeV  

15 ps  

33 pC 

2.2. Beam dynamics simulation of the Linac 

The linac at the PBP facility is an S-band SLAC-type travelling wave linear accelerator. In this study, 

we consider that the electron beam is accelerated through the linac to reach an average energy of about 15 

MeV.  In order to achieve an electron bunch with low energy spread, the linac initial phase is varied 

between 0
o
 and -90

o
 relative to the reference particle phase at the entrance of the linac. Then, the number 

of particles is counted within the desired energy bin (1% in this study). Figure 5 shows the number of 

particles within 1% energy spread (N1%) normalized to the total number of the particles entering the linac 

(Ntotal) for different linac phases. 

The energy gain from the linac can be adjusted by optimizing the product of the accelerating field (E0) 

and the transit-time factor (T), which is linearly proportional to the electron energy at the linac exit. The 

product of the accelerating field and transit time factor (E0T) has been optimized to achieve the electron 

beam with low energy spread and short bunch length at the exit of the 180
o
 achromat section. The 

optimized value of E0T is 4 MV/m, which provides the final maximum and average electron energies of 

15.6 and 15.4 MeV, respectively. The longitudinal phase space distributions of the particles at the exit of 

the RF-gun and at the exit of the linac for the linac initial phase of -53.7
o
 are illustrated in Figure 5. 

Parameters of the electron bunch after exiting the linac are shown in Table 2.    

 

Fig. 5. Number of particles within 1% energy spread normalized to the total number of the particles entering the linac as a function 

of the linac initial phase respect to the reference particle phase entering the linac 
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Fig. 6.  Particle distributions in longitudinal phase space of all particles at (a) the RF-gun exit for the field ratio of 1:2 and the 

accelerating field amplitudes of 35/70 MV/m and (b) the linac exit with the linac accelerating initial phase of -53.7o and the product 

between the accelerating field gradient and the transit time factor (E0T) of 4 MV/m 

Table 2. Parameters of the linac and the electron beam exiting the linac 

Parameter Value 
. 

Accelerating length 
 

3 m 

Initial phase 

 

-53.7o w.r.t. reference 

particle entering linac 
 

Beam output energy 

    - Average  

    - Maximum 

    - Minimum 

Energy spread 

Energy filter level 

Bunch length (FWHM) 

Bunch charge 

 

 

15.4 MeV 

15.6 MeV 

15.2 MeV  

0.78 % 

3.81 MeV  

10.1 ps  

33 pC 

2.3. Beam dynamics simulation of the 180° achromat and the bunch compressor 

In this study, we consider the 180° achromat as a turn-around element and a magnetic bunch 

compressor.  It is a triple bend type consisting of three dipole magnets and two sets of quadrupole 

magnet, which are placed at the straight section between the dipoles (see Figure 1). The goal of the 

optimization of this section is to establish the parameters of the dipole and the quadrupole magnets as 

well as the drift lengths for transporting the electron beam through and exit the section with a shorter 

bunch length and no change of energy spread.  

The dipole magnets have the deflecting angle of 60
o
 and the effective length of 35 cm. The electron 

bunch length can be adjusted by changing the gradient of the doublet quadrupoles to have the minimum 

bunch compression condition. At the electron beam energy of 15.4 MeV, the simulated shortest electron 

bunch length of 0.85 ps is achieved with the doublet quadrupoles’ strengths of 56.4 m
-2

 and -44.6 m
-2

, 

respectively.   The particle distributions and energy spectrum of the electron bunch at the exit of the 180
o
 

achromat section with the optimized condition are shown in Figure 7. Optimized specifications of the 
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components in the 180
o
 acromat and the electron beam parameters at the exit of the acromat section are 

listed in Table 3. 

 

Fig. 7.  Particle distributions in longitudinal phase space at the 180o achromat exit 

Table 3. Specifications of the components in the 180° achromat and the electron beam parameters at the achromat exit 

Parameter Value 

Bending magnet  

    - Defection angle 60o 

    - Effective length 

    - Curvature  

Quadrupole 

    - Focusing strength 

     - Defocusing strength 

Beam output energy 

    - Average 

    - Maximum 

    - Minimum 

Energy spread 

Bunch length (FWHM) 

Bunch charge 

Peak current 

35 cm 

2.99 m-1 

 

56.4  m-2 

- 44.6  m-2 

 

15.4 MeV 

15.6 MeV 

15.2 MeV 

0.74 % 

0.85 ps 

33 pC 

38.8 A 

3. FEL Simulations 

 The code GENESIS 1.3 is used to simulate the FEL radiation due to the interaction between optical 

fields and an electron beam inside the undulator. At this early stage, the simulations have been performed 

in the time-independent mode. The undulator considered for the IR FEL at CMU is a planar type with 

specifications listed in Table 4. The undulator gab is adjustable to vary the deflection parameter (K) 

between 0.4 and 2.6 in order to provide the radiation wavelengths of 50-200 μm. As an example, the 

electron beam with an average energy of 15 MeV and an rms bunch length of 1 ps is used in the initial 
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simulations. Some preliminary required beam parameters used in the simulations are given in Table 4. 

The optical cavity length is set to be 5 m with the diffraction and out coupling losses in the cavity of 5%.  

Figure 7 shows the time evolution of the simulated FEL radiation peak power at radiation wavelengths 

of 200, 100, 75 and 50 m for the electron beam with an average energy of 15 MeV, an rms energy 

spread of 0.5%, and a peak current of 30A. It can be seen that the longer FEL radiation wavelength 

reaches the power saturation faster than the shorter one. The numbers of round trips needed to accumulate 

the radiation amplification until reaching the saturation condition are within 60 turns for the radiation 

wavelengths of 200, 100 and 75 m, while it needs 120 turns for the case of 50 m. It seems that 

GENESIS simulation in the time-independent mode has a limit of the simulation for the case of electron 

bunch length shorter than the radiation wavelength. Further study using the code GENESIS in time-

dependent mode together with the Optical Propagation Code (OPC) [11] will be performed. 

Table 4. Undulator and electron beam parameters used in FEL simulations 

Parameter Value 

Undulator type Planar 

Undulator period length 7.7 cm 

Number of undulator period 

Undulator deflecting parameter 

Beam energy 

Energy spread 

Bunch length (RMS) 

Peak current 

Normalized emittance (x, y) 

Beam transverse size (  x,   y) 

Twiss parameters (o, o) 

22 

0.036 - 3.39 

15 MeV 

0.5% 

1 ps 

30 A 

3 mm-mrad 

0.42 mm 

0.72, 0 

 

 

Fig. 8.  Calculated time evolution of the peak power at the radiation wavelengths of 200, 100, 75 and 50 µm for the electron beam 

with an average energy of 15 MeV, an energy spread of 0.5 %, and a peak current of 30 A 



 S. Supakul et al. / Energy Procedia 00 (2013) 000–000  

4. Conclusion 

 The longitudinal beam dynamics of the injector system for an IR FEL at Chiang Mai University has 

been studied using numerical simulations. The results have achieved the parameters suitable for the IR 

FEL lasing requirements. By properly adjusting the machine parameters, the electron bunches exiting the 

180° achromat section have an average energy of 15.4 MeV, an rms energy spread of 0.74%, a bunch 

length of 0.85 ps, and a bunch charge of 33 pC. Further studies and optimization will be proceeded to 

investigate both transverse and longitudinal electron beam dynamics. The initial study of the FEL 

radiation with wavelengths of 50 to 200 m has been performed for the electron beam energy of 15 MeV 

and the bunch length of 1 ps without considering the slippage influence.  The total FEL peak power in the 

optical cavity of about 10
8
 W can be achieved. However, the time-dependent simulation including optical 

cavity parameters will be conducted to investigate the realistic loss in the cavity and the slippage effect.  
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RF-gun Phase-space Dynamics and Slice Emittance under Influence of External 
Electromagnetic Fields 
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A high brightness electron source of ultra-small emittance and high average current is one of 
the most important components for the future accelerators. Rapid acceleration in an RF-electron-
gun can reduce emittance growth due to space charge, however twisting of slice emittances from 
an RF-electron-gun may be its limitation. Such rotation may be compensated by an external 
electromagnetic field. In this work, RF-electron-gun phase-space dynamics and slice emittance in 
some electromagnetic field distribution are studied. 

Keywords: Beam Emittance, High Brightness Beam, Emittance Compensation.  
 

1. INTRODUCTION 
A high brightness electron source of ultra-small 

emittance and high-average current is one of the most 
importance components for the future electron accelerators 
[1-2]. Such beams are used as sources of very high energy 
linear collider, wake-field laser accelerator and X-ray Free 
Electron Laser. 

In order to achieve high brightness beams, it is 
necessary to master the production of such beams in special 
RF-guns, to develop diagnostic techniques that provide 
information of the 6-D distribution of electron bunches on 
sub-picosecond time scales; to control the 6-D distribution 
of the bunch in various ways; and to be able to accelerate 
the electrons to high energies without diluting the 
brightness. 

The electron bunches produced from an RF-gun are 
subjected to detrimental effects on the beam emittance, 
specifically twisting of the time-sliced emittance or slice 
emittance. This effect can increase apparent emittance by 
several orders of magnitude. Thus, in order to obtain high 
brightness beam, one has to consider this effect crucially. 
This phenomenon may be compensated by dispatch the 
beam through a proper external electromagnetic field, for 
example, a magnetic field of a solenoid magnet. 

 

2. THEORETICAL BACKGROUND 
Beam emittance 

Beam emittance is a certain region in phase space 
occupied by particles in a beam [3]. By definition, phase 
space is represented by coordinate and its conjugate 
momentum. However, it is more convenience to replace the 
conjugate momentum with slope of the trajectory, x′ , 
defined as: 

Corresponding author. E-mail: zartpart@gmail.com 

0 tanx 0p p x p′= ≈ x′ .  (1) 
 

In this paper, the term “beam emittance” is used for 
transverse apparent or projected emittance while “slice 
emittance” is used for emittance of time-slice beam. In 
either case, the emittance is calculated as r.m.s. emittance, 
defined by 

 
 22 2

x x x xxε ′ ′= −  (2) 

 
Emittance compensation 

Space charge forces and radial fields in RF-cavities can 
degrade beam emittance significantly. The space charge 
effect is inverse proportional to square of particle energy. 
Thus, rapid acceleration in an RF-gun can reduce space 
charge effect. Moreover, space charge effect causes 
rotation of phase-space distribution due to its energy 
dependence. Equation (2) indicates that if all particles lie 
on a line in phase-space, in other words, x mx′= where m 
is a slope, the beam emittance will vanish [4]. Thus, this 
rotation cannot be ignored if high brightness beam is to be 
achieved. Some space charge effects can be compensated, 
as suggested by E. Carlson [?] using solenoid magnet 
focusing. Apart from using a solenoid magnet, there are 
several approaches suggested for emittance minimization, 
for example, using RF radial focusing [4], alternative 
cathode material [5] and special RF gun designing. Only 
effect of solenoid magnet will be discussed further. 

 
Transfer matrix of a solenoid magnet 

There are several approaches to obtain positions of 
particles in phase-space. One of the best options is 
numerical integrator. Another option is matrix formalism of 
linear beam dynamics. The matrix approach is easier to use 
and understand but provide less accuracy and flexibility. 

A first-order transfer matrix of a solenoid magnet can be 
written as [6] 
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3. CALCULATION RESULTS AND DISCUSSIONS  
The input phase space data for this calculation is 

PARMELA [ ] output  of SURIYA RF-gun [7] and  
SUNSHINE RF-gun [8]. The x x′− distribution of 
SURIYA electron beam is shown in figure 1. 

 
FIGURE 1.  Phase space distribution of 1-ps-slices at SURIYA 
RF-electron-gun exit. 
 
A solenoid magnet with 3 cm effective length is positioned 
at the RF-gun exit. The phase-space distributions of 
SURIYA RF-gun after the solenoid magnet and a 10-cm-
drift-space are shown in figure 2. The apparent emittance of 
the beam at the same location is shown in Figure 3 for 
various solenoid field strengths. The minimum…. occurs 
when using… 
 

 
FIGURE 2.  SURIYA RF-gun phase space distribution of 1ps 
slices at 10 cm after the solenoid magnet. Left: 1000 gauss 
solenoid field. Right: 2000 gauss. 
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FIGURE 3.  Apparent emittance of electron beam from SURIYA 
RF-gun., Left: Apparent emittance as a function of solenoid 
magnet field and Right: Slice emittance of the first slice (0-1 ps). 
The x x′− distribution of SUNSHINE electron beam is 
shown in figure 4. By placing a solenoid and a drift-space 
as the previous case, the phase-space distributions for 
SUNSHINE RF-gun are shown in figure 5. The apparent 
emittance of the beam is shown in figure 6 (Left) and the 
slice emittance of the first slice (0-1 ps) is shown in figure 
6 (Right).  

 
FIGURE 4.  Phase space distribution of 1ps slices at SUNSHINE 
RF-electron-gun exit. 
 

 
FIGURE 5.  SUNSHINE RF-gun phase space distribution of 1ps 
slices at 10 cm after the solenoid magnet. Left: 1000 gauss 
solenoid field. Right: 2000 gauss. 
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FIGURE 6.  Emittance of electron beam from SUNSHINE RF-
gun, Left: Apparent emittance as a function of solenoid magnet 
field and Right: Slice emittance of the first slice (0-1 ps). 

 
The results show that apparent emittance changes with 

solenoid field strength. The emittance can be reduced using 
3 cm solenoid magnet and 10 cm drift space up to about 
40% for SURIYA RF-gun. However, only about 4% 
emittance reduction for SUNSHINE RF-gun was observed 
from a similar setup. Noting that, the beam from 
SUNSHINE RF-gun is already focused within the RF-gun 
cavities while the beam from SURIYA RF-gun is parallel 
beam.  Thus, the two systems may require different 
parameters.  
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4. CONCLUSION 
Study of…. Matrix….The preliminary results show that 

solenoid magnet is capable of reducing apparent emittance 
of SURIYA beam. However, there are many parameters 
which are not included in this study. Further study of other 
devices that may be able to reduce apparent emittance, for 
example, cylindrical RF cavity will be conducted.  The 
final results may lead us to a new emittance compensation 
scheme. 
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Abstract— Terahertz (THz) radiation in the form of coherent transition radiation generated from femtosecond electron 

bunches is explored for its potential use in imaging applications.  Due to water sensitivity, the THz imaging experiment is 

performed on a Proton Exchange Membrane Fuel Cell (PEMFC) to assess the ability to quantify water in the flow field of 

the cell. In this investigation, the PEMFC design and the experimental setup for the THz imaging will be described. Results 

of terahertz images in the flow field will also be discussed. 

 
Keywords—transition radiation, terahertz, imaging, PEM fuel cells 
 

1. 
INTRODUCTION 

Proton Exchange Membrane Fuel Cell (PEMFC) is an 

electrochemical device being widely developed as one of 

alternative sources for clean energy.  The basic single cell 

consists of a membrane electrode assembly sandwiched 

between flow fields.  In the flow fields, water in the form 

of humidifier to reactants is brought in, and water 

generated as a byproduct from electrochemical reaction is 

transported out. Imbalanced of water formation and 

removal can cause state of drying-flooding in different 

areas within the cell, resulting in poor cell performance 

[1].  In order to overcome water management problem and 

advance the PEMFC for practical usage, it is vital to be 

able to visualize and study dynamic of water distribution 

in the PEMFC.  Tools such as digital camera, neutron 

imaging, and magnetic resonance imaging have been 

exploited so far for in situ measurements of water in 

different parts of PEMFCs [2].  As example, water 

transport problem in the flow field is given here in Figure 

1.  A snapshot from a video camera of one of the flow 

field channels in PEMFC when the channel is empty is 

compared with when the channel is water-clogged.    

 

    
(a) (b) 

 

Fig. 1.  Photographs of (a) empty flow field, and (b) water-

clogged flow field after 10 seconds into operation time. 
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THz radiation, lies between deep infrared and 

microwave, has been known to be water sensitive.  Strong 

attenuation by water content has earned THz beam as a 

preferable tool for non-destructive inspection such as in 

food industry and in medical applications [3-4].  Our 

femtosecond electron source – developed  at Plasma and 

Beam Physics Research Facility, Chiang Mai University, 

Thailand – can generate a coherent transition  radiation in 

the THz regime ranging from 0.15 - 2.4 THz (5-80 cm-
1
) 

[5 ].  Therefore, we aim to investigate a potential use of 

THz imaging to water distribution in PEMFCs.  The 

present paper focuses on water presence in the flow field 

of PEMFC via reflective THz imaging. Our preliminary 

results reported here indicate promising application of 

THz imaging to water management problems in PEMFCs.  
  

2. THz RADIATION SOURCE  

At the Plasma and Beam Physics (PBP) Research Facility, 

Chiang Mai University, Thailand, THz radiation is 

generated in the form of coherent transition radiation from 

femtosecond electron bunches [5].  The system to produce 

such short electron bunches consists of a thermionic 

cathode RF-gun, an alpha magnet, and a linear accelerator 

(Linac), shown in Figure 2(a). At the THz radiation 

experimental station (Figure 2(b)), the short electron 

bunches are used to generated coherent transition 

radiation by passing through a radiator made of a 25.4-  

m-thick Al-foil. The radiator is tilted by 45
o
 facing the 

electron beam direction. The backward transition 

radiation is emitted perpendicular to the beam axis and 

transmits through a high density polyethylene (HDPE) 

window of 1.25-mm-thick and 32-mm diameter. The 

coherent radiation spectrum covering much of the far-

infrared or THz spectral range and high intensity radiation 

from mm-waves up to 80 cm
-1

 (2.4 THz) can be detected 

with a room temperature detector. 

 

 

76



 

7th Eco-Energy and Materials Science and Engineering Symposium, Chiang-Mai, Thailand 19-22 Nov. 2009 

 

 

Fig.2. (a) Schematic diagram of the system to generate 

femtosecond electron bunches and (b) THz radiation. 

 

3. PEMFC DESIGN FOR THz IMAGING 

The flow field of PEMFC is typically made of graphite, 

which is machined into channel pattern that allows water 

and reactants to flow in and out.  For a single cell, only 

one surface of the graphite is machined (called dead-end 

flow field).   Unfortunately, the dead-end flow field made 

of graphite is not transparent to THz.  In order to image 

the water in the flow field, we will need to machine 

through the channels and enclosed with an appropriate 

window for THz probing.  Our PEMFC design for THz 

imaging is shown in Figure 3.   

 

 
Fig.3. (a) PEMFC components designed with machine-

through flow field made of brass enclosed with THz window. 

(b) A drawing of finished cell. 

As graphite is too brittle for machining through, we 

instead chose brass for our machine-through flow field.   

For the THz window, we have two candidates: one is a 

plexiglass window and the other is a silicon window.  

Both window materials are transparent to a certain degree 

in THz region.  Silicon in particular has been reported to 

be used as a window in reflective far infrared fourier 

transform spectroscopy of water [6].  In this work, we 

compare THz images obtained from the two materials in 

order to determine a more suitable THz window prior to 

constructing the finished cell. 

 

4. REFLECTIVE THz IMAGING SETUP 

Schematic diagram of our reflective THz imaging setup is 

shown in Figure 4. A parallel THz beam is reflected off a 

gold-coated mirror to a THz lens (L1) with f = 6 cm.  The 

beam is then focused onto a sample at approximately 30 

incident angle. The reflected signal from the sample is 

then collected by another THz lens (L2) with f = 3 cm and 

continued to a pyroelectric detector. The sample is placed 

on X-Y stages with computerized motion controllers.  The 

focused beam size at the sample (at the focal point of L1) 

is determined by an array pyroelectric detector (Pyrocam 

III beam profiler).  The focused beam profile shown in 

Figure 5 indicates the width at FWHM to be 

approximately 2 mm.  

 

 

 
Fig. 4.  Schematic diagram for reflective THz imaging, where 

L1: focusing lens (f = 6 cm); L2: collective lens (f=3 cm); and 

: 30.  

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

0

2

4

6

8

10

12

0
2

4
6

8
10

12

In
te

n
s
it

y

X
 (
m

m
)

Y (mm)

0 

2000 

4000 

6000 

8000 

10000 

6000 

7000 

8000 

9000 

10000 

 

 
Fig. 5.  THz beam profile, taken via Pyrocam III, at a focal 

point of the 6 cm-focal length lens. 
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To determine which window material yields a better 

THz image of water distribution in the flow filed, we 

prepared a sample in the following.  First, we machined 

brass into 2 mm-width channels, and we sealed the bottom 

of the brass tightly with cloth tape.  As illustrated in 

Figure 6, the channel that is filled with water will be 

indicated as a water-filled channel, while the one that is 

left unfilled will be indicated as an air-filled channel.  

Then, we physically taped down the window material on 

top of the brass.  The plexiglass window that we used has 

a thickness of 1 mm. The silicon window is a silicon 

wafer of p-type doping with a thickness of 0.5 mm.  Once 

the sample is securely placed on X-Y stages, the THz 

scanning is started from top-right corner of the sample 

along x-direction (horizontal) followed by y-direction 

(vertical) with a step of 1 mm through out the experiment.   

 

 

 
Fig. 6.  Preparation of a machine-through brass with water 

filling for THz imaging. 

 

5. RESULTS AND DISCUSSION  

The THz image of machine-through-brass flow field with 

plexiglass window is shown in Figure 7. The scanning 

area of 20x20 mm
2
 sufficiently covers two channels:  the 

top channel is water-filled and the bottom is air-filled.  

The shape of channel – even though, it seems rough 

around the u-bend due to a course scanning step – is still 

recognizable.  In gray-scale, the lighter area indicates a 

more reflective region of brass.  The darker area reveals 

absorptive region within the channels, with the darkest 

region lies in water-filled channel.  Clearly, we can 

identify the water-filled and the air-filled channels from 

the image.  A small deeply dark area in the air-filled 

channel can be spotted, however, which could be 

attributed to the fact that our window is not tightly placed 

and thus there is a chance of water leakage into the air-

filled channel to which THz radiation is very sensitive.     

 Similarly, the THz image of machine-through-brass 

flow field with silicon window in Figure 8 reveals deep 

absorptive region in the water-filled channel.  Small 

deeply dark area in the air-filled channel can be implied as 

water leakage explained earlier.  However, the overall 

reflected signals from the silicon window are greater than 

that from the plexiglass.  This is because silicon is more 

reflective and is believed to have smaller or minimal THz 

absorption than plexiglass.  As a result, the gray scale in 

Figure 8 can be divided into 7 levels while only 5 levels 

are available for Figure 7.  Hence, the THz image using 

the silicon window should provide more resolved image 

than that using the plexiglass window. 

 

 

Fig. 7. THz image of machine-through-brass flow field with 

plexiglass window. 

 

 

 

Fig. 8. THz image of machine-through-brass flow field with 

silicon window.  

 

6. CONCLUSION 

In this investigation, the reflective THz imaging system is 

successfully established for identifying water presence in 

the flow field of PEMFC.  The PEMFC is redesigned to 

have a machine-through brass and a THz window for THz 

probing in the flow field region.  In search of THz 

window materials for the PEMFC, we found that THz 

images from both plexiglass and silicon windows clearly 

distinguish water-filled region in the machine-through-

brass flow field.  However, the silicon window provides 

greater reflected signals, yielding more depth into details 

of the image than the plexiglass window.  The image 

results are convincing evidence for further employing 

THz radiation from the femtoelectron source at the PBP 

Research facility, Chiang Mai, Thailand as a visualizing 

tool to study water transport dynamic in PEMFCs. 
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Femtosecond Electron Bunches and Terahertz Radiation Source  
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Abstract— A system to produce femtosecond electron bunches and THz radiation has been developed at the Plasma and 
Beam Physics Research Facility, Chiang Mai University, Thailand. The system consists of a thermionic cathode RF-gun, an 
alpha magnet as a magnetic bunch compressor, and a linear accelerator as a post acceleration section. High intensity THz 
radiation in the form of coherent transition radiation is produced when short electron bunches traverse a vacuum-metal 
interface. The radiation is of great interest as a potential high intensity THz or far-infrared radiation source.  Overview of 
the system, the generation of femtosecond electron bunches, the generation of coherent THz transition radiation and the 
recent experimental results on THz spectroscopy and THz imaging will be presented and discussed. 
 
Keywords— electron bunch, far-infrared, femtosecond, THz  
 

1.  INTRODUCTION 

Femtosecond electron and photon pulses have become 
interesting tools for basic and applied application  [1-3]. 
Such short electron bunches can be used directly [1] or to 
generate intense THz radiation [4], ultra short X-ray 
pulses [5], and free electron lasers (FELs) [6]. 

Short electron bunches can be produced in a small 
accelerator facility from a thermionic cathode RF-gun and 
a magnetic bunch compression system in form of an α-
magnet. At the Stanford SUNSHINE facility, it has been 
possible to produce electron pulse as short as 120 fs rms 
and a bunch intensity of 100 pCb [7]. A similar system 
was established at the Plasma and Beam Physics Research 
Facility, Department of Physics and Materials Science, 
Faculty of Science, Chiang Mai University. Figure 1 
shows a schematic layout of the system set-up and area. 
The main components of the system are a thermionic 
cathode RF-gun, an α-magnet, a SLAC-type linear 
accelerator (linac), beam steering and focusing elements, 
beam diagnostic instruments, RF system, and control 
units. The femtosecond electron bunches will be used to 
generate intense THz or far-infrared radiation in the form 
of coherent radiation. Such radiation is of great interest 
for THz spectroscopy and THz imaging applications.  

 

2. GENERATION OF FEMTOSECOND 
ELECTRON BUNCHES  

Figure 2 shows the schematic diagram of the bunch 
generation and compression system using the specially-
design RF-gun, which was studied and reported in [8]. In 
the RF-gun, electrons are continuously emitting with 

thermal energies from the thermionic cathode and are 
extracted and accelerated during an accelerating phase of 
the RF-fields at 2856 MHz. The first electron is 
accelerated rapidly and reach the end of the half-cell just 
before the RF-phase becomes decelerating. It is further 
accelerated through the full-cell to reach maximum 
kinetic energy of 2.0-2.5 MeV at the gun-exit depending 
on accelerating field gradients. Later electrons feel some 
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Fig.1. Schematic layout of the system at Chiang Mai 
University for generation of short electron bunches and 
terahertz radiation 
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decelerating fields and gain less and less overall energy 
resulting in a well-defined correlation between energy and 
time.  

Electron bunches of 20-30 ps from the RF-gun are 
then compressed in an α-magnet, where the particle path 
length increases with energy. This allows the lower 
energy particles, emitted later in each bunch, to catch up 
with the front for effective bunch compression. The 
optimized and compressed part of the electron bunch is 
then filtered by energy slits located in the α-magnet 
vacuum chamber and then transported through a SLAC 
type linac and a beam transport line to experimental 
stations. At the experimental station, the bunches are 
compressed to less than 1 ps [9]. Operating and beam 
parameters are shown in Table1. 

 
TABLE 1.  Operating and beam parameters. 

 
Parameters RF-gun Linac 
Beam energy [MeV] 2.2-3 6-10 
Macropulse peak current [mA] 1000 50-150 
RF-pulse length (FWHM) [μs] 2.8 8 
Repetition rate [Hz] 10 10 
Beam-pulse length [μs] ~2 ~0.8 
Number of microbunch/macropulse 5700 2300 
Number of electrons /microbunch 1.4×109 8×107 - 6×108 

 

 

3. GENERATION OF THz RADIATION 

The electron beam after acceleration was used to 
generate intense THz radiation in the form of coherent 
transition radiation (TR) utilizing a 25.4-μm-thick Al-foil 
of 24 mm diameter as a radiator. The radiator is tilted by 
45o facing the electron beam direction. The backward 
transition radiation is emitted perpendicular to the beam 
axis and transmits through a high density polyethylene 
(HDPE) window of 1.25-mm-thick and 32-mm diameter. 
A copper light cone is used to collect the radiation into a 
room-temperature pyroelectric detector. A cross-sectional 
diagram of the experimental setup to generate the THz 
transition radiation is shown in Figure 3.  

The radiation energy of 19 μJ per macropulse or a 
peak power of 24 W was measured by collecting over an  

 
 Alpha 

magnet

RF inputRF gun

linac
Energy slits

Thermionic cathode

49.29o

 
 

Fig.3. Setup to generate THz Transition radiation.  
Fig.2. Schematic diagram of the electron bunch 

generation and compression system. 
 

 

Fig.4. Schematic diagram of the THz  
Michelson interferometer. 

 

acceptance angle of 160 mrad. The Radiation Spectrum 
was measured using a Michelson interferometer, whose 
schematic diagram is shown in Figure 4. Backward 
coherent transition radiation exits through a HDPE 
window and enters a Michelson interferometer. The 
interferometer consists of a beam splitter, a fixed and a 
movable first surface mirror, arranged as shown in the 
figure. The radiation field entering the Michelson 
interferometer is split into two parts by the beam splitter, 
both travelling in different directions to be reflected back 
by mirrors. After reflection, parts of the two radiation 
pulses are combined again and absorbed by a detector to 
determine the intensity. By scanning the movable mirror 
position, an autocorrelation of the radiation pulses can be 
obtained. The radiation power spectrum as displayed in 
Figure 5 can then be derived via the Fourier Trans- 
formation of the autocorrelation pattern. The available 
THz radiation covers from 5 cm-1 to around 80 cm-1 
wavenumber (0.15 THz – 2.4 THz). At low frequency (< 
5 cm-1), the spectrum was suppressed by effects of the 
beam splitter, by mirror diffractions and by shielding 
inside the small metallic vacuum chamber [10, 11]. The 
spectrum seem to extend to above  80 cm-1 (2.4 THz) 
where noise becomes dominate. These can be further 
minimized with better detection and amplification system. 
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Fig.5.  THz Radiation power spectrum. 

4. THz SPECTROSCOPY 

The THz spectroscopy can be done easily by measuring 
power transmission or power absorption of a sample via a 
Michelson interferometer and the Fourier Transformation. 
Although phase information has been lost in the 
measurement, optical constants of the sample can be 
obtained by some modeling or Kramers-Kronig 
calculation [12]. Dispersive Fourier Transform Spec- 
troscopy (DFTS) [13] may also be used for direct 
determination of optical constants of a sample. In a DFTS 
setup, a sample is inserted in one arm of the 
interferometer, causing attenuation and dispersion of the 
radiation pulse. The attenuated and dispersed pulse can be 
recorded and its attenuation factor and phase shift can 
then be recovered. The attenuation and dispersion can be 
related to optical constants of the sample depending on 
the optical configuration of the measurements. With the 
DFTS technique, the phase information can be recovered 
in measurements using a Michelson interferometer. 
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  Fig.6. (a) radiation interferogram, (b) double-pass 

transmission iterferogram, and (c) reflection interfeogram. 

Mesurements of silicon refractive index from transmission 
and reflection experiment had been conducted to 
demonstrate THz spectroscopy using our coherent THz 
transition radiation. Figure 6 shows interferograms 
obtained from the experiments. Figure 7 shows the 
measurement results compare to the results from  [14, 15]. 
The measurements confirm that silicon has an almost 
constant real refractive index of about 3.42. THz 
spectroscopy experiments, especially that of highly 
absorbing substances using coherent THz transition 
radiation source, had been reported in [16]. 
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Fig.7. Experimental results for real refractive index of silicon 

(o : our measurement, Δ : from [14],  x : from [15]) 
 

5. THz IMAGING EXPERIMENTS 

The Schematic diagram of THz imaging system is shown 
in Figure 8. THz radiation from the source is focused on a 
sample and the sample is then scanned using an xy-
translation stage controlled by a computer. The 
transmitted radiation is detected by a room-temperature 
pyroelectric detector. Computer program is employed to 
calculate and analyze THz intensity at difference points 
on the sample for THz images construction. Figure 9 
shows an example of THz imaging obtained from the 
opening pattern on Al-foil concealed in an envelope. 
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Fig 8. Schematic diagram of THz imaging system 
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Fig 9. THz imaging of the opening pattern (shown in the 
inset) on Al-foil concealed in an envelope. 

 
 

6. CONCLUSION 

A system to produce femtosecond electron bunches and 
THz radiation has been developed at the Plasma and 
Beam Physics Research Facility, Chiang Mai University, 
Thailand. The system consists of an RF-gun with a 
thermionic cathode, an alpha magnet as a magnetic bunch 
compressor, and a linear accelerator as a post acceleration 
section. After acceleration, the compressed electron 
bunches are used to generated coherent transition 
radiation by passing through a thin Al-foil. The radiation 
spectrum covers much of the far-infrared or THz spectral 
range and high intensity radiation from mm-waves up to 
80 cm-1 (2.4 THz) can be detected with a room 
temperature detector. Reflection and transmission 
spectroscopy as well as THz imaging experiments were 
conducted as an examples of THz applications using our 
radiation source. It is possible to extend the spectral range 
further by using shorter electron bunches. 
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Abstract 
 The Photo Injector Test facility at DESY, Zeuthen site 
(PITZ), is dedicated to develop and optimize high 
brightness electron sources for short wavelength Free-
Electron Lasers (FELs) like FLASH and the European 
XFEL, both in Hamburg (Germany). Since October 2009 
a major upgrade is ongoing with the goal to improve the 
accelerating components, the photocathode drive laser 
system and the beam diagnostics as well. The essential 
new feature in the running will be an in-vacuum 10 MW 
RF directional coupler to be used for the RF monitoring 

and control. In this context a significant improvement of 
the RF stability is expected. RF pulses of 800 
microseconds with 10 Hz repetition rate will be used. The 
most important upgrade of the diagnostics system will be 
the implementation of a phase space tomography module 
(PST) consisting of three FODO cells each surrounded by 
two screen stations. The goal is an improved 
measurement of the transverse phase space at different 
charge levels. The upgraded facility will be described. 
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INTRODUCTION 
High brightness electron sources for short wavelength 

Free Electron Lasers (FEL) are being developed and 

optimized at the Photo Injector Test facility at DESY, 
Zeuthen site [1]. In the recent running break major

 

 
Fig.1 Schematic of the upgraded PITZ facility 
 
components are being replaced or newly installed. The 
major items of this upgrade are the exchange of the 
electron gun, the exchange of the booster cavity and the 
installation of a phase space tomography module. The 
schematic of the upgraded facility is shown in Fig.1. A 
gun of the same type as the previous one is installed now 
in PITZ. The conditioning has started and the gun will be 
characterized in 2010. Currently, a peak RF power of 2.7 
MW was reached during gun conditioning. 

NEW 10 MW IN-VACUUM RF COUPLER 
In the previous PITZ setup [2] signals from 2 directional 
couplers (5 MW each) have been used to control the RF 
power in the gun cavity. This setup implies ceramic 
vacuum windows after each coupler and a T-combiner to 
mix both waves and feed them into the gun cavity. A 
possible cross-talk of both directional couplers and 
uncertainty in the gun cavity response complicated 
significantly the operation of the LLRF system. The feed-
back loop became extremely complex, non-reliable and 
could not be used for the beam measurements. This 

resulted in large gun phase fluctuations since only the RF 
feed-forward has been applied [3]. 
To improve the control on the RF in the new PITZ gun 
(gun prototype 4.1) a newly developed 10-MW in-
vacuum directional coupler has been installed [4] after the 
T-combiner. The main advantage of its usage compared to 
the previous RF feeding scheme is a direct control on the 
combined forward wave and on the wave reflected from 
the gun cavity. First signals from antennas of the 10-MW 
in-vacuum directional coupler are shown in Fig.2, where 
the amplitude (power) and the phase of gun forward and 
reflected pulses are presented. After the upgrade of the 
RF system, the optimization of the phase shifter position 
located in one of two arms of the 10-MW klystron 
became more straightforward. It is reduced to the 
maximization of the gun forward power amplitude while 
the gun is being kept close to the resonance temperature. 
Preliminary studies on the possibility of feedback loop 
implementation have been done at a power level of 
~0.3 MW and different gun resonance temperatures. The 
feed-back applied at these conditions resulted in an 
improvement of the gun phase stability by a factor of 
about 3. Preliminary measurements of the RF phase jitter 
of the vector sum with a closed feed back loop yielded the 
RMS value of ~0.2 deg. More detailed studies on LLRF 
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regulation are foreseen when the nominal RF power in the 
gun cavity  (~7 MW) will be achieved. 
 

THE NEW BOOSTER CAVITY  
A new booster cavity based on a Cut Disk Structure 
(CDS) was developed and will be mounted at PITZ in 
spring 2010 [5]. The booster cavity will have an improved 
cooling system. It will be able to accelerate electrons 
above 20 MeV/c and will be suitable for long bunch 
trains.  The booster cavity is under preparation to be 
inserted in the beam line of PITZ.  
The photo injector arrangement is a full metal system and 
operates in the ultra high vacuum range. The residual gas 
should be free of hydrocarbons and the contribution to the 
total pressure of oxygen or oxygen containing gases 
should be negligible. Otherwise, one would get an 
oxidation or 
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Fig.2. Signals from 10-MW in-vacuum coupler - forward 
and reflected RF pulses. RF power in dBm (upper Fig.) 
and the phase along the RF pulse (below) have been 
measured at the power level of ~1.6 MW for the pulse 
length of 100 µs. No feed-back has been used for this 
measurement. 
 
poisoning of the photo cathode and consequently reducing 
its life time. Presently, a vacuum conditioning of the 
booster is running to reduce the out-gassing rate. It is 
done by baking at a separated test arrangement. After that, 
the booster will be installed at PITZ whereby the pumping 

will start using turbo molecular pumps. Later an ion getter 
pump arrangement supplemented by titanium sublimation 
pumps will allow stable RF conditions. 
 

THE PHASE SPACE TOMOGRAPHY 
MODULE 

The module consists of three FODO cells, whereby pairs 
are separated by a screen station. The number of screens, 
namely four, has been chosen in order to obey the 
requirement for as much as possible projections used for 
the reconstruction. The tomography theory proposes 
equidistant angular steps between each two projections, 
wherefrom the phase advance between two adjacent 
screens is 45 degrees.  It has been shown in [5] that such a 
phase advance delivers the smallest emittance 
measurement discrepancy using a multi-screen method 
with four screens. An upstream cell with identical 
geometry can be used as well to increase the number of 
projections. 
The desired systematic uncertainty of the measured 
emittance is below 10 %. This corresponds to a relative 
deviation of the measured spot size on a screen of 10 %. 
As the geometry of the module is rather compact with 
short but strong focusing quadrupole magnets, the 10 % 
deviation of the spot size sets tight requirements on the 
mechanical alignment of the components. Those are given 
in the table 1 below: 
 
Table 1: Components mounting tolerances in rms values. 
Misalignment Value Units 
Longitudinal  quadrupole off-set 0.1  µm 
Quadrupole roll angle 10  mrad 
Quadrupole pitch angle 20  mrad 
Quadrupole yaw angle 20  mrad 
Longitudinal  screen off-set 0.1  µm 
Screen rotation around x- and y- axes 10  mrad 
 
The positioning   of the screen stations and quadrupoles is 
done by means of a laser tracker and a hexapod, see Fig.3: 
Five of those screen stations and eleven quadrupoles have 
to be installed in the module. 
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Fig. 3:  The alignment of a screen station of the 
tomography section by means of a laser tracker and a 
hexapod. 

IONIZATION PROFILE MONITOR 
  An Ionization Profile Monitor (IPM) [7] will be inserted 
in the rear part of the beam line, in the first step only for 
one projection of the beam profile. One of the advantages 
of such a device is the possibility to work at high bunch 
charge and long bunch trains. 
The IPM consists of an electrode, called the “Repeller 
plate”, and a high spatial resolution detector (MCP). Both 
components have a definite potential.  Additional 
electrodes are installed to provide an uniform electrical 
field between the Repeller plate and the MCP, see Fig 4. 
The residual gas inside the beam tube is ionized by the 
electron beam. The produced ions are accelerated in a 
homogeneous electrical field toward the MCP. After 
amplification inside the MCP, electrons hit a phosphor 
screen. A CCD camera records the phosphorescence to a 
computer for further evaluation. 

 
 
 

 

 
 
 
Fig 4: IPM set up 
with grids 
 

LASER SYSTEM 
For generation of flat-top pulses an Yb:YAG laser system 
is used. This laser generates long pulse trains that contain 
up to 800 individual “micropulses” in the train. A flat-top 
shape of the individual pulses of the train is accomplished 
by means of a multicrystal  birefringent  filter  [8].  In this 
filter,  the  flat-top  pulse  shape  is  obtained  by  stacking 
several  replicas  of  the  input pulse, where the number of 
replicas is by one larger than the number of crystals used. 
The temperature of the individual crystals is precisely 
controlled in such a manner that the light field of the 
neighbouring replicas of the input pulse interfere 
constructively. High-quality flat-top pulses with rising 
and falling edges of approx. 2 ps duration are generated 
this way. In contrast to other arrangements [9,10], the 
produced pulses exhibit a precisely linear polarisation, 
which allows to further amplify them in a diode-pumped 
Yb:YAG amplifier chain and convert them to the fourth 
harmonics (λ = 257.5 nm) while maintaining the flat-top 
shape. 
The duration of the pulses emerging from the bi-
refringent filter depends on the effective number of 
crystals in it. Changing the pulse shape is accomplished 

by appropriately rotating the birefringent crystals in the 
shaper. Figure 5 shows the flat-top pulses of 
approximately 23.4 ps duration (FWHM) generated by 
using thirteen 2.7 mm thick YVO4 crystals in the shaper  
following further amplification in Yb:YAG amplifier 
stages and after conversion to the fourth harmonics. An 
innovation of the laser beam line is the integration of a 
gated intensified CCD camera. A fraction of the UV laser 
beam propagating from the laser to the photo injector is 
split off and directed onto a fast intensified CCD camera.  
The shape of the UV pulse was measured by cross-
correlating it with a second femtosecond infrared pulse. 
Alike the photocathode, this camera is also located at an 
image position of the aperture that is used for generating 
the spatial flat-top profile. By selecting an exposure time 
of approximately 500 ns as well as an appropriate trigger 
it is possible to measure the spatial intensity distribution 
for each laser bunch within the pulse train. These images 
will be used to extract position, size and intensity of the 
UV laser beam as well as their variations within the pulse 
train.  A first example of such a measurement is shown in 
Fig. 6.  
The air conditioning in the laser room was improved with 
the goal to minimize oscillations of the temperature. The 
maximum temperature oscillation is now +/- 0.1 degree as 
specified.  
 

 
Fig. 5: Flat-top UV pulse of 23 ps duration produced by 
the photo injector drive laser at PITZ. 
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Fig. 6: Variation of beam position (upper left), beam size 
(upper right) and laser pulse energy (lower right) during a 
train of 850 laser bunches derived from the signal of the 
gated, intensified CCD camera. For comparison, the UV 
pulse energy as observed using a photomultiplier (PMT) 
on the laser table is also depicted (lower left). 
 

THE BEAM INHIBIT SYSTEM (BIS) 
The BIS is an independent hardware, which protects parts 
of the system from destruction due to false operation. The 
logic is processed by a Siemens SPS S7-300 [10[.  
The communication with the control system is realized 
via Ethernet UDP protocol. The BIS detects the state of 
magnets, vacuum valves, screens, cathode, shutters, 
Emittance Measurement Systems (EMSYs) and Faraday 
cups to define maximum pulse length for the klystron, 
charge and numbers of laser pulse. The operating modes 
can be predefined or are self-detected from the state of the 
facility. 

TV SYSTEM – CAMERA TESTS 
The following cameras were tested in the lab: 
• JAI (CCD): TM-2040, BM-141 [12]. 
• Prosilica (CCD): GC-13050, GC-1380, GE-1380 

[13]  
• PhotonFocus (CMOS): D1312-80, D1312-40 

[14]  
All cameras have a GigE interface. The Prosilica GC-
1350 was measured each time as a reference camera. The 
main criteria the comparison are sensitivity of the camera, 
shutter speed, signal to noise ratio and radiation hardness. 
The camera measurements procedure can be divided in 
two parts: 

• taking frames for different gain levels with 
closed cap, so called dark frame 

• taking frames for different gain levels from the 
object which was illuminated by a lamp. 

The first measurement gives a noise distribution in the 
camera itself.  
 Also some other important features like gain range, 
possibility to adjust the black level, shutter control were 
studied. All cameras except PhotonFocus series have a 
possibility to control the gain at range approximately up 
to 24 dB. All cameras except PhotonFocus series and JAI 
TM-2040 have good noise distribution, mean and rms 
values. Unfortunately all Prosilica series have automatic 
black level control and look up tables made in such a way 
that they cut in a part of the signal. All the cameras have a 
good controllable shutter speed with a minimum shutter 
time of about 10 us. A radiation hardness test is foreseen 
in the near future. The summary plots are shown in the 
figures 7 and 8. To summarize we can say that the JAI 
BM-141 is the best choice for our measurements.  

CONCLUSION 
A major upgrade of the PITZ facility is ongoing. The 
electron gun is exchanged and under commissioning. A 
new accelerating booster cavity is under preparation to Be 
installed in the beam line.  The upgrade of the beam  
diagnostics is ongoing mainly by installation of the phase 
space tomography module. The complete restart is 
assumed in summer 2010. 
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Fig. 8: CCD camera comparison: noise in counts      
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LOW-CHARGE SIMULATIONS FOR PHASE SPACE TOMOGRAPHY
DIAGNOSTICS AT THE PITZ FACILITY
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Abstract

The Photo Injector Test Facility at DESY, Zeuthen site
(PITZ) aims to optimize high brightness electron sources
for linac-based FELs. Since the performance of an FEL
strongly depends on the transverse electron beam emit-
tance, the electron source is studied in details at PITZ by
measuring the emittance with the help of the Emittance
Measurement SYstems (EMSY). The EMSY employs the
slit scan technique which is optimized for 1 nC bunch
charge and, therefore, it might not be an optimal choice
for low charge bunches. To extend the ability of the fa-
cility for transverse phase space measurements, a module
for phase-space tomography diagnostics and its matching
section are installed in 2010. The basic components of the
module are four screens separated by FODO cells. It is
designed for operation with high charge and low energy
beams. This work studies the performance of the tomog-
raphy module when it is operated with low charge beams.
The influence of different beam parameters is evaluated ac-
cording to the requirement to match the envelope to the
optics of the FODO lattice. Simulation results and phase
space reconstructions are presented.

INTRODUCTION

PTTZ aims to optimize high brightness electron sources
for linac-based FELs like FLASH and the future Euro-
pean XFEL. Since the performance of an FEL strongly de-
pends on the transverse electron beam emittance, the last
is a major point for the photo-injector optimization pro-
cess done at PITZ. In the last run period only the sin-
gle slit scan technique using an Emittance Measurement
System - EMSY, has been used [1, 2]. EMSY consists
of horizontal and vertical actuators with 10 and 50 μm
slits masks and a YAG/OTR screen for beam size measure-
ment. A new module for phase space tomographic diag-
nostics and its matching section, both undergoing commis-
sioning at the moment, extends the ability of the facility
to characterize the transverse phase space. At the same
time the old TESLA booster cavity was replaced by a CDS
booster which is expected to deliver beam momentum up
to 30 MeV/c. Figure 1 shows the new schematics of the
PITZ beamline - PITZ 1.8. The tomography module, sit-
uated in the second part of the beamline, consists of three
FODO cells and four diagnostic screens as shown in Fig. 1.

∗ jatuporn.saisut@desy.de
† On leave CMU, Chiang Mai, Thailand
‡ On leave INRNE, Sofia, Bulgaria

More details about the design of tomography module can
be found in [3, 4]. The phase advance between the FODO
cells is 45◦ which is expected to deliver the smallest emit-
tance measurement error using the four screen method as
shown in [4]. The FODO cells are only 0.76 m and there-
fore the design Twiss parameters for a periodic solution
to be achieved are rather stringent - βx,y = 0.999 m and
αx,y = ±1.125. In order to deliver the expected Twiss pa-
rameters up to nine quadrupole magnets upstream the to-
mography module can be used. In this paper simulations
with 100 pC bunch charge for tomography diagnostics are
presented. In the first part the emittance optimization at
EMSY1, which is normally used for emittance measure-
ments, using ASTRA [5] is presented and then matching
solutions are shown. Finally, phase space reconstructions
for some of the matching cases are demonstrated.

EMITTANCE OPTIMIZATION

To study the performance of the tomography module
when it is operated with low charge bunches, simulations
are performed using ASTRA. The beam evolution is sim-
ulated from the cathode to the EMSY1 station. The ini-
tial conditions for the simulations are shown in Table 1.
The laser spot size is chosen as a compromise between

parameter value units

Laser pulse length 20 ps
rise/fall time 2 ps
kinetic energy 0.55 eV
rms laser spot size 0.150 mm
bunch charge 100 pC

RF-gun gradient at the cathode 60 MV/m

Booster phase on-crest

Tracking macro particles 200000 particles
particles

small emittance at EMSY1 and bigger spot size consid-
ered as suffering less from space-charge effects. The cri-
teria for the simulations is to optimize the emittance at the
EMSY1 station for a momentum range from 15 MeV/c to
32 MeV/c. The focusing solenoid magnetic field and gun
phase are optimized. Simulation results predict that the
maximum emittance at EMSY1 for this momentum range
is 0.185 mm mrad.

Table 1: The Initial Parameters of the Simulations
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Figure 1: The new layout of PITZ beamline (PITZ 1.8).

Figure 2 shows the evolution of the normalized emit-
tance and rms beam size along the beamline until 10 m for
a beam momentum of 20.6 MeV/c. The normalized pro-
jected emittance and rms beam size on EMSY1 are corre-
spondingly 0.183 mm mrad and 0.172 mm. Figure 3 shows
the obtained slice emittance and slice β-function, at the
same location. Both show alignment of the longitudinal
slices and expected easier matching.

Figure 2: Simulated rms beam size and normalized emit-
tance evaluated along the beam line for 100 pC bunch
charge and 20.6 MeV/c beam momentum. The position
of EMSY 1 is shown at 5.74 m downstream the cathode.

Figure 3: Slice emittance (left) and slice beta function
(right) for a beam momentum of 20.6 MeV/c at EMSY1.

MATCHING SOLUTION

At the beginning of the next run period the new booster
cavity will accelerate the beam momentum only up to
24 MeV/c, therefore the matching solutions were achieved
for momenta from 15 to 25 MeV/c. Matching into the to-
mography section has been performed using the V-code [6].
The V-code is a beam dynamics simulation tool which is
able to calculate the statistical moments of a bunch distribu-
tion as an input and calculate trajectories of those moments
through electro-magnetic fields. The matching starts from
EMSY1 to the first screen of the tomography module and
uses seven quadrupoles. In practice it is desirable to use as

few magnets as possible but according to simulations the
four Twiss parameters cannot be matched simultaneously
having a limited range of quadrupole gradients. In the sim-
ulations, the gradients of the last two quadrupoles in the
matching section are kept constant and have values close
to the magnets inside the module in order to make the first
periodic cross in front of the first screen. This is needed
because those two magnets have stronger influence on the
Twiss α parameters which are harder to adjust in the pres-
ence of space charge and short quadrupoles. The other five
quadrupoles are varied to match and minimize the devia-
tion of the Twiss parameters on the first screen. The solu-
tions from the V-code are plugged into ASTRA and tracked
from EMSY1 until the end of the module. In this tracking
3D space charge and the measured quadrupole fields are
included. The solutions which deliver β-mismatch Δβ1,
both for the horizontal and vertical planes, less than 50%
are evaluated. At the moment the best solution is the one
that can achieve a β-mismatch of 24% in the horizontal
and 17% in the vertical plane for a beam momentum of
20.6 MeV/c. The β-functions for the best solution from
EMSY1 until the end of the tomography module is shown
in Fig. 4(a).
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(a) β -functions from EMSY1 up to the end of the tomography module.

(b) Comparison of the β-functions with- and without space charge SC ef-
fect inside the tomography module.

Figure 4: Twiss β -functions for beam momentum of
20.6 MeV/c.

1Δβ [%] = 100· βdesign−βmeasured

βdesign
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Figure 4(b) shows a comparison of the β-functions along
the FODO lattice for the case with- and without space
charge effects. The matching is not as easy as expected
for 100 pC bunch charge because these simulations for op-
timized emittance are in a space charge dominated regime
as shown in Fig. 5. The space charge over emittance ratio

Figure 5: Space charge over emittance ratio as a function
of beam momentum.

as defined in [7] and shown in Eq. (1) is higher than 1 for
the whole range of momenta which corresponds to space
charge dominated regime.

ρ =
Iσ3

2βγI0ε2
N

, (1)

where I is beam peak current, I0 = 17 kA is the Alfven
current, σ - the rms beam size, and εN is the normalized
emittance.

PHASE SPACE RECONSTRUCTION

The transverse phase space of the electron beam on the
first screen can be reconstructed from projections of the
(x, y) distributions on the four screens of the tomogra-
phy section using the Maximum ENTropy-MENT [8] al-
gorithm. More details about the phase space reconstruction
can be found in [4]. Figure 6 shows results of the (y, y′)
reconstruction using a perfectly matched solution for the
case without space charge forces.
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Figure 6: Original and reconstructed vertical phase space
of a perfectly matched case for a beam momentum of
20.6 MeV/c.

Figure 7 shows the result from a solution which has a
β-mismatch of 17% in the vertical plane. Visually it can be
concluded that in the second case the spot size is bigger and
the reconstruction delivers higher density in the tails then
there is. Table 2 summarises parameters of the original and
reconstructed phase spaces for both cases.
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Figure 7: Original and reconstructed vertical phase space
for beam momentum of 20.6 MeV/c with 17% mismatch.

Parameters Original Reconstruction Δ[%]

σy,1 0.068 0.069 0.67

σyy′,1 0.051 0.052 1.00

εy,N,1 0.182 0.181 0.89

σy,2 0.092 0.080 4.97

σyy′,2 0.0102 0.010 1.45

εy,N,2 0.296 0.355 20.0

CONCLUSIONS

The simulation results show that it is not easy to match
a 100 pC bunch charge optimized for minimum emit-
tance since the beam is still in the space charge dominated
regime. It is possible to achieve good solutions but it is
cumbersome to do fine quadrupole gradient adjustments.
Higher energy is another possibility to overcome this prob-
lem. The work continues to find a good matching with this
setup. To decrease the space charge effects others param-
eters will be adjusted - for example laser spot size and the
case which emittance is not fully optimize will be matched.
Simulations with even lower charges are considered.
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Table 2: Summarized Parameters of the Original and Re-
constructed Phase Spaces (subscripts case 1, 2 referred to a
perfectly matched and 17% mismatched case accordingly).

WEPB10 Proceedings of FEL2010, Malmö, Sweden

416 FEL technology I: Injector and Linac



REFERENCES

[1] L. Staykov, “Characterization of the transverse phase space
at the Photo-Injector Test Facility DESY, Zeuthen cite”, PhD
thesis. Universität Hamburg, 2008.

[2] F. Stephan, C. H. Boulware, M. Krasilnikov, J. Bähr et al.,
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Abstract—The THz radiation from femtosecond electron 
bunches is focused on a sample which will be scanned 
using an xy-translation stage. The transmission intensity at 
different points of the sample are detected to construct a 
THz image. THz images of some samples were 
demonstrated using the THz imaging system. 

 

I. INTRODUCTION AND BACKGROUND 
THz radiation is electromagnetic wave having wavelengths 

of 1000μm to 100 μm (300 GHz - 3 THz) and lies in a gap 
between Microwave and Infrared. Over the past 20 years, this 
gap has been an unexplored region but nowadays sources and 
applications of THz radiation have rapidly developed [1-4]. 
One of its major applications is THz imaging, especially for 
noninvasive or nondestructive inspection. Applications of THz 
imaging which are widely developed are, for example, 
detections of weapons, explosives and drugs in packaging 
materials [5-8] as well as noninvasive inspection of defect in 
integrated circuits (IC) [9]. THz imaging has been investigated 
for cancer diagnostic because the radiation is highly sensitive 
to water content [10] and, for the same reason, it can be 
applied for quality control of agricultural products [11]. These 
examples show that THz imaging can becomes a powerful tool 
for defense, science, industry, agriculture, medical, and 
pharmaceutical applications. 

Intense THz radiation can be generated in form of coherent 
transition radiation by using short electron bunches which are 
available at the Plasma and Beam Physics Research Facility 
(PBP), Department of Physics and Materials Science, Faculty 
of Science, Chiang Mai University. This THz radiation is used 
as a source of the THz imaging system 

II. GENERATION OF THZ RADIATION 
A THz facility based on femtosecond electron bunches has 

been established at the Plasma and Beam Physics Research 
Facility (PBP), Chiang Mai University. Femtosecond electron 
bunches are generated from a system consisting of an RF-gun 
with a thermionic cathode, an alpha-magnet as a magnetic 
bunch compressor and a linear accelerator as a post 
acceleration section. These short electron pulses can be used 
to produce high intensity THz radiation in the form of 
coherent transition radiation by placing an aluminum foil (Al-
foil) in the electron path, representing a transition between 
vacuum and conductor [12]. The available THz radiation 
covers from 5 cm-1 to around 80 cm-1 wavenumber which 
corresponded to frequency range from 0.3 THz to 2.4 THz. 

 
III. THZ IMAGING SYSTEM 

Schematic diagram of a THz imaging system (transmission 
measurement) at the Plasma and Beam Physics Research 
Facility (PBP), Chiang Mai University is illustrated in Fig. 1 
for transmission measurement. THz radiation is focused on a 
sample which will be scanned using an xy- translation stage 
controlled by a computer. The transmission intensity (IT) will 
be detected by a room-temperature pyroelectric detector. 
Computer program will be employed to calculate and analyze 
intensity at difference points on the sample for THz image 
construction. 

 

 
 

Fig. 1 Schematic diagram of the THz imaging system  
at Chiang Mai University 

IV. RESULTS 
THz radiation can penetrate into non-polar dielectric 

materials such as paper, plastic and textile. The radiation is 
blocked by metal and is absorbed by water content.  

By using a copper cone as a focusing element, the THz 
image of holes on Al-foil [Fig. 2(a)] placed in an envelope is 
shown in Fig. 2(b). Positions and spot sizes of the patterns 
from the THz image correspond well to those of the Al-foil 
sample. Using a Tsurupica THz lens [13] as a focusing 
element, Fig. 3 (a) and (b) show a water drop sample and its 
THz image. Low intensity area on the THz image displays  
feature of the drop which absorb THz radiation. The resolution 
of THz images can be improved by using a copper mesh [14] 
shown in Fig. 4(a) as a high pass THz filter. The copper mesh 
filter is placed in front of the first focusing element in the 
imaging system. A THz image of a cut pattern on Al-foil [Fig. 
4(b)] obtained with filter is shown in Fig. 4(d) which resolves 
finer structure the pattern.  
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Fig. 2 (a) Holes on Al-foil and (b) THz image of holes. 
 

          
 

Fig. 3 (a) Water drop sample and (b) its THz image. 
 

                      
 

     
 

Fig. 4 (a) Copper mesh filter (b) Cut pattern on Al-foil and 
THz image (c) without and (d) with copper mesh filter. 

 

V. CONCLUSIONS 
A THz imaging system based on femtosecond electron 

bunches was successfully setup and tested at the Plasma and 
Beam Physics Research Facility (PBP), Chiang Mai 
University. The system can construct THz images of Al-foil 
patterns concealed in an envelope and water content samples. 
The image resolution can be improved by using a copper mesh 
as THz filters. Image processing techniques can be applied to 
further improve image resolution. 
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Abstract— The production and utilization of four fundamental probes, namely, electron, ion, neutron and photon, have 
played vital role in the research and development of modern science and technology. These probes are generated by various 
types of particle accelerators. At the Plasma and Beam Research Facility (PBP), Chiang Mai University, Thailand, beams of 
charged particles are accelerated to energies ranging from the keV to the MeV region. Low energy (< 200 keV) heavy ion 
implanters are applied to research in material surface modification, biology and nanotechnology whereas the MeV tandem 
accelerator is employed in material surface analysis and lithography. Relativistic femtosecond electron beam is used to 
produce transition radiation with wavelength in the THz region. Details of the present and future accelerator R & D 
activities are presented and discussed. 
 
Keywords— accelerator, ion beam, electron beam, material modification, ion beam biotechnology, linac, THz radiation, FEL 
 

1.  INTRODUCTION 

In Thailand, the first accelerator facility was established 
in Chiang Mai about four decades ago. A nanosecond 
pulsed neutron generator was constructed and installed at 
the Fast Neutron Research Facility on the main campus of 
Chiang Mai University (CMU) [1]. The high stability 
Cockcroft-Walton type accelerator was modified to 
incorporate beam chopping and bunching devices. The 
140 keV deuteron beam was used to produce neutrons 
from the T(d,n)4 He reaction. The 1.5 – 2 ns pulsed 
neutrons were initially utilized in the measurement of 
double differential neutron emission cross sections with a 
10-m flight path [2]. A few years later, a 150 kV heavy 
ion implanter was designed and constructed [3]. Gaseous 
ions such nitrogen ions were generated and used to 
modify tribological properties of metals and alloys. 
Subsequent machines were installed for ion-
bioengineering studies. A decade ago, femtosecond 
electron bunches from a thermionic RF-gun with a bunch 
compressing α-magnet were built at CMU [4]. In this 
paper, the development and present status of the 
accelerator technology and its utilizations are reviewed. 

2.  ION BEAMS   

 Development of low and medium energy (keV – 
MeV) ion beam accelerators and related technology and 
applications has been a main focus of the national 
research in accelerator physics. We have established an 
ion beam research center at CMU as a unique 
comprehensive ion beam and plasma research laboratory. 
The Plasma and Beam Physics Research Facility (PBP), 
formerly named the Fast Neutron Research Facility 
(FNRF), is now equipped with a 1.7-MV Tandetron 
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tandem accelerator mainly for ion beam analysis (Fig. 1), 
a 220-kV Varian versatile ion implanter for various ion 
implantations, a 30-kV bioengineering-specialized 
vertical ion beam line for biological applications, a 30-kV 
plasma immersion ion implantation facility for material 
surface modification, a 10-kV ion beam neutralizer for 
neutral beam implantation in non-conducting materials, 
and a number of plasma facilities. Historically, a 150-kV 
deuteron accelerator based 14-MeV fast neutron 
generator, a 150-kV heavy ion implanter, a 150-kV high-
current broad-beam ion implanter and a 300-kV ns-pulsed 
accelerator-based beam line with a chopper-buncher 
system for time-of-flight (TOF) Rutherford backscattering 
spectrometry (RBS) analysis were also constructed but 
now demolished. With applying all of these ion beam 
facilities Thai scientists have been able to carry out so 
much research work on materials modification, surface 
analysis and biological applications and achieve 
significant attainments.    

The ion beam has been applied for modification of 
solid materials such as local steels [5], alloys [6], cermet 
[7], ceramics [8,9] and semiconductors [10]. We achieved 
improvements in material surface hardness, wear 
resistance, friction coefficient, corrosion resistance, high-
temperature oxidation resistance, optical properties and 
formation of nanostructures. Based on the success in the 
conventional materials modification by ion beams, the 
application of ion beam was extended to biology.  The ion 
beam biology (IBB) research has been an emphatic 
research program in the field of low-energy accelerator 
applications since 1998. The research is generally aimed 
at utilizing ion beam and plasma technology for 
applications in biology, agriculture, horticulture, medical 
science and life science. The research has led to 
establishment of the ion beam biotechnology in the 
country and succeeded in ion-beam-induced mutations of 
local rice, flowers and vegetables and DNA transfer in 
bacteria and yeasts [11-13]. The on-going basic research 
is focused on investigations of mechanisms involved in 
the ion-beam-induced mutation and DNA [14-16]. 

Besides the applications in materials modification, ion 
beam has been applied for material analysis. Two 
accelerators, namely, the 1.7-MV Tandetron tandem 
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accelerator and the 300-kV medium-energy ns-pulsed ion 
beam accelerator, have been employed for the purpose. 
The Tandetron accelerator employs two ion sources, a 
duoplasmatron ion source and a cesium (Cs) sputter ion 
source, capable of producing analyzing ion beams of light 
species such as hydrogen and helium and heavy species. 
The beam line is currently able to perform ion beam 
analysis techniques such as Rutherford Backscattering 
Spectrometry (RBS), RBS/channeling, Particle Induced 
X-ray Emission (PIXE), Elastic (non-Rutherford) 
BackScattering (EBS) and Ionoluminescence (IL) with 
assistance of commercial and self-developed softwares. 
The medium-energy ion accelerator is featured with ns-
pulsed beam so that Time-of-Flight (ToF) RBS analysis 
using medium-energy ion beams can be available for 
detailed analysis of materials. Ion beam analysis 
experiments and applications have been vigorously 
developed in analyses of elements, elemental depth 
distribution, radiation damage in crystals, thin or 
hierarchical films, and nanostructures of various materials 
including metals, semiconductors, ceramics, gemstones, 
airborne dust and biological organisms [17,18]. 
Furthermore, the MeV ion beam has been utilized for ion 
beam lithography which has been a useful technique for 
microfluidics application. MeV ion beam lithography is a 
direct writing technique capable of producing microfluidic 
patterns and lab-on-chip devices with straight walls in 
thick resist films [19,20].  

Accelerator-based ion beams have been working 
together with plasma technology for ion beam 
nanotechnology applications. The ion beam nano 
technology research was initiated with carbon ion 
implantation in tungsten carbide cemented by cobalt 
(WC-Co) cermet to achieve surface nanostructure which 
resulted in ultra-low friction coefficient [21]. Later on, the 
research topics have been extended to include ion beam 
synthesis of nanocrystalline materials such as silicon 
carbide (SiC) [22], ion beam and plasma deposition of 
nanofilms such as diamond-like carbon (DLC) coatings 
[23], ion beam lithography of micro/nanopatterns, ion 
beam and plasma induced surface nanostructures such as 
nanofibers and nanoislands, ion beam nanoanalysis, and 
ion beam nanobiotechnology.      

3. ELECTRON BEAM  

The SURIYA electron beam facility to produce 
femtosecond electron bunches and THz radiation has been 
developed for a decade. Fig. 2 shows the schematic 
diagram of the bunch generation and compression system 
using a specially designed radiofrequency (RF)-gun 
[24,25].  In the RF-gun, electrons are continuously 
emitted with thermal energies from a thermionic cathode 
and are extracted and accelerated during an

 
Fig. 1. Schematic diagram of the 1.7-MV tandem accelerator and ion beam line  

for ion beam analysis. 
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Fig. 2. Schematic layout of the accelerator system at Chiang Mai University for generation of short 

electron bunches. Q: quadrupole magnet, SC: screen, CT: current monitor, TR and PXR: transition and 
parametric X- radiation experimental stations. 
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accelerating phase of the RF-fields at 2856 MHz. At first 
electrons are accelerated rapidly and reach the end of the 
half-cell just before the RF-phase becomes decelerating. 
They are further accelerated through the full-cell to reach 
the maximum kinetic energy of 2.0-2.5 MeV at the gun-
exit depending on the accelerating field gradients. Later 
on the electrons feel some decelerating fields and gain 
less and less overall energy resulting in a well-defined 
correlation between energy and time. Electron bunches of 
20-30 ps from the RF-gun are then compressed in an α-
magnet, where the particle path length increases with 
energy. This allows the lower energy particles, emitted 
later in each bunch, to catch up with the front for effective 
bunch compression. The optimized and compressed part 
of the electron bunch is then filtered by energy slits 
located in the α-magnet vacuum chamber and then 
transported through a SLAC type linac and a beam 
transport line to experimental stations. At the 
experimental stations, the bunches are compressed to less 
than 1 ps [26]. Operating and beam parameters are shown 
in Table 1. 
 

Table 1. Operating and beam parameters of the electron 
beam accelerator at CMU. 

Parameters RF-gun Linac 

Beam energy [MeV] 2.2-3 6-10 

Macropulse peak current 
[mA] 

1000 50-150 

RF-pulse length (FWHM) 
[μs] 

2.8 8 

Repetition rate [Hz] 10 10 

Beam-pulse length [μs] ~2 ~0.8 

Number of 
microbunch/macropulse 

5700 2300 

Number of electrons 
/microbunch 

1.4×109 8×107 - 
6×108 

 

The femtosecond electron bunches are used to 
generate intense THz or far-infrared radiation in the form 
of coherent radiation. Such radiation is of great interest 
for THz spectroscopy and THz imaging applications [27-
28].  After acceleration, the compressed electron bunches 
are used to generated coherent transition radiation (TR) by 
passing through a thin aluminum (Al)-foil. The Al-foil or 
radiator is tilted by 45o facing the electron beam direction. 
The backward transition radiation is emitted 
perpendicularly to the beam axis and transmits through a 
high density polyethylene (HDPE). The radiation energy 
of 19 μJ per macropulse or a peak power of 24 W was 
measured by collecting over an acceptance angle of 160 
mrad. The available THz radiation, measured using a 
Michelson interferometer with a room-temperature 
pyroelectric detector, covers from 5 cm-1 to around 80 cm-

1 wavenumber (0.15 THz – 2.4 THz). THz spectroscopy 
can be done easily by measuring power transmission or 
power reflection of a sample via a Michelson 
interferometer and the Fourier Transformation as well as 

with Dispersive Fourier Transform Spectroscopy (DFTS) 
technique.  THz spectroscopy experiments, especially that 
of highly absorbing substances using coherent THz 
transition radiation source and DFTS technique, have 
been reported [29]. Reflection and transmission THz 
imaging experiments were conducted as examples of THz 
radiation applications using our radiation source [30]. It is 
possible to extend the spectral range further by using 
shorter electron bunches. 

 

4. FUTURE PLAN FOR IR-THz  FEL 

At Chiang Mai University, we plan to establish a 
new research facility centered on the production and 
utilization of femto-second electron pulses and Free 
Electron Lasers (FEL) optimized for mid and far 
infrared/THz radiation. The main goal of the extension 
into the THz facility would be the generation of infra-red 
(IR) radiation covering the mid and far-infrared regime to 
wavelengths up to the THz regime. The broad interest is 
fueled by the promises in support of basic and applied 
research, security, biology, chemistry, medicine etc. 
Infrared and THz radiation could be used for security to 
replace or amplify, for example, metal detectors to detect 
non-metallic but dangerous articles. Furthermore, quality 
controls of food products would be possible through 
packing material by examining chemical composition, 
water content and freshness of food. In biology and 
chemistry IR and THz radiation is used in spectroscopy to 
investigate vibrations of macro-molecules. Especially, 
high intensity THz radiation has been used to study 
biological samples in watery environment rather that in 
dry condensed states. The structure and integrity of 
semiconductor devices can be investigated through 
packaging while studying the circuit layers. All of these 
are our planned applications. 

In order to realize the applications, we will 
rearrange and construct the facility area. Recently, a large 
well shielded area became available through the 
decommissioning of a fast neutron facility, and it is 
planned to establish the new center there by first 
relocating SURIYA to this location. The size of the new 
location (12 x 13.5 m2) allows the installation of several 
FELs side by side. The beam from SURIYA will be 
turned around by several 180o achromatic deflections to 
let the electron beam pass through one of 2 - 3 FEL 
undulators which are required to optimally cover the 
desired radiation spectrum. The electron beam from the 
SURIYA facility is not optimal now, but by only a modest 
increase of the RF-power to the RF-gun a beam condition 
can be generated which is optimal for a FEL although not 
anymore for bunch compression. The source of the 
electron beam being a 2.5 MeV RF-gun ensures that the 
beam emittance is sufficiently small for all FELs. 
Similarly, the energy spread from the gun is less than 1 %. 
A schematic outline of the facility is shown in Fig. 3. The 
free space available for each FEL with optical cavities is 
about 10 m. A photon beam line attached to each FEL will 
guide the photons to a well shielded, radiation free area (~ 
150 m2) and associated experimental location.  
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Fig. 3. Schematic diagram of the planned layout of the new facility for free electron lasers. 

 

5. CONCLUSION 

At Chiang Mai University, accelerators and the 
accelerator-based research activities have been vigorously 
being developed in recent 20 years. Two accelerator bases 
are representatives, namely the ion and electron beam. Ion 
beam technology has been broadly applied for materials 
modification, material analysis, biology, agriculture and 
nanotechnology. Electron beam accelerator technology 
has been constantly developed for advanced applications 
including THz radiation spectroscopy. The construction, 
installation and applications of the accelerators and 
related technology have significantly promoted the 
scientific, technological and educational developments. 
   

ACKNOWLEDGMENT 

The authors thank Helmut Widermann for his 
contribution to the planning of the free electron laser 
project and for reviewing part of the manuscript. The 
projects have been supported by the Thailand Research 
Fund, Commission on Higher Education, National 
Research Council of Thailand, Ministry of Science and 
Technology, National Metal and Materials Technology 
Center, National Nanotechnology Center, Thailand Center 
of Excellence in Physics, Chiang Mai University, and 

International Atomic Energy Agency. We wish to thank 
all of project participants for their various contributions.  

REFERENCES 

[1] T. Vilaithong, et al., Proc Int. Conf. on Nuclear Data 
for Science and Technology, Juerlich, Germany, S.M. 
Qaim (Ed.) (Springer Verlag. May 1991) pp. 483-
486. 

[2] T. Vilaithong, D. Boonyawan, S. Konklong, W. 
Pairsuwan and S. Singkarat, Nucl. Instr. Meth. A 332, 
561 (1993). 

[3] D. Suwannakachorn, et al., Nucl. Instr. Meth. B 89, 
354 (1994). 

[4] S. Rimjaem, R. Farius, C. Thongbai, T. Vilaithong 
and H. Wiedemann, Nucl. Instr. Meth. A 533, 258 
(2004). 

[5] L.D. Yu, T. Vilaithong, D. Suwannakachorn, S. 
Intarasiri and S. Thongtem, Nucl. Instr. Meth. B 127-
128, 954 (1997). 

[6] L.D. Yu, S. Thongtem, T. Vilaithong and M.J. 
McNallan, Surf. Coat. Technol. 128-129, 410 (2000). 

[7] L.D. Yu, G.W. Shuy and T. Vilaithong, Surf. Coat. 
Technol. 128-129, 404 (2000). 

[8] C. Chaiwong, L.D. Yu, K. Schinarakis, T. Vilaithong, 
Surf. Coat. Technol. 196, 108 (2005). 

[9] S. Intarasiri, D. Bootkul, L.D. Yu, T. Kamwanna1, S. 
Singkarat and T. Vilaithong. Surf. Coat. Technol. 



 

9th Eco-Energy and Materials Science and Engineering Symposium, Chiang Rai, Thailand 25-28 May. 2011 

 

203, 2788 (2009).  
[10] S. Intarasiri, et al., Nucl. Instr. Meth. B 249, 851 

(2006). 
[11] B. Phanchaisri, R. Chandet, L.D. Yu, T. Vilaithong, 

S. Jamjod, and S. Anuntalabhochai, Surf. Coat. 
Technol. 201, 8024 (2007).  

[12] A. Krasaechai, et al., Surf. Coat. Technol. 203, 2525 
(2009). 

[13] S. Anuntalabhochai, R. Chandej, B. Phanchaisri, L.D. 
Yu, T. Vilaithong, and I.G. Brown, Appl. Phys. Lett. 
78, 2393 (2001). 

[14] R. Norarat, N. Semsang, S. Anuntalabhochai, and 
L.D. Yu, Nucl. Instr. Meth. B 267, 1650 (2009).  

[15] S. Sarapirom, K. Sangwijit, S. Anuntalabhochai, and 
L.D. Yu, Surf. Coat. Technol. 204, 2960 (2010). 

[16] K. Prakrajang, P. Wanichapichart, S. Anuntalabhochai  
and L.D. Yu, Nucl. Instr. Meth. B 267, 1645 (2009).  

[17] S. Intarasiri, et al., Nucl. Instr. Meth. B 249, 859 
(2006). 

[18] T. Kamwanna, N. Pasaja, L.D. Yu, T. Vilaithong, A. 
Anders, and S. Singakarat, Nucl. Instr. Meth. B 266, 
5175 (2008). 

[19] S. Gorelick, N. Puttaraksa, T. Sajavaara, M. Laitinen, 
S. Singkarat, and H.J. Whitlow, Nucl. Instr. Meth. B 
266, 2461 (2008). 

[20] N. Puttaraksa, S. Gorelick, T. Sajavaara, M. Laitinen, 
S. Singkarat, and H. J. Whitlow, J. Vac. Sci. Tech. B 
26, 1732 (2008). 

[21] L.D. Yu, G.W. Shuy, and T. Vilaithong, J. The 
Surface Finishing Society of Japan 54, 749 (2003). 

[22] S. Intarasiri, et al., Appl. Surf. Sci. 253, 4836 (2007).  
[23] L.D. Yu, S. Aukkaravittayapun, D. Boonyawan, S. 

Sarapirom, T. Vilaithong, Surf. Coat. Technol. 203, 
2771 (2009).  

[24] J. Saisut, et al., Nucl. Instr. Meth. A (2010), 
doi:10.1016/j.nima.2010.02.032. 

[25] S. Rimjaem, R. Farias, C. Thongbai, T. Vilaithong, 
and H. Wiedemann, Nucl. Instr. Meth. A 533, 258 
(2004). 

[26] C. Thongbai, et al., Nucl. Instr. Meth. A 587, 130 
(2008). 

[27] X.-C. Zhang and Jingzhou Xu, Introduction to THz 
Wave Photonics, Springer, New York, 2010. 

[28] Y. Kim, et al., J. Korean Physical Society 56, 255 
(2010). 

[29] K.N. Woods and H. Wiedemann, Chem. Phys. Lett. 
393, 159-165 (2004). 

[30] P. Thamboon, et al., Nucl. Instr. and Meth. A (2010), 
doi:10.1016/j.nima.2010.02.047 

 
 

 

 



 

9th Eco-Energy and Materials Science and Engineering Symposium, Chiang Rai, Thailand 25-28 May 2011 

 

 

Accelerator-based THz Radiation source at Chiang Mai University 
 
 
 

J. Saisut a,c,* , K. Kusoljariyakul a,c  , P. Wichaisirimongkol a,c, 
P. Thamboon b,c, M.W. Rhodes b,c and C. Thongbai a,c 

 
 
 

Abstract— A THz radiation source based on femtosecond electron bunches has been constructed at the Plasma and Beam 
Physics (PBP) research facility, Chiang Mai University. The accelerator system consists of an RF-gun with a thermionic 
cathode, an alpha-magnet as a magnetic bunch compressor, and a linear accelerator as a post acceleration section. 
Coherent transition radiation emitted from short electron bunches was used as the THz radiation source. This THz radiation 
can be used as a source of the THz imaging system and THz or far-infrared spectroscopy. The generation and 
characterization of the THz will be presented. Recent experimental results on THz spectroscopy and THz imaging will be 
presented and discussed. 

 
Keywords— femtosecond electron bunches, Coherent transition radiation, THz radiation  
 

1.  INTRODUCTION 

A THz facility based on femtosecond electron 
bunches has been established at the Plasma and Beam 
Physics Research Facility (PBP), Chiang Mai University. 
Femtosecond electron bunches are generated from a 
system consisting of an RF-gun with a thermionic 
cathode, an alpha-magnet as a magnetic bunch 
compressor and a linear accelerator as a post acceleration 
section as shown in Fig.1. In the RF-gun, electrons are 
continuously emitting with thermal energies from the 
thermionic cathode and are extracted and accelerated 
during an accelerating phase of the RF-fields at 2856 
MHz. The first electron is accelerated rapidly and reach 
the end of the half-cell just before the RF-phase becomes 
decelerating. It is further accelerated through the full-cell 
to reach maximum kinetic energy of 2.0-2.5 MeV at the 
gun-exit depending on accelerating field gradients. Later 
electrons feel some decelerating fields and gain less and 
less overall energy resulting in a well-defined correlation 
between energy and time. Electron bunches of 20-30 ps 
from the RF-gun are then compressed in an α-magnet, 
where the particle path length increases with energy. This 
allows the lower energy particles, emitted later in each 
bunch, to catch up with the front for effective bunch 
compression. The optimized and compressed part of the 
electron bunch is then filtered by energy slits located in 
the α-magnet vacuum chamber and then transported 
through a SLAC type linac and a beam transport line to 
experimental stations. At the experimental station, the 
bunches are compressed to less than 1 ps. These short 
electron pulses can be used to produce high intensity THz 
radiation in the form of coherent transition radiation. 
Typical operating parameters and electron beam  
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characteristics at SURIYA facility are complied in Table 
1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE 1.  Operating and beam parameters. 
 
Parameters RF-gun Linac 
Beam energy [MeV] 2.2-3 6-10 
Macropulse peak current [mA] 1000 50-150 
RF-pulse length (FWHM) [μs] 2.8 8 
Repetition rate [Hz] 10 10 
Beam-pulse length [μs] ~2 ~0.8 
Number of microbunch/macropulse 5700 2300 
Number of electrons /microbunch 1.4×109 8×107 - 6×108 

2. GENERATION OF THz RADIATION 

At PBP facility, the THz radiation is generated in the 
form of transition radiation by placing an aluminium foil 
(Al-foil) in the electron path, representing a transition 
between vacuum and Al-foil. When electron passes 
through an interface between two media of different 
dielectric constants, it emits electromagnetic fields. In the 
case of a normal incidence, the radiation energy W per 

Alpha 
magnet

RF inputRF gun

linac
Energy slits

Thermionic cathode

49.29o

Fig.2. Schematic diagram of the electron bunch 
generation and compression system. 
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unit angular frequency ωd  per unit solid angle Ωd  for 
the backward transition radiation from vacuum-conductor 
interfaces is given by [7] 

 ,
)cos1(
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2222

222

θβπ
θβ

ω −
=

Ω c
e

dd
dW          (1) 

where θ  is the angle between the emitted radiation 
direction and the inverse direction of electron trajectory (-
z axis). For relativistic electrons ( 1>>γ  and 1→β ), the 
maximum intensity can be obtained at γθ /1±≈ . In case 
of a 45o incidence, the backward radiation emitted at 90º 
with respect to the beam axis with its spectral-angular 
distribution given by the contribution of parallel and 
perpendicular polarization radiation. 
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where y is the emission angle between the direction of 
emitted radiation and the -z axis, while φ is the azimuthal 
angle defined in the xy-plane with respect to the -x axis. 

The radiation from an electron bunch becomes 
coherent and highly intense at wavelength about or longer 
than the bunch length. The intensity of coherent radiation 
is proportional to the number of radiating electrons 
squared and thus exceeds greatly that of incoherent 
radiation at the same wavelength. Total electromagnetic 
radiation emitted from a bunch of N electrons at radiation 
frequency ω  is ( ) ( )[1 ( 1) ( )],eI NI N fω ω ω= + −  where 

)(ωeI  is the radiation intensity from a single electron and 
the bunch form factor )(ωf  is the Fourier transform of the 
longitudinal bunch distribution square. Since the radiation 
spectrum is proportional to the Fourier transform of the 
bunch distribution, the short bunch is therefore desired for 
production of broadband radiation spectrum. The 
radiation brightness in Fig.3  shows that electron bunches 
of 100 fs can provide broadband radiation in far-infrared 
regime with the wavenumber cover from 5 cm-1 to 200 
cm-1. This intense coherent transition radiation greatly 
exceeds that of a black body as well as that of synchrotron 
radiation. 
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Fig.2. Radiation brightness B (ph/s/mm2/100%BW) for 
coherent transition radiation from electron bunches of σz = 
50, 100, and 200 fs compared to black body radiation and 
synchrotron radiation. 

3. CHARACTERIZATION OF THz RADIATION 

The electron beams after acceleration was used to 
generate coherent transition radiation utilizing a 25.4-μm-
thick Al-foil of 24 mm diameter as a radiator. The radiator 
is tilted by 45o facing the electron beam direction. The 
backward transition radiation is emitted perpendicular to 
the beam axis. The radiation is collimated by a 1-inch 90º 
parabolic mirror and transmits through a high density 
polyethylene (HDPE) window of 1.25-mm-thick and 32-
mm diameter. A copper light cone is used to collect the 
radiation into a room-temperature pyroelectric detector. A 
cross-sectional diagram of the experimental set up for 
measuring the transition radiation is shown in Fig.4. 

3.1. THz RADIATION INTENSITY 

The detector signal of THz radiation was clearly 
observed. The radiation energy of 9 μJ per macropulse or 
a peak power of 12.5 W was measured by collecting over 
an acceptance angle of 160 mrad.  
 

 
 

Fig.3. Setup to generate THz Transition radiation. 
 

3.2. THz RADIATION PROFILE 
The THz radiation profile or the spatial distribution is 

obtained from the setup as shown in Fig.4. The system 
consists of Tsurupica lens [8], a translation stage and 
Pyrocam III camera [9]. The collimated THz radiation is 
focused by the lens to Pyrocam III which attached on the 
translation stage. The recorded profiles are shown in 
Fig.5.  
 

 
 

Fig.4. THz radiation profile measurement setup. 
 

The radiation beam size is estimated from the 
projection of the profile both X and Y plane. By applying 
Gaussian distribution to the projections, the FWHM of the 
projection can be obtained. It is then able to scale back to 
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the radiation beam size in front of the lens by recording 
the profiles along Z axis. According to the fitting results, 
the radiation beam diameter is equal to 2.42 cm. The 
result agrees well with the radiation beam diameter 
limited by the size of the parabolic mirror (2.54 cm 
diameter). The maximum intensity is located at angle of 
70 mrad with respect to the center of the radiation cone. 
Theoritically for a 7 MeV beam, which is the mean 
energy of the beam in the measurement, the maximum 
intensity is located at 68 mrad with respect to the center of 
the radiation cone. Figure 6 shows comparision of THz 
profile  betaween calculation for beam energy of 7 MeV 
and experiment at Z = 0.6 cm. The experimental results is 
slightly difference from the simplify of the theoretical 
even the electron beam have a large energy spread 
ranging from 5 to 10 MeV. Possible reason for this small 
discrepancy is that the in coming radiation is not perfectly 
parallel but it has small divergence due to the parabolic 
mirror focusing. The radiation might not be radiated at the 
focal point of parabolic mirror.  

   

 

    
 

Fig.5. THz radiation profile along Z axis; (a) Z = - 1.4 cm, (b) 
Z = - 0.6 cm, (c) Z = 0.0 cm, (d) Z = 0.6 cm, (e) Z = 1.4 cm. 
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    (a)           (b) 
 
Fig.6. THz radiation profile from; (a) theoretical calculation 
for beam energy of 7 MeV and (b) experiment at Z = 0.6 cm. 

3.3. THz RADIATION POWER SPECTRUM 

The radiation power spectrum can be derived via 
Fourier Transformation of the autocorrelation pattern or 
interferogram which obtain from Michelson 
interferometer as shown in Fig.7 coherent transition 
radiation exits through a HDPE window and enters a 
Michelson interferometer. The interferometer consists of a 
beam splitter, a fixed and a movable first surface mirror, 
arranged as shown in the figure. The radiation field 
entering the Michelson interferometer is split into two 
parts by the beam splitter, both travelling in different 
directions to be reflected back by mirrors. After reflection, 
parts of the two radiation pulses are combined again and 
absorbed by a detector to determine the intensity. 

At an optical path difference δ between both 
spectrometer arms, the combined radiation pulses are the 
radiation from the fixed arm, 1( ) ( )E t TRE t= , and the 
radiation from the movable arm delayed in time by / cδ , 

2 ( ) ( / )E t RTE t cδ= + . Here ( )R R ω=  and ( )T T ω=  are 
the reflection and transmission coefficients of the beam 
splitter. The intensity measured at the detector is then  

 
 

Fig.7. Schematic diagram of the THz  
Michelson interferometer. 
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where 2
0 2 | ( ) |dI RTE t dt∝ ∫  is independent of the path 

difference δ and represents the baseline. The 
autocorrelation pattern obtained from the measurement is 
shown in Fig. 8. By scanning movable mirror, we can 
construct “an interferogram’ which is the variation 
intensity above the base line as a function of path 
difference. An interferogram just represent the radiation 
autocorrelation. 

    ∫ += dtctEtERTI )/(*)(Re2)( 2 δδ .                (6) 

The expression of interferogram in frequency domain 
using a Fourier transformation is then 

    ∫
+∞

∞−

= ωωωωδ
ωδ

deETRI c
i2

)(~)()(Re2)( .             (7) 

The radiation power spectrum is the Fourier transform of 
the interferogram from eq.(7)     

   { })()()(~)()(
2

δδδωωω
ωδ

IFTdeIETR c
i

=∝ ∫ .   (8) 

(a) z = -1.4 cm (b) z = -0.6 cm 

(c) z = 0.0 cm 

(d) z = 0.6 cm (e) z = 1.4 cm 
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Fig.8. Autocorrelation pattern or interferogram 

 
The radiation power spectrum displayed in Fig.9 can be 

derived via Fourier Transformation of the interferogram. 
The available THz radiation covers from 5 cm-1 to around 
55 cm-1 wavenumber which correspondeding to a 
frequency range from 0.3 THz to 1.8 THz. 
 

 
Fig.9. THz Radiation power spectrum. 

5. APPLICATIONS 

5.1 THz SPECTROSCOPY 

The THz spectroscopy can be done easily by 
measuring power transmission or power absorption of a 
sample via a Michelson interferometer and the Fourier 
Transformation. Although phase information has been 
lost in the measurement, optical constants of the sample 
can be obtained by some modeling or Kramers-Kronig 
calculation [10]. Dispersive Fourier Transform Spec- 
troscopy (DFTS) [11] may also be used for direct 
determination of optical constants of a sample. In a DFTS 
setup, a sample is inserted in one arm of the 
interferometer, causing attenuation and dispersion of the 
radiation pulse. The attenuated and dispersed pulse can be 
recorded and its attenuation factor and phase shift can 
then be recovered. The attenuation and dispersion can be 
related to optical constants of the sample depending on 
the optical configuration of the measurements. With the 
DFTS technique, the phase information can be recovered 
in measurements using a Michelson interferometer. 

5.2 THz IMAGING 

A schematic diagram of a THz imaging system 
(transmission measurement) at the Plasma and Beam 
Physics Research Facility (PBP), Chiang Mai University 
is illustrated in Fig. 9 for transmission measurement. THz 
radiation is focused on a sample which will be scanned 
using an xy- translation stage controlled by a computer. 
The transmission intensity (IT) will be detected by a room-
temperature pyroelectric detector. Computer program will 
be employed to calculate and analyze intensity at 
difference points on the sample for THz image 
construction. Figure 11 shows an example of THz 
imaging obtained from the leaf concealed in an envelope. 

 
 

Fig. 9 Schematic diagram of the THz imaging system 
at Chiang Mai University. 

 

 
(a)            (b) 

 
Fig.11. (a) Leaf and (b) its THz image. 

 

4. CONCLUSION 

Intense THz radiation can be generated in form of 
coherent transition radiation by using short electron 
bunches which are available at the Plasma and Beam 
Physics Research Facility (PBP), Department of Physics 
and Materials Science, Faculty of Science, Chiang Mai 
University. The radiation energy is 9 μJ per macropulse or 
12.5 W peak power collecting over an acceptance angle of 
160 mrad. The available THz radiation covers from 5 cm-1 
to around 55 cm-1 wavenumber. This THz radiation can be 
used as a source of the THz imaging system and far-
infrared or THz spectroscopy. In additional, sub-pico 
second feature of the radiation pulse will open up 
opportunities for time-resolved studies of ultrafast 
processes using THz radiation. 
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Abstract 
A possibility to develop a compact linac-based Infrared 

free-electron laser (IR FEL) facility has been studied at 
Chiang Mai University (CMU) in Thailand. 
Characteristics of the emitted FEL light and reliability in 
operation of the FEL system are determined by the 
properties of the electron injector, the undulator, and the 
optical cavity. The proposed injector system for the future 
IR FEL is based on the electron linear accelerator system 
at the Plasma and Beam Physics Research Facility at 
CMU (PBP-CMU). Numerical and experimental studies 
to adjust the existing system to be able to drive the IR 
FEL have been performed. The results of preliminary 
studies and the proposed parameters for the injector and 
the FEL system are concluded in this contribution. 

INTRODUCTION 
Linac-based free-electron lasers (FELs) have recently 

gain interest worldwide in the accelerator and particle 
beam community as the new generation light source, 
which can be utilized in numerous applications. 
Characteristics of the output FEL radiation are determined 
by the properties of the electron beam and the undulator, 
where the light is emitted. Since the FEL light sources 
require electron beams of high quality, the development 
and optimization of the injector system are important. 

Electromagnetic radiation in the infrared wavelength 
regime, especially the far-infrared (FIR) or THz radiation, 
is of a great interest source for applications in various 
fields [1-4].  A possibility to develop an infrared free-
electron laser (IR FEL) is studied at the Plasma and Beam 
Physics Research Facility, Chiang Mai University (PBP-
CMU). At this initial stage, we concentrate on the 
development of an FEL covering the THz radiation 
wavelength around 50-200 m. Study of the FEL 
radiation in the mid-infrared (MIR) and near-infrared 
(NIR) regime will be considered in the future. 

In order to develop the FEL system, optimization of 
both injector and FEL system is ongoing. In this paper, we 
concentrate on an overview of the project and preliminary 
optimization of a thermionic based electron 
radiofrequency (RF) injector to produce electron beams 
with properties yielding the requirements for an IR FEL.  

 

PROPOSED IR FEL FACILITY 
Generally, an IR FEL facility consists of an injector 

system for generating and accelerating electron beam, an 
undulator magnet for FEL lasing and an optical cavity for 
amplifying the FEL radiation output power. For the 
considered injector system of the proposed IR FEL at 
CMU, we plan to make use of the existing linac system as 
much as possible while maintaining its functionality as 
the femtosecond electron and photon pulse facility.  

The proposed IR FEL system shown in Fig. 1 consists 
of an injector system, an accelerating structure, a 180o 
achromat section, an undulator magnet and an optical 
cavity. The injector system combines a thermionic 
cathode RF-gun and an alpha magnet as a magnetic bunch 
compressor. The accelerating structure is an S-band 
travelling wave SLAC-type linac, which can be used to 
accelerate an electron beam to reach a maximum energy 
of about 30 MeV. The injector system, the linac structure, 
beam steering and focusing elements as well as beam 
diagnostic instruments upstream the achromat section will 
be modified from the existing PBP-CMU linac system 
[5]. The undulator magnet is a planar type with a length of 
1.67 m. The optical cavity composes of two symmetric 
spherical mirrors with a coupling hole on one of the 
mirrors. Some parameters of the undulator and the optical 
cavity used in preliminary FEL optimization are listed in 
Table 1.  

 

  
 
Figure 1: Schematic layout of the possible IR/THz FEL 
system at Chiang Mai University, Thailand.  
 

In electron beam and FEL optimizations, we consider 
two scenarios. The first one is studying the FEL radiation 
in the case of the electron beam whose bunch length is 
longer than the radiation wavelength. The other one is for 
the case of the electron beam whose bunch length is 
shorter than the radiation wavelength.    
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Table 1: Parameters of Undulator and Optical Cavity 
Used in FEL Calculations 

Parameter Value 

Undulator type  Planar 

Undulator length 1.67 m 

Number of period 22 

Period length 7.7 cm 

K-parameter 0.4 -1.52 

Optical cavity length  5 m 

Infrared reflectivity of optical cavity 95% 

 
The FEL radiation due to the interaction between 

optical fields and an electron beam with a bunch length 
longer than the radiation wavelength has been studied 
using the numerical code GENESIS 1.3 [6]. As an 
example, the electron beam with an rms bunch length of a 
few ps has been considered. Preliminary required beam 
parameters used in the simulations for the radiated 
wavelength of 100 m are shown in Table 2. With the 
aforementioned parameters, the expected FEL power is on 
the order of tens of megawatt as shown in Fig. 2. The 
numbers of round trips needed to accumulate the radiation 
amplification until reaching the saturation condition are 
about 60 and 80 turns for the cases of no loss and with 5% 
loss in the optical cavity, respectively.  The undulator 
parameter (K) of 1.52 has been used in the simulation. 
With the optical cavity length of 5 m, the electron 
macropulse length of about 3 s is required. Due to the 
back-bombardment effect, the available macropulse 
length of electron beam exiting the thermionic RF-gun at 
the PBP linac system is about 1-2 s. Therefore, the 
modification of the RF power system may be required.  

 

Table 2: Beam Parameters Use in GENESIS Simulations 

Parameter Value 

Beam energy 15 MeV 

Relative energy spread (rms)  0.5% 

Longitudinal rms bunch length (z) 2 ps  

Bunch charge (Qb) 30 pC 

Peak current (Ip) 30 A 

Normalized beam emittance (x,y) 3 mm-mrad 

Beam size (x,y) 0.3 mm 

Twiss parameters (o,o) 0.7, 0.3 

 

For this conventional FEL scenario, the alpha magnet 
will serve only as the energy filter element. From the 
optimization of the electron distribution at the RF-gun 
exit, the electrons at the head of the bunch with high 
energy level form a quasi-monogenetic beam. Therefore, 

compression in the alpha magnet for this useful part the 
bunch can be neglected. Some small energy spread will be 
induced during the post acceleration of the electron beam 
in the linac leading to the electron distribution suitable for 
the bunch compressor downstream the linac. The 180o 
achromat is used as both turn around section and as the 
magnetic bunch compressor.  Electron beam 
optimizations for this case are presented in another 
contribution [7]. 
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Figure 2: Simulated radiation power evaluation at the 
radiation wavelength of 100 m for the electron rms 
bunch length of 2 ps without and with 5% power loss in 
the optical cavity. 

 

The FEL mechanism in case of electron beams with 
bunch length shorter than the radiation wavelength has 
been studied and reported in [8].  This scenario is known 
as the pre-bunched FEL. The study results show that the 
saturation mechanism in the pre-bunched FEL seems to 
be different from the conventional FEL. The saturated 
peak power in this case is much higher than that for the 
long electron bunches. It has been proposed that to 
generate the THz light with the pre-bunch FEL, the 
electron beam with the bunch length less than 100 fs is 
required [8, 9].  

We have previously shown that it is possible to generate 
electron bunches with an rms bunch length of less than 
100 fs [10]. With this short bunches, the intense THz 
radiation from coherent Transition Radiation (TR) is 
expected to cover the wave number ranging from 5 cm-1 
to 400 cm-1. For this scenario, the alpha magnet will be 
used as a magnetic bunch compressor prior to the post 
acceleration by the linac. It will also be used as an energy 
filter utilizing its energy scrapers. The 180o achromat 
system for this case will be a turn-around section to save 
the space of the accelerator tunnel. Therefore, we can 
choose the position of the current experimental station to 
be the entrance of the 180o achromat. Then, the achromat 
section can be an isochronous magnetic system, which the 
beam characteristics before entering and after exiting the 
achromat system remain unchanged.  

Since the FEL mechanism of the pre-bunched FEL 
cannot be simulated by using the well-known numerical 
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codes e.g. GENESIS, a further methodical study is 
required. The interaction between the electron beam and 
the optical fields in this case will be investigated and 
reported in the future.  

ELECTRON BEAM OPTIMIZATIONS 
FOR PRE-BUNCHED FEL 

Longitudinal Beam Dynamic Simulations 
The FEL performance depends on both the longitudinal 

and transverse properties of the electron beam. Beam 
dynamics simulations using the code PARMELA [11] and 
BCompress [12] were performed to study the optimal 
longitudinal electron beam parameters suitable for driving 
the FEL. The transverse properties have been studied 
using the beam envelope optics code Particle Beam 2003 
[13].   

PARMELA simulations were performed to investigate 
electron beam dynamics inside the RF-gun including 
effects of the space-charge force. Results of optimization 
of the thermionic RF-gun for producing the femtosecond 
electron bunches for the linac-based FIR (THz) radiation 
source have been reported in [10]. The revised study for 
the injector system of the IR FEL has been performed 
based on some available information from the previous 
study. In PARMELA simulations, we assume that the 
cathode emits the uniform electron beam with 100,000 
macro-particles at an emitted current of 2.9 A per 2856 
MHz RF cycle. Therefore, each macro-particle represents 
a charge of 10.15 fC. Starting from these specifications, 
we assume that the entrance of the isochronous achromat 
system begins at the current TR station. Electron bunches 
will travel through the achromat section and reach the 
entrance of the undulator with unchanged longitudinal 
properties. The particle distribution in the energy-time 
phase spread of a single bunch with the kinetic energy of 
about 15 MeV is shown in Fig. 3.  
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Figure 3: Simulated particle distribution in energy-time 
phase space of a single bunch at the entrance of the 180o 
acromat with histogram fitted by a Gaussian distribution 
with z of 50 fs.   
 

The relation between the relative rms energy spread of 
electrons and the bunch charge has been studied by 
selecting a fraction of the electron bunch using energy 
slits inside the alpha magnet vacuum chamber. A portion 
of electrons with different relative energy spreads are 
compressed differently inside the alpha magnet. By 
adjusting the alpha magnet gradient in the simulation, we 
can obtain the relationship between the energy spread and 
the bunch charge, which the results are shown in Fig. 4 
for the case of an electron bunch length of 50 fs and 100 
fs.  
 

 

Figure 4: Simulated bunch charge as a function of relative 
rms energy spread for the electron bunch length of 50 fs 
(dash line) and 100 fs (solid line).   
 

Results of the bunch compression study using the 
alpha magnet show that with a relative energy spread of 
below 0.7%, the bunch charge increase proportionally to 
the energy spread. Then, it stays constant with the bunch 
change of about 93 pC and 107 pC for the rms bunch 
length of 100 fs and 50 fs, respectively. This can be 
explained that with the rms energy spread larger than 
0.7% the selected bunch contains some electrons with 
lower energies, which are not properly compressed inside 
the alpha magnet. Only the high energy electrons are 
compressed and form the condense distribution at the 
head of the bunch. Preliminary study results show that it 
is possible to produce the electron beam with the bunch 
length about or shorter than the suggested requirement for 
the pre-bunched FEL [8].  

Optimization of Beam Transport Line 
The beam envelope along the beam transport line from 

the RF-gun exit to the entrance of the achromat has been 
studied and optimized. Initial transverse beam parameters 
are estimated from the PARMELA distribution at the RF-
gun exit with the rms beam size of 2.5 mm and the 
normalized beam emittance of 3.8  mm-mrad. By 
carefully optimizing the parameters of each component 
along the beamline, we achieved the final beam at the 
entrance of the 180o achromat with the properties suitable 
for the FEL system. The proposed beam optics of the 
injector system is illustrated in Fig. 5. Some optimized 
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beam transverse parameters are shown together with 
longitudinal properties in Table 3. 
 

 
Figure 5: Simulated beam envelops from the exit of the 
RF-gun to the entrance of 180o achromat. 
 

Table 3: Typical Parameters at the PBP Linac System and 
Optimized Electron Beam Parameters Using Beam Optics 
and Beam Dynamics Simulations  

Parameter Value 

Microbunch repetition rate 2856 MHz 

Macropulse repetition rate   1 -10 Hz 

Current macropulse width 1-2 s 

Beam energy 15 MeV 

Energy spread (rms)  0.7% 

Minimum longitudinal rms bunch 
length (z)  

50 fs 

Bunch charge (Qb)  107 pC 

Peak current (Ip) 844 A 

Normalized rms emittance (x, y) 3.8  mm-mrad 

Horizontal beam size (x) 0.394 mm   

Vertical beam size (y) 0.321 mm  

 

CONCLUSION 
The specifications of the injector system for the 

proposed IR FEL facility at Chiang Mai University in 
Thailand have been studied. Simulation and numerically 
studies showed that it is possible to use the existing linac 
system to produce electron beams with the specifications 
suitable for the IR FEL lasing requirements. The electron 
beam with a few ps bunch length can be used for the 
conventional IR FEL oscillator, while the electron beam 
with the bunch length less than 100 fs is considered for 
the pre-bunched FEL. By properly adjusting machine 
parameters, the 15 MeV electron beam with the minimum 
rms bunch length of 50 fs, a bunch charge of 107 pC and 
a peak current of 844 A can be produced. Further study 

will be performed to accumulate the useful information 
for technically modifying the current linac setup at 
Chiang Mai University to serve as the injector system for 
the future IR FEL.  
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THZ RADIATION SOURCES BASED ON RF-LINAC  
AT CHIANG MAI UNIVERSITY 

C. Thongbai#, P. Boonpornprasert, S. Chunjarean, K. kusoljariyakul,  
S. Rimjaem, J. Saisut, S. Supakul  

Chiang Mai University, Chiangmai, 50200, Thailand  
Thailand Center of Excellence in Physics, Bangkok 10400, Thailand

Abstract 
A THz radiation source in a form of coherent radiation 

from short electron bunches has been constructed at the 
Plasma and Beam Physics (PBP) research facility, Chiang 
Mai University. The accelerator system consists of an RF-
gun with a thermionic cathode, an alpha-magnet as a 
magnetic bunch compressor, and a SLAC-type linear 
accelerator. Coherent transition radiation emitted from 
short electron bunches passing through an Al-vacuum 
interface was used as the THz radiation source. This THz 
radiation can be used as a source of the THz imaging 
system and THz spectroscopy. Details of the accelerator 
system and THz radiation production will be presented. A 
plan for extension to accommodate Free Electron Lasers 
(FEL) optimized for mid-infrared and far-infrared/THz 
radiation will also be discussed. 

INTRODUCTION 
THz radiation is electromagnetic radiation spectrum 

which has wavelength of 1000µm to 100 µm (300 GHz - 
3 THz) and lies in gap between Microwave and Infrared.  
In the past, this gap is unexplored region but nowadays 
technologiesand applications of THz radiation were 
developed rapidly and were reviewed in [1-4]. A THz 
facility based on femtosecond electron bunches has been 
established at the Plasma and Beam Physics research 
facility (PBP), formerly the Fast Neutron Research 
Facility (FNRF), Chiang Mai University. Figure 1 shows 
a schematic layout of the system.The main components of 
the system are a thermionic cathode RF-gun, an alpha-

magnet as a magnetic bunch compressor, a SLAC-type 
linear accelerator (linac), beam steering and focusing 
elements, and beam diagnostic instruments. 

The 1-1/2 cell S-band RF-gun was designed and 
optimized [5] for bunch compression such that the first 
electron is accelerated and reaches the end of the half-cell 
just before the field becomes decelerating. It is then 
further accelerated through the full-cell to reach 
maximum kinetic energy of 2.0-2.5 MeV at the gun-exit 
depending on accelerating field gradients. Later electrons 
feel some decelerating fields and gain less and less overall 
energyresulting in a well-defined correlation between 
energy and time for bunch compression. Electron bunches 
of 20-30 ps from the RF-gun are then compressed in an 
-magnet, where the particle path length increases with 
energy. This allows the lower energy particles, emitted 
later in each bunch, to catch up with the front for effective 
bunch compression. The optimized and compressed part 
of the electron bunch is filtered by energy slits located in 
the alpha-magnet vacuum chamber and then transported 
through the linac and the beam transport line to 
experimental stations. At the experimental station, the 
bunches are compressed to less than 1 ps [6]. These short 
electron pulses can be used to produce high intensity THz 
radiation in the form of coherent transition radiation. 
Typical operating parameters and electron beam 
characteristics are shown in Table 1. 

 
 

 

 

Figure 1: Schematic diagram of the accelerator system at Chiang Mai University for generation of short electron 
bunches and THz radiation [Q:quadrupole magnet, CT:current monitor, SC:screen, TR: transition radiation]. 
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Table 1: Operating and Beam Parameters 

Parameters RF-gun Linac 

Max. beam energy [MeV] 2.5 - 3 10-15 

Macropulse peak current [mA] 1000 150  

Beam pulse length [s] ~2 ~0.8 

Macropulserepetation rate [Hz] 10 10 

Number of microbunch/macropulse 5700 2300  

Number of electrons/macropulse 1.4109 6108 

 

GENERATION OF THzRADIATION 
Total electromagnetic radiation emitted from a bunch 

of N electrons at radiation frequency   is 
( ) ( )[1 ( 1) ( )],eI NI N f      

where )(eI  is the radiation intensity from a single 

electron and the bunch form factor f() is the Fourier 
transformation of the longitudinal bunch distribution 
squared. As a consequence, the short bunch is suitable 
and desired for production of broadband radiation 
spectrum. At a wavelength about or longer than the bunch 
length, the radiation from an electron bunch becomes 
coherent and the intensity of coherent radiation, 
proportional to the number of radiating electrons squared,  
exceeds greatly that of incoherent radiation at the same 
wavelength. Electron bunches of around 100 fs can 
provide broadband radiation in THz regime covering up 
to 3 THz [7]. 

The electron beam after acceleration is used to generate 
THz radiation is in the form of coherent transition 
radiation (TR). At the experimental station, transition 
radiationis produced by placing an aluminium foil (Al-
foil) in the electron path, representing a transition 
between vacuum and Al-foil. The Al-foil radiator is 25.4 
m thick and 24 mmin diameter. The radiator is tilted by 
45o facing the electron beam direction. The backward 
transition radiation is emitted perpendicular to the beam 
axis and transmits through a high density polyethylene 
(HDPE) window of 1.25-mm-thick and 32-mm diameter.  

A copper light cone or a THz lens are used to collect 
the THz radiation into a room-temperature pyroelectric 
detector. The radiation energy of 19 J per macropulse or 
a peak power of 24 W was measured by collecting over 
an acceptance angle of 160 mrad. Experimentally, the 
transition radiation spatial distribution as well as 
horizontal and vertical polarizations of radiation were 
observed using a PYROCAM and a wire-grid polarizer 
from Graseby-Spec (Model IGP223). The results are 
shown in Fig. 2.  An asymmetry shown up in horizontally 
polarized beam should very well be a result of the Al-foil 
orientation which is tilted 45 horizontally as predicted 
theoretically. 

The radiation spectrum measured using a Michelson 
interferometer is shown in Fig. 3 (dot-line). The available 
THz radiation covers from 5 cm-1 to around 80 cm-1 

wavenumber (0.15 THz – 2.4 THz). At low frequency (< 
5 cm-1), the spectrum was suppressed by effects of the 
beam splitter and the periodic response is the effect of the 
pyroelectric detector [8].  The spectrum seem to extend to 
above  80 cm-1 (2.4 THz) where noise becomes dominate. 
These can be further minimized with better detection and 
amplification system. 

 

Figure 2: THz transition radiation profiles taken with a 
polarizer rotated 0, 45, 90, 135, 180 degree respectively. 
The last profile is taken without any polarizer.  
 

Figure 3: The radiation power spectra taken in humid air 
(solid) and in ambient air (dot-line). 
 

THz SPECTROSCOPY AND IMAGING 
THz spectroscopy can be done easily by measuring 

power transmission or power absorption of a sample via a 
Michelson interferometer and the Fourier Transformation. 
As shown in Fig. 3 (solid), the radiation spectrum taken in 
humid-air reveals several water absorption lines. 
Although phase information has been lost in the 
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spectroscopy. Plan for future expansion with a planar 
undulator will allow more coverage of the IR-THz 
spectrum regime.  
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LINAC-BASED THZ IMAGING AT CHIANG MAI UNIVERSITY 
J. Saisut#, P. Boonpornprasert, K. Kusoljariyakul, S. Rimjaem, C. Thongbai, Department of Physics 

and Materials Science, Chiang Mai University, Chiang Mai 50200, Thailand 
M.W. Rhodes , P. Tamboon, STRI, Chiang Mai University, Chiangmai 50200, Thailand 

Abstract 

At the Plasma and Beam Physics Research Facility 
(PBP), Chiang Mai University, intense THz radiation is 
generated in a form of coherent transition radiation from 
femtosecond electron bunches. The THz radiation is used 
as a source of THz imaging system which was 
successfully setup and tested. The radiation is focused 
onto a sample which will be scanned using an xy-
translation stage. The transmission or reflection at 
different points of the sample are recorded to construct a 
THz image. Details of the setup and the experimental 
results from the system will be presented. The THz 
imaging to accommodate a future IR-THz Free Electron 
Laser (FEL) will also be discussed. 

INTRODUCTION 
A THz facility based on femtosecond electron bunches 

has been established at the Plasma and Beam Physics 
Research Facility (PBP), Chiang Mai University. 
Femtosecond electron bunches are generated from a 
system consisting of an RF-gun with a thermionic 
cathode, an alpha-magnet as a magnetic bunch 
compressor and a linear accelerator as a post acceleration 
section. At the experimental station, the bunches are 
compressed to less than 1 ps. The experimental results 
reported in [1] show that electron bunches as short as z 

=200 fs can be generated from the system. Typical 
operating parameters and electron beam characteristics of 
the facility are complied in Table 1.  

The femtosecond electron bunches can be used to 
produce high intensity THz radiation in the form of 
coherent transition radiation by placing an aluminium foil 
(Al-foil) 45o in the electron path, representing a transition 
between vacuum and conductor [2]. The backward 

transition radiation is emitted perpendicular to the beam 
axis as shown in Fig. 1. The radiation is collimated by a 
1-inch 90º parabolic mirror and transmits through a high 
density polyethylene (HDPE) window of 1.25-mm-thick 
and 32-mm diameter. The available THz radiation covers 
wavenumbers from 5 cm-1 to around 80 cm-1 which 
corresponding to a frequency range from 0.3 THz to 2.4 
THz. This THz radiation is used as a source of the THz 
imaging system.  

 

 
 

Figure 1: Setup to generate THz Transition radiation. 

THZ IMAGING SYSTEM 

A schematic diagram of the THz imaging system 
(transmission measurement) at the Plasma and Beam 
Physics Research Facility (PBP), Chiang Mai University 
is illustrated in Fig. 2 for transmission or reflection 
measurement. THz radiation is focused on a sample 
which will be scanned using an xy- translation stage  

Table 1: Operating and beam parameters 

Parameters RF-gun Linac 
Maximum beam energy (MeV) 2.0-2.5 6 - 12 
Macropulse peak current (mA) 700-1000 5-150 
RF-pulse length (µs) 2.8 8 
Repetition rate (Hz) 10 10 
Beam-pulse length (µs) 2 0.8 
Number of microbunches per macropulse 5700 2300 
Number of electrons per microbunch 1.4 × 109 1.4 × 108 
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controlled by a computer. The transmission or reflection 
intensity will be detected by a room-temperature 
pyroelectric detector. Computer program will be 
employed to calculate and analyze intensity at difference 
points on the sample for THz image construction.  
 

 
 
 

Figure 2: Schematic diagram of the THz imaging system 
at Chiang Mai University. 
 

The Transmission Mode THz Imaging 
The transmission mode THz imaging is suitable for 

materials which are transparent to THz radiation, e.g. non 
metallic and non polar materials. It is possible to 
construct contrast images from totally transmitted signals 
of various materials. Figure 3 shows the THz imaging 
system setup beside the electron beamline at the 
experimental station and this setup use Tsurupica lens as a 
focusing element. 

 

 
 

Figure 3: The THz imaging system setup at the 
experimental station. 

 
 

By using a copper cone as a focusing element, the first 
THz image circular cuts of various sizes in an Al-foil 
[Fig. 4(a)] placed in an envelope is shown in Fig. 4(b). 
The holes diameter varies from 4 – 9 mm. Positions and 
spot sizes of the patterns from the THz image correspond 
well to those of the Al-foil sample. 

 

 
Figure 4: (a) Optical and (b) THz images of circular cuts 
of various sizes inan Al-foil. 

Figure 5(a) is an Al-pattern and Fig. 5(b) is its THz 
image scanned using the Tsurupica lens as a focusing 
element. The THz image can demonstrate the rough 
feature of the sample but not its details especially at the 
big slot of the sample. Since our THz radiation source is 
board band, the focusing spot size of the THz radiation 
beam is about 3-4 mm. By using a copper mesh as a high 
pass THz filter [3, 4], the focusing spot size can be 
reduced to about 2 mm [4]. The copper mesh filter is 
placed in front of the focusing element in the imaging 
system. The image quality can be improved when the 
sample is scanned using mesh filter. Visually, more 
details of the sample can be seen as shown in Fig. 5(c). 

 

 

 
 

Figure 5: Cut pattern from Al-foil and its THz images; (a) 
Optical image of the sample, (b) its THz images achieved 
without mesh filter and (c) its THz image achieved with 
the mesh filter. 

By using a transmission mode THz imaging, the THz 
image of a fresh leaf which contains water contents inside 
is successfully demonstrated. The THz image of a leaf 
sample [Fig. 6(a), (c)] placed in an envelope is shown in 
Fig. 6(b), (d). The low intensity area of THz image is 
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corresponding to the leaf. Obviously, it shows the shape 
of the leaf which corresponds to its optical image. 
 

 

 
Figure 6: Leaf samples and its THz images; (a), (c) 
Optical images of the leaf which clearly shows the leaf 
structure and (b), (d) its THz images achieved with the 
mesh filter. 

The Reflection Mode THz Imaging 
The reflection mode THz imaging is suitable for 

materials which reflect THz radiation, e.g. metallic 
samples. The reflection mode THz imaging setup at PBP 
is shown in Fig. 7. A collimated THz beam is reflected off 
a gold-coated mirror to a THz lens of 6-cm focal-length. 
The beam is then focused onto a sample at approximately 
30° incident angle. The reflected signal from the fuel cell 
is collected by another THz lens of 3-cm focal-length and 
continued to a pyroelectric detector. The sample under 
investigation is placed on top of the X–Y translational 
stages and scanned using computerized motion 
controllers. 

 

 
 

Figure 7: the reflection mode THz imaging setup. 

Identification of Water in Flow Channels of PEM Fuel 
Cells using THz imaging [5] has been studied. A model 
cell of a PEM fuel cell shown in Fig.8(a) is machine-
through-brass flow channel plate which sealed the bottom 
side of the plate tightly with a cloth tape. Then some 
channels were filled with water and the cell was covered 
by a Si window (see Fig. 8(b)) that allows THz access. 
The THz image in Fig. 8(c) shows a water filled channel 
and an unfilled channel indicated as air-filled in the 
figure. The darker area reveals absorptive region within 
the flow channels, with the darkest region lies in water-
filled channel. In order to clearly distinguish the water-
filled and the air-filled region, we perform a line-scan plot 
(along the dash-line shown in Fig. 9). It is evident that we 
are able to identify water presence in the flow field with 
THz imaging. 
 

  

 
Figure 8: Photographs of a machine-through-brass flow 
channel plate (a) before and (b) after covering with Si 
window; (c) THz image of (b). 
 

 
Figure 9: THz-signal line-scan along the dashed line in 
THz image. 

 

CONCLUSION 
At PBP, Chiang Mai University, the transmission mode 

and reflection mode THz imaging systems were 
successfully setup and tested. We successfully 
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demonstrate THz images of Al-foil patterns which reflect 
the THz radiation, THz images of water content samples 
which absorb the radiation and THz images of the model 
cell of a PEM fuel cell. The image resolution is limited by 
focusing spot size and it can be improved by scanning 
samples with mesh filter. To extend the ability of the 
imaging system based on the transition radiation source, 
the simple scanning system can be combined with the 
Michelson Interferometer to allow “Interferometric 
Imaging” [6]. This system is able to provide both 
information; typical THz imaging and the radiation power 
spectrum. The power spectrum, the Fourier Transform of 
the interferogram, from various positions on the sample 
will provide THz images of different frequencies. Both 
the transmission mode and reflection mode THz imaging 
experiments will be performed using a future IR-THz 
Free Electron Laser (FEL) which have wavelengths of 
200µm to 50 µm as a source of the systems. 
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Abstract— The PBP-CMU Linac system has been established to generate femtosecond electron bunches and to study their 

applications, especially for generation of coherent terahertz (THz) radiations. The dipole magnet and the prototype 

quadrupole magnet for the system have been designed and fabricated in house. Both the simulated and the measured results 

were used for evaluating the magnet performance and will be used as a guideline for design and fabrication of magnet 

devices in the future.  

 
Keywords— dipole magnet, quadrupole magnet, magnetic field measurement, Radia code. 

 

1. 
INTRODUCTION 

The femtosecond electron and photon pulses research 

laboratory under the Thailand Center of Excellent in 

Physics (ThEP Center) has been established at the Plasma 

and Beam Physics Research Facility (PBP), Chiang Mai 

University (CMU). The laboratory aims are to develop a 

relativistic electron source with femtosecond (10
-15

) bunch 

length and to study its applications, especially generation 

of coherent terahertz (THz) radiations via transition 

radiation (TR). The radiation in THz frequency range is 

widely used, for example, for non-ionizing spectroscopy, 

chemical and biological imaging, medical imaging and 

airport security scanning [1,2]. 

A layout of the PBP-CMU Linac system is shown in 

Figure 1(a). The main components are an RF-gun with a 

thermionic cathode, an alpha magnet, a linear accelerator 

(Linac), experimental stations, a dipole spectrometer 

magnet and a Faraday cup. Furthermore, along the 

beamline, there are quadrupole and steering magnets for 

beam focusing and guiding; and beam diagnostics 

instruments for probing the beam properties. Detail of the 

current PBP-CMU Linac system was reported in [3]. 

The PBP-CMU Linac system demands some dipole 

magnets and quadrupole magnets to support an expansion 

of the system to an infrared free electron laser (FEL) 

facility as the layout shown in Figure 1(b). We have 

planned to construct the magnet iron cores by using Thai 

local low carbon steel. Generally, low carbon steel is 

classified by percent by weight of carbon (%C) in the 

steel. Each type of carbon steel has different B-H 

saturation curve. For this reason, magnet simulations with 

various type iron core materials are needed to evaluate the 

efficiency of the magnet. The result comparisons will be 

used for the iron core material choosing. 

This paper presents and compares the magnetic field 

simulation results and the magnetic fields measurement 

results for a dipole magnet and a quadrupole magnet. Both  
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(a) Current system 

 

(b) Future expansion for an IR-FEL facility. 
 

 
 

Fig. 1.  Layout of the PBP-CMU Linac system.  

 

the dipole magnet and the prototype quadrupole magnet 

have been designed [4] and fabricated in house at our 

facility. 

 

2. DIPOLE MAGNET  

Dipole magnet is a magnetic deflection device. In our 

system the dipole magnet serves as an electron beam 

dump and a beam energy analyzer. Figure 2 illustrates a 

C-shape dipole magnet with a gap of h. The magnet is 

excited by electric currents in the coils which are mounted 

around the two poles. The magnetic field (B) produce by 

the dipole magnet is 

 

   0
NI

B
h


 ,     (1) 
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where I is the excitation current, N is the number of turns 

in a coil and h is the air gap. Note that, the equation (1) is 

only an approximation since it neglects fringe fields and 

iron saturation [5]. The radius of curvature (ρ) of an 

electron trajectory in dipole fields is often expressed in 

terms of the dipole field (B) and the electron momentum 

(p) as 

 

   
 

 
1

1  T
0.2998m

 GeV/c

B

p
  .  (2) 

 

The dipole magnet of the PBP-CMU Linac system, as 

shown in Figure 3, was placed around the end of the 

beamline (Figure 1(a)). The magnet is a C-shape magnet 

which has been designed to deflect a 15 MeV electron 

beam by 60° into a Faraday cup. The magnet has 125×125 

mm square pole faces with the gap of 40 mm. The magnet 

coils were made from water cooled copper wire. 

 

 

Fig. 2. C-shape dipole magnet layout 

 

 

 
 

Fig. 3. Dipole magnet of the PBP-CMU Linac system 

 

3. QUADRUPOLE MAGNET 

With a finite emittance, the transverse beam size will 

increase as the beam move through a drift space. Some 

quadrupole magnets are therefore needed for focusing the 

beam transverse sizes. Figure 4 shows a quadrupole 

magnet layout with a bore radius of R. The magnet 

consists of 4 pole pieces, 4 coils and a circular yoke. The 

red arrow lines in Figure 3 are the magnetic field lines 

which point from the north poles (N) to the south poles 

(S). A quadrupole magnet focus electron beam on one 

transverse axis while defocus on the other. Therefore 

beam focusing for both transverse axes demands at least 2 

quadrupole magnets, called a quadrupole doublet. 

 The magnetic fields of a quadrupole magnet are zero at 

the center of transverse positions and linearly increase 

with the transverse positions as                    

 

   Bx= gy, By = gx,   (3) 

 

where Bx and By are the magnetic field components, x and 

y are the positions in the transverse axes and g is the 

magnetic gradient. The magnetic gradient depends on the 

excitation current (I) as 

 

   0

2

2 NI
g

R


 ,     (4) 

 

where N is the number of turns per coil. Focusing 

properties of a quadrupole magnet is described by the 

focusing strength k, whose value depends on the magnetic 

gradients. 

 

   
 
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 eV
m

GE

g
k


 ,  (5) 

 

where β is the particle relativistic factor [6].   

 

The quadrupole magnet which is presented in this work 

is the prototype quadrupole magnet of the PBP-CMU 

Linac system as shown in Figure 5. Some of the magnet 

parameters are shown in Table 1. 

 

 
 

Fig. 4. Quadrupole magnet layout showing components  

and field lines 

 

 

 
 

Fig. 5. Prototype qaudrupole magnet  

of the PBP-CMU Linac system 
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Table 1.  Quadrupole magnet parameters 

Parameter Value 

Thickness ( ℓ) 60 mm 

Bore radius (R ) 20 mm 

Number of turns in a coil (N) 110 turns 

Coil (15 AWG) Diameter  1.450 mm 

 

4. MAGNET SIMULATIONS 

In this work, we use the RADIA code for magnet 

simulation. RADIA code [7], running as an add-on 

application to Mathematica [8], is developed by insertion 

devices laboratory of the European Synchrotron Radiation 

Facility, France. The code is used for calculating the 3D 

magnetostatic fields of magnetic devices, especially the 

devices in charged particle accelerators.   

There are 3 types of carbon steel materials available in 

RADIA and their details are shown in Table 2. The B-H 

saturation curves are show in Figure 6. The RADIA 

simulations of the dipole magnet and the quadrupole 

magnet were evaluated with various iron core materials 

listed in Table 2. Figure 7(a) and Figure 7(b) show the 

RADIA simulation model of the dipole magnet and the 

quadrupole magnet, respectively.  

 

 

Fig. 6. B-H saturation curves of RADIA carbon steel 

materials 

 

 

   
 

         (a) Dipole magnet    (b) Quadrupole magnet 

 
Fig. 7. Model of the magnets for RADIA simulation 

 

 

Table 2.  Carbon percentage for low carbon steels available 

in RADIA 

Name in RADIA code  % carbon (by weight)  

RadMatXc06 0.06 

RadMatSteel37  0.13 

RadMatSteel42 0.16 

 

5. MAGNET MEASUREMENTS [9,10] 

The magnetic field measurement device is a Hall probe of 

a size 1.0 1.3 0.2  3cm (GMW Group 3 Digital Hall 

Effect Teslameter). Figure 8 shows measurement setup for 

the dipole magnet. The hall probe was attatched to a 

holder which can be moved along y- and z-axes. For the 

quadrupole magnet, the measurement setup is shown in 

Figure 9. The magnet was placed on the measurement 

stand where probe could be moved within the quadrupole 

field region. The Hall probe was placed on x- and z- axes 

translation stages equipped with linear actuators and can 

be moved precisely through computer interface. The 

magnet is excited by a current regulated DC power supply 

and a 0.01Ω shunt resistor was used to determine the 

supplied current. 

 

 
 

Fig. 8. Dipole magnet measurement setup 

 

 

 
 

Fig. 9. Quadrupole magnet measurement setup 
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6. SIMULATION & MEASUREMENT RESULTS 

Dipole Magnet 

The dipole magnet excitation curve was measured by 

measuring the magnetic fields By at the pole center while 

increasing currents from 0 to 18 A with 0.5 A step. The 

measurement results and RADIA simulations results are 

shown together in Figure 10. The equation from fitting of 

measurement data is  

 

  0.0459 0.0244B I  .    (9) 

 

This equation will be used for evaluate the magnetic field 

values from the excitation currents. The simulation and 

the measurement results show that, at the same excitation 

current, carbon percentage in the magnet core affects to 

the magnetic field intensity. The magnet core with lower 

carbon percentage can generate higher magnetic field.   

The magnetic fields in yz-plane were measured and the 

results are shown Figure 11. The field distribution 

benefits for the electron deflection angle and energy 

calculation. 

  

 

 

Fig. 10. Dipole magnet excitation curves 
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Fig. 11. Measured magnetic field distribution of the Dipole 

magnet (I = 5A).  
 

Quadrupole Magnet  

The quadrupole magnet excitation curve was measured 

by measuring the fields at (x,y,z) = (20,0,0) mm position, 

while increasing current from 0 - 18 A with 0.5A step. 

The results in Figure 12 show that the saturation effect 

starts to occur around 10.5 A for the measurement and at 

higher current for the simulations. Polynomial fit of the 

curves in unsaturated region (0-10.5A) and saturated 

region (10.5-18.0A) are  

  

  5.62 1.57g I  ,      (9) 

  20.11 7.63 8.33g I I    ,   (10) 

 

respectively. These equations will be used in the magnet 

control and operation of the accelerator system. The 

comparisons between the simulation and the measurement 

results are corresponding to the dipole magnet as the 

magnet core with lower carbon percentage generate 

higher magnetic field gradient.  

For transverse gradient measurement, The By field 

along the x-axis were recorded at (x,y,z) = (0 to 40,0,0) 

mm with a 1 mm step and the field gradients were then 

calculated. The results are shown in Figure 13 along with 

RADIA simulation results. The average gradient, within 

the bore radius range (0-20 mm), from the measurement 

(for 5 A) is 29 ×10
-4

 T/mm and the average gradients from 

simulation results are 30.1, 32.2 and 33.5 ×10
-4

 T/mm for 

RadMatSteel42, RadMatSteel37 and RadMatXc06, 

respectively. 
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Fig. 12. Quadrupole magnet excitation curves. 

 

 
Fig. 13. Quadrupole magnet gradients along x-axis (I = 5A). 



 

10th Eco-Energy and Materials Science and Engineering Symposium, Ubon ratchathani, Thailand, December 5-8. 2012 

 

 

The effective length of a quadrupole magnet is the 

length which is derived from the longitudinal field 

profiles of the magnet as [5,6] 

   
eff

0

g dz

g





,  (11) 

where 0g is the gradient at the center of the magnet along 

z. For the effective length measurement, we measured the 

magnetic field By along z-axis at the position x = 10 mm 

and y = 0 mm. The measurement result and the simulation 

results are shown in Figure 14. The effective lengths can 

then be calculated by using (11) with the integral 

term, g ds , equals to the area under a graph in Figure 14 

and 0g equal to the gradient value at z = 0 mm. The 

measured effective length is 76.6 mm and the effective 

lengths from simulation are 76.9, 77.0 and 77.0 mm for 

RadMatSteel42, RadMatSteel37 and RadMatXc06, 

respectively. 

 

 

 
Fig. 14. Quadrupole magnet gradient along z-axis (I = 5A). 

 

7. CONCLUSION 

The simulations by using RADIA code and the 

measurements of the dipole magnet and the prototype 

quadrupole magnet were conducted and their results were 

analyzed. The simulations can evaluate well the magnet 

properties; including, the excitation curves and the field 

distributions for the dipole magnet; the excitation curves, 

the transverse gradient and the effective length for the 

quadrupole magnet. at the same excitation current, carbon 

percentage in the magnet core affects to the magnetic field 

intensity. The magnet core with lower carbon percentage 

generates higher magnetic field intensity. The excitation 

curves and field distributions from the measurements will 

be used in the magnet control and operation of the 

accelerator system. Both the simulated and the measured 

results will be used as a guideline for design and 

fabrication of magnets for the 180 degree achromat 

system in the future expansion for an IR-FEL facility. 
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Abstract— A study to upgrade the linear accelerator (linac) system at the Plasma and Beam Physics (PBP) Research 

Facility at Chiang Mai University (CMU) to be an injector system for an infrared (IR) free-electron laser (FEL) is underway. 

The current PBP linac system consists of an S-band thermionic cathode RF-gun, a bunch compressor in a form of alpha-

magnet and a SLAC-type accelerating structure. Since characteristics of the emitted FEL light strongly depend on electron 

beam properties, a dedicated work to develop and optimize the injector system to drive the FEL is particularly important. In 

this contribution, the results of numerical study to optimize the longitudinal electron beam properties as well as some 

preliminary results of FEL simulations are presented and discussed.  

 

Keywords— beam dynamics, infrared free-electron laser, FEL injector, linac-based FEL 

 

1. 
INTRODUCTION 

At the Plasma and Beam Physics (PBP) Research 

Facility, Chiang Mai University, the project to produce 

THz transition radiation based on femtosecond electron 

bunches has been establised for many years [1].  The 

accelerator system consists of an S-band (2.856 GHz) 

thermionic RF electron gun [2], a magnetic bunch 

compressor in a form of an alpha-magnet [3], an S-band 

travelling wave linear accelerator (linac), and various 

beam diagnostic components.  Electron beams with a 

bunch charge of about 16-96 pC and an rms bunch length 

as short as 70 fs were experimentally measured.  

When the electron bunches with the above mentioned 

bunch length pass through an undulator, the  radiation 

with a frequency of about 0.3 to 3 THz is emitted in phase 

resulting in an intense coherent radiation. However, the 

intensity of the coherent radiation falls off at the 

frequency higher than 3 THz or at the wavelength shorter 

than 100 m. When the radiation wavelength is shorter 

than the electron bunch length, the incoherent radiation 

part dominates the coherent radiation part. To increase the 

radiation intensity, an external electric field can be used to 

stimulate the electrons to emit more coherent radiation via 

a microbunching process.The external field must have a 

frequency and phase such that the electrons loss their 

energy into the radiation. This mechanism is a basic 

principle in production of free-electron lasers, which can 

be achieved either using a long undulator, or an external 

seed laser, or a reclying spontaneous undulator radiation. 

The later principle is commonly used in a compact, low 

energy, and long radiation wavelength FEL. 

                                                 

 
*Corresponding author (S. Rimjaem): 

 Tel +66 53 943 379, Fax +66 53 222 776 

 Email address: sakhorn.rimjaem@cmu.ac.th 

A possibility to develop an infrared free-electron laser 

(IR FEL) facility is studied at Chiang Mai University. The 

project focuses on the production and utilization of the 

mid-infrared (MIR) and far-infrared (FIR) or  THz 

radiation based on a linac injector and free-electron laser 

technology [4]. The goal of the project is to produce the 

intense coherent radiation with tunable wavelengths 

covering from 2.5-20 m (MIR) to 20-200 m (THz).  

 

Fig.1. Schematic layout and components of the possible      

IR FEL system at Chiang Mai University, Thailand  

A plan to upgrade the existing PBP linac system to be 

the injector for both coherent THz transition radiation 

experimental station and free-electron lasers is proposed. 

The foreseen FEL facility will consist of a thermionic 

cathode RF-gun, an alpha-magnet, an S-band SLAC-type 

linac, a 180
o
 achromat section, a planar type undulator, 

and an optical resonator (Figure 1). Details of the 
components in the current PBP linac system were already 

reported in [1]. The 180
o
 achromat section, the undulator 

magnet, and the optical cavity are new components which 

are under detailed consideration. The undulator magnet is 

a planar type with 22 periods and a total length of 1.67 m. 

The optical cavity composes of two symmetric spherical 

mirrors with a coupling hole on one of the mirrors. To 

design and optimize the 180
o
 achromat section, we adopt 

the magnet lattice of the Kyoto University Free-Electron 

Lasers (KU-FEL) for initial study. The achromat section 

mailto:sakhorn.rimjaem@cmu.ac.th
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consists of three 60
o
 bending magnets and two sets of 

doublet quadrupole magnets. Details of the KU-FEL 

achromatic system have been described in [5]. Schematic 

layout of the proposed IR FEL at Chiang Mai University 

is shown in Figure 1.  

For benchmark, we have investigated the injector 

parameters of the MARK-III FEL of Duke University, 

USA [6] and the FEL–SUT of Tokyo University, Japan 

[7]. Both facilities use the same type of the electron 

source, the magnetic bunch compressor and the 

accelerating section as the current PBP linac system. 

Electron beam and undulator parameters of the MARK-III 

FEL and the FEL-SUT are shown in Table 1. 

Table 1.  Parameters of electron beam, undulator, and FEL 

wavelengths at MARK-III and FEL-SUT 

Parameters 
MARK-

III 

FEL-

SUT 

Electron beam 

Average energy (MeV) 

Energy spread (%) 

Peak current (A) 

Bunch length (ps) 

Bunch charge (pC) 

 

25-45 

0.3 

15.45 

0.5-3 

140 

 

40 

1.0 

>20 

2-3 

- 

Undulator & FELs 

Period length (mm) 

Number of period 

Deflecting parameter  

Radiation  wavelength ( m) 

 

23 

47 

- 

2-9 

 
32 

43 

0.6-2.5 

4-46 

  

Based on the parameters in Table 1, the beam 

dynamics study and optimization of the proposed injector 

system are performed to achieved the proper electron 

beam parameters for driving the IR FEL. The computer 

code PARMELA (Phase And Radial Motion in Electron 

Linear Accelerator) [8]  has been used to investigate 

multi-particle beam dynamics from the RF-gun to the exit 

of the 180
o
 achromat and to optimize the electron beam 

lattice parameters. For the FEL radiation due to the 

interaction between optical fields and electron beams, the 

study has been studied using the numerical code 

GENESIS 1.3 [9]. Some preliminary results of the FEL 

simulation are presented and discussed in the last section 

of this paper.  

2. ELECTRON BEAM OPTIMIZATION 

The FEL performance depends greatly on electron 

beam characteristics. Generally, the injector system for the 

FEL facility should produce electron beams with high 

peak current, small transverse emittance, and low energy 

spread in order to generate intense coherent FEL light in 

an undulator. In this study, we focus on optimization of 

longitudinal electron beam properties by adjusting the 

parameters of three main components; the RF-gun, the 

linac, and the 180
o
 achromatic system.  

PARMELA simulations were performed to study 

electron beam dynamics in all components, except the 

alpha magnet. Since the goal of the optimization aims to 

produce electron beams with a very low energy spread 

(<1%), the electrons with high energy level have been 

optimized to form a quasi-monogenetic beam at the head 

of the bunch. Therefore, the compression in the alpha-

magnet for this useful part of the bunch can be neglect. In 

this case, the alpha-magnet will serve only as the energy 

filter element. Some small energy spread will be induced 

during the post acceleration of the electron beam through 

the linac leading to the electron distribution suitable for 

the bunch compression downstream the linac. In our case, 

the 180
o
 achromat is used as both turn around section and 

as the magnetic bunch compressor. For the simulation of 

multi-particle beam dynamics, we assume that the cathode 

emits a uniform stream of 30,000 (macro) particles per 

2856 MHz with a current of 2.9 A. Thus, a single particle 

represents a charge of 33.85 fC, which equivalents to 

2.12x10
5
 electrons. 

Beam Dynamics Simulation of the RF-gun 

The RF-gun at the PBP facility is a one and a half-cell 

S-band resonant cavity with a thermionic cathode and a 

side coupling cavity. To simulate the RF field distribution 

inside the RF-gun, the code SUPERFISH is used [10]. 

Then, the particle-in-cell code PARMELA is utilized to 

track multi-particles through the fields obtained from the 

SUPERFISH simulation.  

The accelerating field gradients of both half- and full-

cell cavities were adjusted to produce an electron bunch 

with low energy spread, especially at the head of the 

bunch. These concentrated electrons at the head of the 

bunch will be the main contribution in the FEL lasing. 

The field ratio of the RF-gun is defined as a ratio of the 

accelerating field amplitudes at the cathode plane and at 

the center of the full-cell. For the field ratio of 1:2 with 

the accelerating field gradients of 35 and 70 MV/m, the 

RF-gun provides an electron beam with low energy spread 

at the head of the bunch. The three dimensional electron 

beam distributions at the RF-gun exit are shown in Figure 

2. The distributions for transverse and logitudinal phase 

spaces are shown in Figures 3 and 4, respectively.  

 

 

Fig.2. Three dimensional particle distributions at the RF-gun 

exit for the field ratio of 1:2 and the accelerating field 

amplitudes of 35 and 70 MV/m 

The electron bunch that actually exits the RF-gun is 

about 100 ps long (Figure 4). The high energy electrons 

with small energy spread are accumulated at the head of 
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the bunch of about 10-15 ps, which is the most useful 

fraction of the bunch. Then, the electron bunches are 

filtered by the energy slits inside the vacuum chamber of 

the alpha-magnet to remove low energy electrons. For the 

RF-gun condition noted above, we set the energy filter 

level at 3.81 MeV.  This leads to the output electron 

beams with the maximum electron energy of 3.91 MeV 

and the rms energy spread of 0.82%. Parameters of the 

electron beam after energy filtering using the alpha-

magnet energy slits are listed in Table 2.    

 
Fig.3. Particle distributions in the transverse phase space     

(x-x′ and y-y′ plane) at the RF-gun exit 

 

Fig.4. Particle distributions in longitudinal phase space 

(energy-time) at the RF-gun exit 

Table 2.  Parameters of RF-gun and its output electron beam 

Parameters Value 

Field ratio 1 : 2 

Accelerating field 
Half-cell: 35 MV/m 

Full-cell: 70 MV/m 

Beam output energy 

    - Average  

    - Maximum 

    - Minimum 

 

3.91 MeV 

3.94 MeV 

3.81 MeV 

 Energy spread  0.82 % 

Energy filter level 3.81 MeV 

 Bunch length (FWHM) 15 ps 

Bunch charge 33 pC 

  

Beam Dynamics Simulation of the Linac 

The linac at the PBP facility is an S-band SLAC-type 

travelling wave linear accelerator. It can be used to 

accelerate an electron beam to reach a maximum energy 

of about 30 MeV. In this study, we consider that the 

electron beam is accelerated through the linac to reach an 

average energy of about 15 MeV.  In order to achieve an 

electron bunch with low energy spread, the linac initial 

phase is varied between 0
o
 and -90

o
 relative to the 

reference particle phase at the entrance of the linac. Then, 

the number of particles is counted within the desired 

energy bin (1% in this study). Figure 5 shows the number 

of particles within 1% energy spread normalized to the 

total number of the particles entering the linac for 

different linac phases. 

 
Fig.5. Number of particles within 1% energy spread 

normalized to the total number of the particles entering the 

linac as a function of the linac initial phase respect to the 

reference particle phase entering the linac 

The energy gain from the linac can be adjusted by 

optimizing the product of the accelerating field (E0) and 

the transit time factor (T). This product is linearly 

proportional to the electron energy at the linac exit. The 

product of accelerating field and transit time factor (E0T) 

has been optimized to achieve the electron beam with low 

energy spread and short bunch length at the exit of the 

180
o
 achromat section. The optimized value of E0T is 4 

MV/m, which provides the final maximum and average 

electron energies of 15.6 and 15.4 MeV, respectively. The 

longitudinal phase space distributions of the particles at 

the exit of the RF-gun and at the exit of the linac for the 

linac initial phase of -53.7
o
 are illustrated in Figure 4. 

Parameters of the electron bunch after exiting the linac are 

shown in Table 3.    

 

Fig.5. Particle distributions in longitudinal phase space of all 

particles at (a) the RF-gun exit for the field ratio of 1:2 and 

the accelerating field amplitudes of 35/70 MV/m and (b) the 

linac exit with the linac accelerating initial phase of -53.7o 

and the product between the accelerating field gradient and 

the transit time factor (E0T) of 4 MV/m 

Energy filter 
level = 3.81 
Mev 
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Table 3. Parameters of linac and the electron beam exiting 

the linac 

Parameters Values 

Accelerating length 3 m 

Initial phase 

 

-53.7
o 

w.r.t. reference 

particle entering linac 

Beam output energy 

    - Average  

    - Maximum 

    - Minimum 

 

15.4 MeV 

15.6 MeV 

15.2 MeV 

 Energy spread  0.78 % 

 Bunch length (FWHM) 10.1 ps 

Bunch charge 33 pC 

 

180° Achromat and Bunch Compressor  

In this study, we consider the 180° achromat as a turn-

around element and a magnetic bunch compressor.  It is 

an triple bend type consisting of three dipole magnets and 

two sets of quadrupole magnet, which are placed at the 

straight section between the dipoles (see Figure 1). The 

goal of the optimization of this section is to establish the 

parameters of the dipole and the quadrupole magnets as 

well as the drift lengths for transporting the electron beam 

through and exit the section with a shorter bunch length 

and no change of energy spread.  

The dipole magnets have the deflecting angle of 60
o
 and 

the effective length of 35 cm. The electron bunch length 

can be adjusted by changing the gradient of the doublet 

quadrupoles to have the minimum bunch compression 

condition. At the electron beam energy of 15.4 MeV, the 

simulated shortest electron bunch length of 0.85 ps is 

achieved with the doublet quadrupoles’ strengths of 56.4 

m
-2

 and -44.6 m
-2

, respectively.   The particle distributions 

and energy spectrum of the electron bunch at the exit of 

the 180
o
 achromat section with the optimized condition 

are shown in Figure 6. Optimized specifications of the 

components in the 180
o
 acromat and the electron beam 

parameters at the exit of the acromat section are listed in 

Table 4. 
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Fig.6. Particle distributions in longitudinal phase space at 

the 180o achromat exit  

 

 

 

 

Table 4. Specifications of the components in the 180° 

achromat and the electron beam parameters at the achromat 

exit 

Parameters Values 

Bending magnet 

    - Defection angle 

    - Effective length 

        - Curvature 

 

60
o
 

 35 cm 

2.99 m
-1

 

Quadrupole 

    - Focusing strength 

        - Defocusing strength  

 

56.4  m
-2 

- 44.6  m
-2 

Beam output energy 

    - Average  

    - Maximum 

    - Minimum 

 

15.4 MeV 

15.6 MeV 

15.2 MeV 

 Energy spread  0.74 % 

 Bunch length (FWHM) 0.85 ps 

Bunch charge 33 pC 

Peak current 38.8 A 

 

3. FEL SIMULATIONS 

    The code GENESIS 1.3 is used to simulate the FEL 

radiation due to the interaction between optical fields and 

an electron beam inside the undulator. At this early stage 

the simulations have been performed in the time-

independent mode. The undulator considered for the IR 

FEL at CMU is a planar type undulator with a period 

length of 77 mm and a number of periods of 22. The 

undulator gab is adjustable to vary the deflection 

parameter (K) between 0.4 and 2.6 in order to provide the 

radiation wavelengths of 50- 200 μm. As an example, the 

electron beam with an average energy of 15 MeV and an 

rms bunch length of 1 ps is used in the initial simulations. 

The undulator specifications and some preliminary 

required beam parameters used in the simulations are 

listed in Table 5. The optical cavity length is set to be 5 m 

with the diffraction and out coupling losses in the cavity 

of 5%.  

Figure 7 shows the time evolution of the simulated 

FEL radiation peak power at radiation wavelengths of 

200, 100, 75 and 50  m for the electron beam with the 

average energy of 15 MeV, rms energy spread of 0.5%, 

and peak current of 30A. It can be seen that the longer 

FEL radiation wavelength reaches the power saturation 

faster than the shorter one. The numbers of round trips 

needed to accumulate the radiation amplification until 

reaching the saturation condition are within 60 turns for 

the radiation wavelengths of 200, 100 and 75 m, while it 

needs 120 turns for the case of 50 m. It seems that 

GENESIS simulation in the time-independent mode has a 

limit of the simulation for the case of electron bunch 

length shorter than the radiation wavelength. Further 

study using the code GENESIS in time-dependent mode 

together with the Optical Propagation Code (OPC) [11] 

will be performed.  
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Table 5. Undulator and electron beam parameters used in 

FEL simulations  

Parameters Value 

Undulator type Planar 

Undulator period length 7.7 cm 

Number of undulator period 22 

Undulator deflecting parameter 0.036 - 3.39 

Beam energy 15 MeV 

Energy spread 0.5% 

Bunch length (RMS) 1 ps 

Peak current  30 A 

Normalized emittance (x, y) 3 mm-mrad 

Beam transverse size (  x,    y) 0.42 mm 

Twiss parameters (o, o) 0.72, 0 
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Fig.7. Calculated time evolution of the peak power at the 

radiation wavelengths of 200, 100, 75 and 50 µm for the 

electron beam with an average energy of 15 MeV, an energy 

spread of 0.5 %, and a peak current of 30 A 

4. CONCLUSION 

 The longitudinal beam dynamics of the injector 

system for an IR FEL at Chiang Mai University has been 

studied using numerical simulations. The results have 

achieved the parameters suitable for the IR FEL lasing 

requirements. By properly adjusting the machine 

parameters, the electron bunches exiting the 180° 

achromat section have an average energy of 15.4 MeV, an 

rms energy spread of 0.74%, a bunch length of 0.85 ps, 

and a bunch charge of 33 pC. Further studies and 

optimization will be proceeded to investigate both 

transverse and longitudinal electron beam dynamics. The 

initial study of the FEL radiation with wavelengths of 50 

to 200 m has been performed for the electron beam 

energy of 15 MeV and the bunch length of 1 ps without 

considering the slippage effect.  The total FEL peak 

power in the optical cavity of about 10
8
 W can be 

achieved. However, the time-dependent simulation 

including optical cavity parameters will be conducted to 

investigate the realistic loss in the cavity and the slippage 

effect.  
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Abstract—  A THz radiation source based on RF-linear accelerator had been constructed at the Plasma and Beam Physics 

(PBP) research facility, Chiang Mai University. The accelerator system consists of an RF-gun with a thermionic cathode, an 

alpha-magnet as a magnetic bunch compressor, and a linear accelerator as a post acceleration section. Coherent transition 

radiation emitted from short electron bunches is used as the THz radiation source. This THz radiation can be used as a 

source of the THz imaging system and THz or far-infrared spectroscopy. The generation and characterization of the THz is 

presented. Recent experimental results on THz spectroscopy and THz imaging are presented and discussed. A plan for 

extension to accommodate infrared Free Electron Lasers (FEL) is also presented. 
 

Keywords— coherent transition radiation, femtosecond electron bunches, FEL, THz radiation  

 

1. 
INTRODUCTION 

THz radiation is electromagnetic radiation spectrum 

covering wavelengths of 1000 µm to 100 µm (0.3 x 10 
12

 

– 3 x 10 
12

 THz) and lies in the gap between Microwave 

and Infrared. In the past, this gap was an unexplored 

region but nowadays THz technologies and applications 

have been developed rapidly and were reviewed in [1-4]. 

An RF-linac-based THz facility has been established at 

the Plasma and Beam Physics (PBP) research facility, 

formerly the Fast Neutron Research Facility (FNRF), 

Chiang Mai University. Figure 1 shows a schematic 

layout of the system. The main components of the system 

are a thermionic cathode RF-gun, an alpha-magnet as a 

magnetic bunch compressor, a SLAC-type linear 

accelerator (linac), beam steering and focusing elements, 

and beam diagnostic instruments. 

The RF electron gun is a 1-1/2 cell S-band (2856 MHz) 

with a side coupling cavity and was specially designed 

and optimized [5] for bunch compression using an alpha-

magnet. The gun produces an electron bunch of 2.0-2.5 

MeV maximum kinetic energy with a well-defined 

correlation between energy and time such that later 

electrons gain less and less energy. Electron bunches of 

20-30 ps from the RF-gun are compressed in the alpha-

magnet, where the particle path length increases with 

energy. This allows the lower energy particles, at later 

times in each bunch, to catch up with the front for 

effective bunch compression. The optimized and 

compressed part of the electron bunch is filtered by 

energy slits located in the alpha-magnet vacuum chamber 

and then transported to the linac. The electron beams are 

then accelerated through the linac to 10 -15 MeV. At the 

experimental station, the bunches are compressed to be 

less than 1 ps [6,7]. These short electron bunches can be 

used to produce high intensity THz radiation in the form 

of coherent transition radiation [8].  
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2. GENERATION OF THz RADIATION 

Total electromagnetic radiation emitted from a bunch of N 

electrons at radiation frequency   is 

( ) ( )[1 ( 1) ( )],eI NI N f         (1)
 

where )(eI  is the radiation intensity from a single 

electron and the bunch form factor f() is the Fourier 

transformation of the longitudinal bunch distribution 

squared. Since the radiation spectrum is proportional to 

the Fourier transform of the bunch distribution, the short 

bunch is therefore desired for production of broadband 

radiation spectrum. At a wavelength about or longer than 

the bunch length, the radiation from an electron bunch 

becomes coherent and the intensity of coherent radiation, 

proportional to the number of radiating electrons squared, 

exceeds greatly that of incoherent radiation at the same 

wavelength. The radiation brightness in Figure 2 shows 

that electron bunches of 100 fs can provide broadband 

radiation covering from 5 cm
-1

 to 200 cm
-1

 wavenumber. 

This intense coherent transition radiation greatly exceeds 

that of a black body as well as that of synchrotron 

radiation.  

At the PBP facility, the THz radiation is generated in 

the form of transition radiation by placing an aluminium 

foil (Al-foil) in the electron path, representing a transition 

between vacuum and Al-foil. When electron passes 

through an interface between two media of different 

dielectric constants, it emits electromagnetic fields. In the 

case of a normal incidence, the radiation energy W per 

unit angular frequency d  per unit solid angle d  for 

the backward transition radiation from vacuum-conductor 

interfaces is given by [8] 

 ,
)cos1(

sin
2222

222





 


 c

e

dd

dW    (2) 

where   is the angle between the emitted radiation 

direction and the inverse direction of electron trajectory  

(-z axis). For relativistic electrons ( 1  and 1 ), the 

maximum intensity can be obtained at  /1 . 

mailto:chitrlada.t@cmu.ac.th
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Fig.1.  Schematic diagram of the accelerator system at Chiang Mai University to generate short electron bunches  

and THz radiation [Q:quadrupole magnet, CT:current monitor, SC:screen, TR: transition radiation] 
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Fig.2. Radiation brightness B (ph/s/mm2/100%BW) for 

coherent transition radiation from electron bunches of z = 

50, 100, and 200 fs compared to black body radiation and 

synchrotron radiation 

 

 

In case of a 45
o
 incidence, the backward radiation emitted 

at 90º with respect to the beam axis with its spectral-

angular distribution given by the contribution of parallel 

and perpendicular polarization radiation. 

2
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



 c

e

dd

dW , (4) 

where   is the emission angle between the direction of 

emitted radiation and the -z axis, while  is the azimuthal 

angle defined in the xy-plane with respect to the -x axis. 

 

At the experimental station, the Al-foil radiator is 25.4 

m thick and 24 mm in diameter. The radiator is tilted by 

45
o
 facing the electron beam direction. The backward 

transition radiation, described by equation (3) and (4),  is 

emitted perpendicular to the beam axis and transmits 

through a high density polyethylene (HDPE) window of 

1.25-mm-thick and 32-mm diameter.  

A copper light cone or a THz lens are used to collect 

the THz radiation into a room-temperature pyroelectric 

detector. The radiation energy of 19 J per macropulse or 

a peak power of 24 W was measured by collecting over an 

acceptance angle of 160 mrad. Experimentally, the 

transition radiation spatial distributions as well as 

horizontal and vertical polarizations of radiation were 

observed using a PYROCAM and a wire-grid polarizer 

from Graseby-Spec (Model IGP223). The results are 

shown in Figure 3. An asymmetry shown up in 

horizontally polarized beam was a result of the Al-foil 

orientation which is tilted 45 horizontally as predicted 

theoretically [8]. 

The radiation spectrum measured using a Michelson 

interferometer is shown in Figure 4 (dashed-line). The 

available THz radiation covers from 5 cm
-1

 to around 80 

cm
-1

 wavenumber (0.15 THz – 2.4 THz). At low 

frequency (< 5 cm
-1

), the spectrum was suppressed by 

effects of the beam splitter and the periodic response is 

the effect of the pyroelectric detector [7].  The spectrum 

seems to extend to above  80 cm
-1

 (2.4 THz) where the 

noise becomes dominate. These can be further minimized 

with better detection and amplification system. 

 

 
Fig. 3. THz transition radiation profiles taken with a 

polarizer rotated 0, 45, 90, 135, 180 degree respectively. 

The last profile is taken without any polarizer. 

3. THz SPECTROSCOPY AND IMAGING 

THz spectroscopy can be done easily by measuring 

power transmission or power absorption of a sample via a 

Michelson interferometer and the Fourier Transformation. 

As shown in Figure 4 (solid line), the radiation spectrum 

taken in humid-air reveals several water absorption lines. 

Although phase information has been lost in the 

measurement, optical constants of the sample can be 

obtained by some modeling or by Kramers-Kronig 

calculation [9]. Dispersive Fourier Transform Spectro-
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Fig.4.  The radiation power spectra taken in humid air (solid) 

and in ambient air (dashed-line) 

 

scopy (DFTS) [10] may also be used for direct 

determination of optical constants of a sample. In a DFTS 

setup, a sample is inserted in one arm of the 

interferometer, causing attenuation and dispersion of 

theradiation pulse. The attenuated and dispersed pulse can 

be recorded and its attenuation factor and phase shift can 

then be recovered. The attenuation and dispersion can be 

related to optical constants of the sample depending on 

the optical configuration of the measurements. With the 

DFTS technique, the phase information can be recovered 

in measurements using a Michelson interferometer. A 

THz imaging system has been setup and tested at the PBP 

facility. For transmission measurement, THz radiation is 

focused on a sample which is scanned using an xy- 

translation stage controlled by a computer interface. The 

transmission intensity is detected by a room-temperature 

pyroelectric detector. Computer program is employed to 

calculate and analyze intensity at difference points on the 

sample for THz image construction. Figure 5 shows an 

example of THz imaging obtained from the leaf concealed 

in an envelope. 

 

 

Fig. 5.  Leaf and its THz image. 

 

4. FUTURE EXPANSION 

As a plan to become a research facility centered on the 

production and utilization of femtosecond electron pulses, 

accelerator-based light sources covering the mid and far-

infrared regime to wavelengths up to the THz regime have 

beem studied. Preliminary designs of the extension are 

shown in the diagrams in Figure 6. A planar undulator can 

be added to the beamline as in Figure 6(a). With short 

electron bunches from the current PBP accelerator system, 

coherent undulator radiation can be produced. The 

existing beamline can also be extended and turned around 

by a 180
o
 achromatic system to let the electron beam pass 

through an undulator and an optical cavity as an IR-THz 

FEL (Figure 6(b)) . 

 

 

 
 

        

 

Fig. 5.  Diagrams for future expansion of the accelerator system (a) without and  (b) with an FEL cavity. 
 

(a) 

(b) 
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Generally, an electron trajectory as a pure sine wave in 

the undulator produces the radiation in the forward 

direction with a fundamental wavelength ( )
r
 of 

                       2

2

1
(1 ),

2 2

p

r
K





                               (5) 

where 
p

  is an undulator period length. To achieve the 

radiation at a desired wavelength, either K of the 

undulator or the beam energy can be varied. 

Results of the preliminary study of  

The radiation output from the undulator with 22 

periods of 0.077 m period length are investigated and 

shown in Figure 7. The beam and the undulator 

parameters used for the study are listed in table 2. The 

effect of electron bunch length on the coherent undulator 

radiation from the setup in Figure 6(a) is clearly seen. The 

preliminary simulation study on the radiation from an 

FEL optical cavity (oscillator) as the setup shown in 

Figure 6(b) has been numerically investigated using the 

FEL code GENESIS 1.3 [11] in the time-independent 

mode. The FEL radiation outputs cover well beyond 6 

THz spectral range. 

Table 2. Parameters used for calculation and simulation 

Parameters Value 

Beam  

Beam energy, E 15  MeV 

Longitudinal rms bunch length,
b

    0.1,1,2 ps 

Peak current, Ip 30 A 

Undulator  

Undulator type, material Planar, SmCo5 

Undulator period length, p 7.7 cm 

Deflecting parameter, K 0.036-3.39 

Undulator length 1.694 m 
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Fig. 7.  Radiation output from 0.1 ,1 and 2 ps electron bunch 

lengths and an undulator (22 periods of 0.077 m period 

length) with (◊) and without (solid lines) FEL optical cavity  

 

5. CONCLUSION 

 Intense THz radiation can be generated in the form of 

coherent transition radiation by using short electron 

bunches which are available at the Plasma and Beam 

Physics Research Facility, Department of Physics and 

Materials Science, Chiang Mai University. The available 

coherent THz transition radiation covers from 5 cm
-1

 to 80 

cm
-1

 wavenumber (0.15 – 2.4 THz). This THz radiation 

can be used as a source of the THz imaging system and 

far-infrared or THz spectroscopy. The plan for future 

expansion with a planar undulator with and without the 

FEL optical cavity will allow more coverage of the IR-

THz spectrum regime.  
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