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Abstract

A low-energy accelerator is used to initiate ion beam analysis research program at
Chiang Mai Untversity (CMU). In this paper we show the exploitation of a ns-pulsed
140 kV D" ion accelerator, modified from a 17 year old 150 kV continuous duty neutron
generator, in Rutherford backscattering spectrometry (RBS) experiments. This
spectrometer, utilizing the pulsed beam time-of-flight (TOF) technique , was applied to
the analysis of metal thin films of gold and copper deposited on a silicon substrate. The
TOF-RBS technique is seen to be capable of an energy resolution corresponding to LE
= 3.6 keV. The experimental results show reasonable agreement with the SIMNRA
simulations.

1. INTRODUCTION

A low-energy 150 kV Cockcroft-Walton accelerator is a useful instrument for a small
scale laboratory. It is widely employed for producing 2.6 and 14 MeV neutrons from the
D-D and D-T reactions, respectively. O ur ] aboratory h as significant e xperience in the
applied neutron physics base on this type of neutron generator. With an in-house
modification [1], the machine was used for a 14-MeV neutron double differential cross-
section measurements and a prompt gamma-ray analysis by means of the pulsed beam
time-of-flight technique {2,3]. But due to the high cost of both the solid TiD and TiT
targets nowadays, our interest in fast neutron experiments has subsided. Recently, the
machine has been modified in order to combine its existing technology with our new
endeavour of ion beam analysis (IBA).

Rutherford backscattering spectrometry (RBS) 1s a fascinating choice since it is the best
known and most widely used IBA technique. It is a powerful non-destructive method to
investigate the near surface region of solids [4,5]. Despite its importance in many areas
of profitable spin-off high technology topics such as materials science, semiconductor,
thin film devices and other fields, the RBS system is rarely installed in small
laboratories since it needs a costly high energy 1on accelerator. In this paper we show
how the 150 keV D" accelerator can be used to promote the IBA area of research.
Details o f the m ethod to c ope with the difficulties raised by the low-energy light ion
beam will be presented.
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2. PRINCIPLE

The resolving power of the RBS technique depends both on an energy resolution (AE)
and a mass resolution (AM). These parameters are related to each other by [4]:

dK ]" AE

[

=

where £, is the incident energy of the projectile of mass m and the derivative of the
kinematic factor K = E/E, with respect to the mass of the target atom (M) has the form :

(2)

dK 24 [M A }

M (M+m)?| B (M+m)

where A=mcos@+B, B =\f M? —m*sin® @ , and @ is the laboratory scattering

angle of the projectile.

Typically, the projectiles of the RBS technigue are *He" ions of energy in the MeV range
produced, at least, from a single ended Van de Graaff accelerator. To avoid non-
Rutherford contributions, the maximum energy is usually limited at around 2 MeV. The
back-scattered particles are detected by a semiconductor detector such as a silicon
surface barrier (SSB) or a particle implanted passivated surface silicon (PIPS) detector
with a typical energy resolution of about 10-15 keV [6]. According to Eqs.(1) and (2),
the resulting mass resolution at the sample surface is about 20 u (for target atoms with a
mass close to 200 u and a laboratory scattering angle of 180%) which is sufficient to
achieve adequate differentiation of important spectral features. But signals of D”
projectiles at about 150 keV have to struggle with the intrinsic noise of the detector at
room temperature in the first place. As a consequence, if a cooled detector and pre-
amplifier system is not available, the traditional spectrometry technique is not so useful
in our case.

The compact size, fast response and high sensitivity microchannel plate assembly
(MCP), although poor in pulse height resolution, is particularly well suited for time-of-
flight spectrometry. The system which we shall consider uses the spectrometer that
derives a reference signal, either start or stop, from a capacitive pick-off which is
electromagnetically induced by a pulsed primary ion beam and an associated signal from
the back-scattered particle’s subsequent impact on the MCP. The use of secondary
electron device for producing a start signal [6,7] is impossible in our case since the
straggling effect at a carbon foil will be too large for a low-energy light ion.

The energy resolutionof a TOF spectrometer is less sensitive to the intrinsic
characteristics of the charged particle detector than the set-up parameters :

0.088 (£’

AE(keV){ 7 —}(At), (3

m

where E is the energy (in keV) of the detected particle of mass m (in u), L is the length
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(in cm) of its flight path and At is the time resolution (in ns) of the system. It is evident
that, for a specific projectile and energy, the energy resolution is improved when the
flight path is longer and the system time resolution ts smaller.

For a TOF spectrometer using the above mentioned pulsed-beam technique, At ts
introduced by two essential timing uncertainty contributions :

Ar= \/ (Atclccl ) + (N pulse ) 2~

where Atgeq arises from jitter in the MCP and electronics and Aty is the beam pulse
duration. Of greatest importance is the second term since the value of <1 ns for the first
term is common for standard NIMs but a few nanoseconds of the latter requires
substantial effort. This value is based mainly on the quality of the ion source, the
reliability of the high voltage generator and the buncher condition. However, a pulse
width of 0.6 ns has been reported [8].

Moreover, an improvement in mass resolution by increasing the analysis beam mass will
positively affect the energy resolution of the TOF detection system instead of becoming
a drawback as in the case of the conventional RBS system [4,9]. The work of
Mendenhall and Weller [7] does confirm this advantage.

3. EXPERIMENTAL DETAILS

3.1. Sample fabrication and characterization

The samples are Cu, Au and Cu-Au thin metal films that were deposited on Si (100}
substrates by the thermal evaporation method using a tungsten boat. The Cu layers of
both the Cu/Si and Cu-Au/Si samples were deposited at the same time and Au layers
were also similarly done. The vacuum during deposition was about 2x10™ mbar.

These samples were analysed using a typical set-up for routine RBS work attached to the
6 MV EN-tandemm Van de Graaff accelerator of the Tandem Laboratory, Uppsala
University, Sweden. An alpha beam with a fixed energy of 2 MeV was perpendicularly
impinged on each sample, which was clipped to the same rotating wheel of an automatic
3-axis goniometer so that the experimental parameters were kept identical. Each sampie
was bombarded for about 5 minutes with a beam current of 15 nA. The beam was
collimated to produce a 2 mm diameter spot on the samples. RBS spectra were recorded
using a SSB detector fixed at a backscaitering angle of 166°. The distance between the
sample and the detector was 6 cm and the solid angle for the detector was 7.5 msr.
During measurement the scattering chamber was under a vacuum pressure of 2x107
mbar.
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The typical well-behaved backscattering spectra of those samples are displayed in Fig. 1.
While Cu peak positions of Figs.1(a) and (c) coincide, Au peak of Cu-Aw/Si sample is
19.5 keV less than the Au peak of Au/Si sample due to energy loss along the inward and
outward paths in the front layer of Cu. The overall peak width is about 24 keV FWHM.
This value, which is 1.6 times larger than the detector resolution, is caused by energy
spread of both extrinsic and intrinsic origins such as a finite beam and detector size and
energy resolution of the detector for the former, and a straggling and Doppler effect
within the sample for the latter. However, the value is much less than an energy
separation between the copper and gold peaks. The RBS spectra were evaluated using
the well-known computer simulation and analysis program, SIMNRA [10]. From the
best fit, the areal densities of the Cu and Au layers were calculated to be 88.2x10" and
61.5x10" atoms/cm?, respectively, which seems to be in contrast with the experimental
spectra in which the Cu peaks are far smaller than the Au peaks. This is because the
differential cross-section of Cu is about 7-8 times less than that of Au.
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FIG. 1. Energy spectra of 2 MeV “He" back-scattered at the laboratory angle of 166°

from Cu film (a), Au film (b) and Cu-Au films (c) on silicon substrates. The continuous
lines correspond to the best fit of the SIMNRA code to the experimental data.
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3.2. Time-of-Flight RBS (TOF-RBS)

The TOF-RBS analyses of the prepared samples were done using the formerly ns-pulsed
neutron generator developed at Chiang Mai University [1]. Only the end of the beam
line was changed from a tritium target holder to a scattering chamber as shown in Fig. 2.
It consists of a 31 cm diameter chamber with a 5.3 em diameter changeable drift tube
pumped by a turbomolecular pump, a sample-feed system and a MCP as detailed in Fig.
3. The base pressure was in the low 10™ mbar range. The MCP was mounted at the end
of the drift tube 192.3 cm away from the sample.

150 kv

HV supply

|

' Capacitive
RF ion | Accelelating Chopper . ?’?(9(5%
souree tube
“  Bendin Kl\dstgn Turbo-pump  Sgatterin
. blUncher
Giff. pump . rREgN Diff. pump Jﬁ_ puUmp Eﬁamhgr
T MCPR
HISSIEST LSS T mst o1 g

FIG. 2. Schematic drawing of the TOF-RBS system utilizing ns-pulsed neutron
generator-based low-energy accelerator.

An entrance collimator limited the incident D' pulse from ~1 cm diameter down to ~3
mm diameter on the sample. The 5 ns D" pulse collided with the sample perpendicularly
with an incident energy of 140 keV and a repetition rate of 500 kHz. The average beam
current was about 0.1 ''A. At 55 cm in front of the sample, the pulsed primary D' beam
passed through a capacitive pick-off in which a start signal was produced. The back-
scattered D ions from the sample were guided to the MCP at 149° relative to the
incident direction by a set of defining apertures. The MCP produced a stop signal
relative to the one from the capacitive pick-off. The maximum laboratory backscattering
angle is 149° for this chamber due to construction complexity although a larger angle is
prefered. The signals, from a capacitive pick-off and an MCP, were individually
interfaced by fast pre-amplifiers to maximize the signal-to-noise ratio and fed through
50 Ohm cables into constant fraction discriminators (CFDs) which started and stopped a
time-to-amplitude converter (TAC).
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FIG. 3. The experimental configuration for TOF-RBS experiment. Legend . TFA =
Timing Filter Amplifier, CFD = Constant Fraction Discriminator, TAC = Time-lo-
Amplitude Converter, ADC = Analog-to-Digital Converter and MCP = Microchannel
Plate Assembly.

To exclude the effect from D* pulse width, a 5 cm diameter by 5 cm thick NE-213 liquid
scintillation detector was used, replacing the capacitive pick-off and the MCP, to
estimate the intrinsic time resolution of the electronic system. Signals of the detector,
excited by gamma-rays from Co-60 source, were split to feed both of the pre-amplifiers.
The FWHM of the peak of the time spectrum was 4 ns with a timing filter amplifier
(TFA) and 1.5 ns without TFA. Unfortunately, the TFA was added, as shown in Fig. 3,
to boost the capacitive pick-off signals due to the poor performance of the buncher.

For an on-line monitoring of the deuteron pulse width, neutrons of 2.6 MeV, produced at
the beam collimator by the D-D reaction, were detected by another organic scintillator
for producing a signal, in association with the capacitive pick-off signal, to use as stop
and start signals, respectively, in a second TOF circuitry. For a quick response of this
system, the 25 cm diameter by 10 cm thick BC-501 liquid scintillation detector was
used. The average width of the D™ pulses was ~ S ns, as mentioned above.

4. RESULTS AND DISCUSSION

The results from the TOF-RBS measurement are presented in Fig. 4 where the time
calibration is 1.638 ns/ch. The typical data collecting time of each sample was
approximately 60 minutes. It is relatively simple to convert a time domain spectrum to
the energy domain (Fig. 5) by using the fact that, for a fixed ion species, the kinetic
energy (F) and the flight time (¥) of the ions are correlated which reads :

F=1, +3233—2, (5)

TE
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where ¢y symbolizes an offset due to the electronic setting, L = 1923 em and 3233 is a
unit conversion factor,

250 - ————— — — —
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FIG. 4. TOF spectra of 140 keV D" ions backscattered from (a) Aw'Si and (b) Cu-Auw/Si
samples as used in Fig. 1. The sample-to-detector distance is L = 192.3 cm. The time
difference between channels is 1.638 ns.

Several conclusions can be drawn from Figs. 4 and 5. The high energy edge of Si, at
channel ~ 400, is about 40 channels apart from the Au peak in Fig. 4(a), which
corresponds to an energy difference of ~ 28 keV. This good separation is supported by
Eg. (3) in that the AE of the TOF system is 3.6 keV. The separation is less clear in Fig.
4(b) since the Au peak is not only broader but also shifted to the longer flight time
because the projectile suffers energy loss and straggling in the top Cu layer. These
effects increase interference of the Au peak on the low cross-section Cu peak which is
situated at channel 374. A reasonable agreement is observed when the spectrum in the
energy domain, 1.e. Fig.5(b), is compared with the simulation profile predicted by the
SIMNRA code, as shown in Fig.6(a).
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FIG. 5 Transformed energy spectra of Fig 4.

By analysing the peaks of Au in Figs. 1(b) and 5(a), we conclude that the real limit of
this set-up is the mass resolution and the quality of the buncher. The buncher
performance degrades by oil vapour from 3 diffusion pumps used in the system. They
should be replaced by cleaner vacuum pumps such as turbomolecular pumps, 1on-pumps
O CIyo-pumps.
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Fig. 6 Simulated RBS spectra at two different projectile conditions, as indicated by the
insets. The calculated spectra were made by SIMNRA code when using detector
resolutions of 3.6 keV, for (a), and 6.4 keV, for (b).

5. CONCLUSION AND OUTLOOK

We have carried out some exploratory investigations to demonstrate the potential of a
low-energy accelerator in RBS experiment. For a broad range of target atoms, the
throughput of the technique does not compare favourably with conventional method but
a possibility of a very shallow analysis of contamination in the vicinity of Si (M =4 u),
such as Ar, must not be over looked. However, the procedure employed makes this
experiment a perfect ground for laboratory activities. It would help young students
develop the skills they will need for the future that is going to require more cross-
disciplinary training.

For a better mass resolution, a detailed study, of Phase Il, concerning a higher mass and
energy projectile is in progress. To save on investment, a 280 keV *He® ion beam is
chosen since the key components of the original pulsing system, such as the chopper and
the buncher, can still be used. We nevertheless hope to see a clear separation of the Cu
and Au signals as shown in Fig.6(b). Work is underway to upgrade the ion source and
the HV power supply to optimize the new analysing system. These undertakings will
pave the way to a standard IBA facility after the installation of a 1.7 MV HVE
Tandetron accelerator is completed in Phase III.
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3.6 Beam Bunching study with PARMELA

3.6.1 Bunch Compression of a Non-Relativistic Ion Beam in
Linear Approximation

P.Junphong" and H.Wiedemann®

" Fast Neutron Research Facility, Department of physics, Faculty of
science, Chiang Mai University, Chiang Mai 50200, Thailand.

? Department of Applied Physics and SSRL, Stanford University,
U.S.A.

Abstract: In this note the linear theory of bunch compression is described. The optimum
geometry of the system 1s designed. Nonlinear effects limit the applicability of this linear
theory as will be shown by comparison of the theoretical result with a realistic beam in
numerical simulations with the program PARMELA".

Geometric shape
We use a D™-ion beam line shown schematically in Fig.1. A continuous

beam of D*-ions emerging from the source is converted into a series of buncher by
the chopper.

Target
Buncher ;

le——f——— 3.14m

Slit

30 nsec 2 nsec

Fig.1 Layout of D ion beam line from source to target (Schematic).

The chopper generates a periodic field at 2 MHz deflecting the beam transversely across
a slit. lons pass through the slit only when the chopper field is small or zero. In the
FNRF beam line the slit opening is adjusted in such a way that a 30 nsec ion bunch is
produced every 250 nsec. The chopped ion beam travels toward a buncher section and
then on to an experimental target. The 4 MHz buncher consists of2 gaps, separated by

l
the ion travel distance in —T . and each producing a total voltage of 6.5 kV.

(i) write permission from Los Almos National Laboratory
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Theory of Bunch Compression

In this chapter we derive the linear theory of bunch compression. A long bunch of
non-relativistic tons passes through a buncher cavity. This cavity is excited at 4 MHz and
produces electric fields along the beam and cavity axis. The field oscillation 1s phased
such that the center of the bunch is not accelerated. The head of the bunch will see a
decelerating field while the tail see an accelerating field. Bunching occurs in the drift
space s due to the velocity variation generated by the linear buncher field. Ions in the tail
of the bunch have been accelerated and are therefore catching up with ion in the bunch
center while just the opposite happens to ions in the head of the bunch.

The dynamics of this bunch compression is shown in Fig.2 to Fig.7

. Location of
Buncher Cavity Shortest Bunch

S >

Fig.2 Layout of beam line from the buncher to target

Fig.2 shows schematically the beam line used for bunch compression. We start
before the buncher with a long ton bunch and small energy spread (Fig.3). At the
buncher, ions in the head of the bunch (t<Q)are accelerated while those in the tail (t>0)

are decelerated (Fig.4).

AE/E

AE/E //
B e / t

Fig. 4 After Buncher

Fig. 3 Before Buncher
(shorter bunch, larger spread)

(longer bunch, smaller spread)
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As a result, along the dnft space s the ions in the head of the bunch (AE <0)
travel slower and ions in the tail (AE > 0) travel faster than ions in the center of the
bunch (Fig.5). After a certain distance the bunch has reached it shortest time (Fig.6) and
bevond that the bunch gets longer again (Fig.7)

AE/E AE/E

<2
I

A
c&/ ' :
=

Fig.5 Between bunch Fig.6 At Target
( shorter bunch, larger energy spread) (shortest bunch, largest energy spread)

-
@-\
N

AE/E

=)
=)

Fig.7 Beyond Target

The goal of this note is to determine the distance s from the buncher at which the bunch
is the shortest.

Location of shortest bunch

We describe the particle dynamics in longitudinal phase space (W, AE ) where
‘W is the phase of an ion under observation with respect to an ion in the center of the
bunch and AFE is the energy deviation of such an ion with respect to the ideal particle.
Considering an ion with coordinate (“,,AFE;) at the entrance of the buncher,

transformation through the buncher of zero length gives

Y, = ¥, (H
AE, = AE, +a'P,
AE, = AE, +eV P, (2)
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Here we assumed an RF-voltage v, = V;sinw: = Vot inlinear approximation
and set ¥, = wr,,.

In matrix formulation this transformation becomes

{ B} [1 O}Vﬂ [ 0}
=M, , 3)
AE, eV, 1| AE, AE,

M—lo 4
L P )

where

1s the transformation matrix.
Next we derive the transformation through a drift space of length s. The travel time, A ¢,
of an ton with respect to the reference ion in the bunch center is

At=2-2 (5)
A% v

3

where v, is the velocity of the reference particle.

From the kinetic energy £, = %mv2 we derive the velocity

which 1s, for the reference particle,

2
m

The difference of phase of the particle under observation with respect to the reference
particle 1s from (5)

1 1
A = o 2 PS5 _98_ m[___} ©)
v v vV v

The phase of the ion at distance s downstream from the buncher is therefore

Y, = Y, +AY
11
= Y, + a)s[— - —] . (7)

A4 v

ki

For a non-relativistic ion, we get

E, = E,+AE (8)



125

2
and .o \/Z(EkO+AE):\/ E. 1+AEMS |, AE
® m m £ 2E,,
Then
1.1 _ __AF
VooV, v E,,
1 1 AFE
. ) T WE ©)
Vs {1 + J 5 0ko
ko
and
AE
ST (10)
2v.E,,
The energy does not change along s, 1.¢.,
E(s) = E(0) (1)
Collecting all these results, we get for the transformation through the drift space
= sz &0
AL, 0 1 AE,
where W, = ¥, and the transformation matrix 1s
_ws
MS = 2"'5 E'f(o . (l 3)
0 1

The total transformation is described by the product of the matrices through buncher and
= through the drift space

M.’om.’ = MSMB
i —2‘”; [1 0}
= vs &0
0 i eV, 1
_1 wseV, s
= . E, 2v,E, (14)
el 1

For simplicity we assume first that the energy spread of the ion beam from the source is
negligible (AE =0). In this case we have for the ion coordinates at the target
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W I wseV, s W
{ } = wE, 2E, [O"] (15)
ev, 1

The phase ¥ of any ion at the target is then determined by

wseV,
Y o=(1- Ly 16
r ( 2stko) 0 ( )
with energy
AE =eV\¥,, (7

where ¥, is the tnitial phase of a particle. We note that for the reference particle
¥, =0. For an ideal bunch compression we require then that ‘¥, =0. That can be

achieved only if the coefficient of W,in equation (16) is zero. From this we can
determine the optimum distance s at which the bunch length would be zero,

s = 2l (18)
weV,

We apply this result to the actual ion beam line at the FNRF where we have the
following parameters

E. = 140keV

m,. = 1875.613MeV

v, = 13 kV

v, = 3.665x 10° m / sec
f, = 4MH:

o = 2.513x10" sec™

s = 3.1412m

Independent of the original bunch length this linear approximation predicts a zero
bunch length a distance s away from the buncher. This is obviously an unrealistic
simplification by assuming a linear dependence of the accelerating voltage V with phase
V., =V,\¥,. Inreality we have a sinusoidal variation ¥, = ¥ sin*¥, of the buncher voltage

which introduces nonlinear effect. Furthermore a real beam has a finite energy spread,
1.e., AE = 0. We will discuss effect of these parameters in future notes. Here we conciude
by comparing the results of the linear approximation between analytical results and
numerical ones from PARMELA simulation.
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PARMELA input:

RUN124. -458120.14 1 1875.613

TITLE

ION BEAM LINE WITH CHOPPER AND BUNCHER
CHARGE 11

INPUT 9 3000 6.0 0.5 3600 180.0

DRIFT 031

CHOPPER 03.014.00.015.0

DRIFT 45.8123 1

BUNCHER 031.0134.0180.00.14

DRIFT 314.12 3 1

DRIFT 3.031
DRIFT 5.031
ZOUT
OUTPUT 5
START 180. 1 10000 0 1000
END
PARMELA output:
Ia]r; Bearm Line with Chopper ond Buncher
12
e INTENSITY vs Phase, ¥
-i?}.n%h use—m,agdrum 3. 10.00 20.00
50 element 1
AE(keV) ° AE vs ¥
-25
e—es wvs| phi-phis

Bl o pa" 01 E oD

At the chopper entrance we have a continuous ion beam with zero energy spread.
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Ton Beam Une with Chopper ond Buncher
L]

phdee dpectrum
-fao -ioas 0. 10.00 20.00

element 2

e-es vzl phi-phig

eI Lo o102 oo™

The chopper allows passage of ions only during +15° phaseat2 MHz w hich

franslates to a bunch length of 30 nsec.
This particle distribution is preserved along the dnift space between the chopper and

buncher.
Jon Beom Line with Chepper ond Buncher
18

p ectrum

-frao -loao 0. 10.00 20.00
element 4
20
10
AE(keV) —
_

e-es vsl phi-phi

TR R pont180.22°08  4TE

The buncher introduces a phase dependent energy deviation AFE because of an
acceleration to tail ions (¥ > 0) and deceleration to head ions (\¥ < 0). The result is in

Jull agreement with the linear theory outlined in this note.
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After a drift space of 314.12 cm beyond the buncher. The bunch is greatly reduced
especially for small AE. On the other hand for larger AE the nonlinear effect
deteriorates bunch compression.

Ion Beam Line with Chopper and Buncher
48

&
a4
12
o phose gpectrum
=60 -.25 a. 25 B0
element 5
5.0

AE(keV) @ \

=25 \L

e—es vsl phi—phis
LT

es= 0140 ps— 334.96 2= 3548

In this particular case most of the ions are compressed to a bunch length of
AY =04 degrees and Af=0.28 nsec. We observe clearly the nonlinear effect. In

spite of this the bunch length is very short, because of an AE = 0 assumption.
Beyond the optimal point at s = 3.1412 m the bunch expands again as shown below
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Ion Beam L_Tr_le with Chopper and Buncher

48 —
is
24
12 — LL .
phose spectrur LWL"WW
-Poo =50 D. 50 .00
elemant 7
5
P
N =
AE(keV) o _
-3 RN
AN
-5 e—es vs| phi-phis
Ir.oc ~.50 0. 50 1,00
es= 0140 ps= B.41 z= 367.9

In this linear approximation we have assumed a monochromatic ion beam and a
linear RF-voltage 1 the buncher. Both are unrealistic 1deal assumptions. In another note
we will discuss the effect of more realistic conditions.
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3.6.2 Bunch Compression of A Realistic D ion Beam

P.Junphongl) and H.Wiedemann”

! Fast Neutron Research Facility, Department of physics, Faculty of
science, Chiang Mai University, Chiang Mai 50200, Thailand.

Y Department of Applied Physics and SSRL, Stanford University,
U.S.A.

Abstract: Building on the results of SURIYA-12 we discuss in this note the bunch
compression of a D” ion beam with a finite energy spread AZ, = 0. Some particles have

energies less than the reference particle and some particle have more. So the velocities of
all particles are different. First we treat the bunch compression analytically and then
compare the results with those from the PARMELA program.

1.) Phase space dynamics of an ion beam

At the start of the beam line we consider a D” ion beam distribution in phase
space as shown in Fig 1. The bunch has a longitudinal extend + ‘130 and energy spread

+ AEO. The envelope of this beam is described by the ellipse equation.

-E%+AE.‘1:1 (1)
Wy AES

4]

where (V,,AF,) are the particle coordinate at the starting point, .g. at the entrance to

the buncher.

Fig.1 Phase ellipse at starting point

We rewrite this equation into the form

AEYWE +WW2AE! = AEPWE = constant (2)
We apply now the transformation through buncher and drift space (s) as denved
in SURIYA-12
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V} o V} 3
= VoLyop Voligo
AE eV, | AE,
or
wsel, s
Y=|1- ¥, - AE, €))
2v,E,, 2viE,,
AE = eV, + AE, (5)

We want to know the ellipse equation at the end of the beam line. Solving (4) and
(5) for ¥, and AE, we replace these variables in (2).
From (4), we have

ws

Yo -2v B AE,
_ O ~k0
Fo= N wseV, (©)
2vyE,,
and (5)
AE, = —eV, ¥, + AE (7)

Inserting (7) into (6) and solving for ¥, gives

s
Y, =%+ 8
’ 2v,E,, ®
and from (7) we get
eV,
AE, =—eV ¥ +|1- 2% |ap (9)
2V Eyy

Inserting (8) and (9) into (2) results in the equation of the phase ellipse at the end
of the beam line

oLy VoL

2 2
. . v o
AEO{W —— AE] + \PO{— A [1 . }AEJ = AERP? (10)
To get (10) into a familiar form we expand the square brackets and get

2 2
s ; - e, " ,
Agj[\y~+ o \PAE+[ @ AEJ }+‘P§[(QI/B‘P)2—2€VU‘I—‘AE[1_ e 0}(1— @5 0] AE‘]

vofy VoEyo 2v Ly, AN O

~on
= ALY,
or
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na s na @ -
AERWE 4 AR Y WAE + AR
v

[\
vl) [ v IR

o i . .. se b -
AE] P (el B F - 20V, PIWAE + T BAPAE +
Vokig (1)

., v T i P
T T I ] lw = AEM?
AN )

Collecting terms we get

- . SAE? -, wse'V] s
(AE§+32VUZLP5}W+[“” N A il Y

Vo Loy 0%
L\ L3 (12)
. [Mﬁ‘o] e - g +[W Vo%} ME = AER?
ZVGEEU V{}bkﬂ VG k0
which is the ellipse equation in the familiar form
a'V?® + PYAE + cAE* = constant. (13)

Where the equation of the phase ellipse is expressed in terms of ¥ and AF at the target a
distance s downstream the buncher. Due to the term AYWAZL this is a tilted ellipse and
therefore the bunch is not at its shortest yet. We must select the distance s such that
b =0 and therefore the bunch shortest. At the distance s where bunch is the shortest
{ h = 0) the phase ellipse is upright as shown in Fig. 2.
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Fig.2 Phase ellipse at target, where is the shortest bunch.

Setting 5 =0 in (12) we get

2 27s2
sAF, - wse V. »
b= ¢ —2e ‘POZ o 2

VoL Vol
and solving for the optimum distance S,

2
2V Wov Ky, 2,E,,

Sot = =
opl 72 21202
OAE] + we VY,

2

, AF
weVy(l+ - % )
eV

or

snp.'

— 2VOEIm l— AE(? )
weV, ezVoz“PUz

(14)

(15)

For AEO =0 we get again the result of SURIYA-12. Equation (15) tells us that
the bunch reaches its shortest length at a shorter distance compared to the ideal case of

SURIYA-12.

2.) PARMELA simulation

We perform numerical simulations of a D" ion with the program PARMELA and
compare the results with the analytical expressions derived in the previous chapter.
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PARMELA Input:

RUN124.0-458120.14 1 1875.613

TITLE

1ON BEAM LINE WITH CHOPPER AND BUNCHER
CHARGE I [

INPUT 7 3000 0 2000 .0005 0 2000 .0005 60.0 .0014
DRIFTO03 1

CHOPPER 0314000150

DRIFT 45.8123 1

BUNCHERO03 10.0134.0180.00.14

DRIFT 314.1 3 |

ZLIMIT 400

ZouUT

OuUTPUT 5

START 180.0 T 10000 0 1000

END

We use 3000 D7 ions at a kinetic energy of £,, =140 keV. A 4 MHz chopper is

inserted to  produce 15 deg. bunches which then are compressed by the buncher. The
PARMELA chopper must be operated at 4 MHz to perform similar to the real FNRF 2
MHz chopper since the former passes ions only once per period while the FNRF chopper

passes twice at 0"and 180", respectively. The buncher operates at 4 MHz and has a
maximum voltage of V=13 kV. The drift space s,, =3.141 mas derived from equation

(15).

PARMELA Output :
1) At the start point we choose a long bunch of (£ 607) with finite energy spread
(AL, = £1%) as shown in this graph

Ion Beam Lire «fh Chepper and Buacher
an . ==

250 ——1

[ ———
al-
=
I
.25 il

enerny hpectrumf 3 b {({a-  op
] -] L ™ 10

-0/

et el K= Do 30w

The energy spread is shown in keV and is<1% of [,,. The transverse ion
distribution is shown in units of cm.
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2) After the chopper the bunch is shortened to +15°.

Ton Bwam Line with Chopper ond Buncher
o 200 - —|
1 | 259
l — i : i—$

J
|
-3 ' i
I
oag gpecinum | wa, X i
Jeae  iseo B o0 7000 e T o I )
element 2 ngeod= 4!
50 1 1 ser———7——T — W
AS 1 s ‘
£ =
a. o - 0.
T =
IR B ——
_25] . -25 |
l |
g laces uJ phi-phik _np LETENdy chctnw. x in_ Oi0r- 0.
=700 - o DO rp.on [u] o 2 x L.
ea= B%0 pe=" 022 0D stakES KE= 0-56x

3) The buncher introduces an energy or velocity shift as required for bunch

compression.

Ton Beam Line with Chopper ond Buncher
hal

5.00
- — v 250 |— _ -
u o — o.
|
i | —am |
| phzme_dpes ."l_-:‘ vL_ ] _ ve x N
R v oy 5.0 7000 5RG T ik [ 258 ey
element 4 ngocd= Q44
5.0 - 50
&
% E—
ant R == ! 25} — | ]
| K2 |
e Qo - — —
| -2.5
¥
s vsl phicphib 1 yolErengy boectrum, s In (os= o
= ET 12

L 3
S S
Cree T peis02dME 45 H” otk kE= 116w
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4) At a distance s, downstream the buncher the bunch reaches its shortest

Ay
length of £6.57. or [, :i3—6'0— AY =1.65 cm = 4.51 nsec

Ion Beam Lima with Chopper and Buncher
12 e

500 | E
. ‘ L
P
| *3?}%@-
i
LT ATy
B
2% 1
- LY o 21 1
k58 3 SNx iss [ EXT 2
2 nigan= a41
e £ _I,.__ LI 28 |
o i ESePil: - Lir T HL o %
-5 — B -f — -25 f—— —
[ ] v;J [ - phi ] . [(energy positrumg x in QDx~= 0.
- i -0 24 12

-5, L
R i e 13488 1 35050 O metdkELKE= | 18

The bunch compression 1s not very impressive because we have used a rather
large energy spread. Using a factor of 10 smaller energy spread AL, = +1% we get a

much more efficient bunch compression.
Calculation
For comparison with PARMELA simulations we set at the buncher entrance

AE, =1.5x10° eV

Y. =60 deg =%rad

corresponding to a £ 1% energy spread and

w=2513x10" sec”
v, = 3.665x10° m/s
E,, =140 keV .

From equation (12) and (13) we calculate a by
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a= AEj +elVUZLi’U2 (16)

=(1.5x10° Fer V' +(13x10°f x[’;T(eV)z

= (87.579x10(e¥

and calculate ¥ at the location s,» Where we place the experimental target

(1.5x10°)x =

gobht T 3 = 0.11469 rad ~6.57 deg  (17)
Ja  J187.579x10°

From PARMELA simulations we get‘i’ =+6.5" We can also calculate ¢ from

: : . 2v,E
(12). Since we are interested in the value of c at s, = LV"” we get from (12)
wel,
8B (ag,Y
@s,, AE,
c=| -2 = TER = 0.11538 (18)
2vo L5 el

From the definition of ¢ in (12) we can solve for AE at the target

LSS (].5><103)x£
af =AY 3 46 keV (19)

Je J0.11538

PARMELA simulations give AE ~4.0x10" eV
The PARMELA results differ somewhat from the analytical calculations because
the analytical ion distribution in phase space is not elliptical (see fig.on page 7). The

actual values of ‘Pand AEt1o characterize the full beam are therefore subject to
interpretation.
We note, however, that also in PARMELA the shortest bunch is also reached at

S = 3141 m.
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3.6.3 Full Width Half Maximum In Bunch Compression of
D" lon

P Junphong" and H.Wiedemann®

'Y Fast Neutron Research Facility, Department of physics, Faculty of
science, Chiang Mai University, Chiang Mai 50200, Thailand.

? Department of Applied Physics and SSRL, Standford University,
U.S.A.

Abstract: In this note we use the PARMELA program to calculate the bunch length as a
function of 12 by put the data that we calculate from energy spread ( AE), the accelerator

voltage (V) and phase spread (¥,). For get the bunch at distance s and then calculate

full width half maximum (FWHM) that we get from spectrum from PARMELA in
distance s.

Process

In the process that we want to show the pulse beam dependence on parameters
such as energy spread, the accelerator voltage at the buncher and phase space between
chopper and buncher.

I. Run PARMELA by varies energy spread (A£) from 0.01 keV to 4.5 keV. We
Calculate FWHM from spectrum simulate that shown in fig.1 at distance s from the
buncher and then plot graph for the FWHM as a function of energy spread as shown in
Fig.2.

2. Run PARMELA by use the energy spread at FWHM is 2 nsec from graph which we
Get in No.] and varies the accelerator voltage (V) at the buncher. We calculate FWHM

and plot graph between FWHM and accelerator voltage is shown in Fig.4.

3. Run PARMELA by varies phase angle (¥, ) between chopper and buncher from 100-

260 degree. We calculate FWHM and then plot graph between FWHM and phase angle
is shown in Fig.5.
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Full Width Half Maximum (FWHM)

How do we get the FWHM from the spectrum?

Ton Beam Line with Chopper and Buncher

Q2
|
69— ;
5 j
\ |
\A
‘ i A |
I %
23 ;
I |
! |
! \
!
| ohgse] Bpectrum =
%o ~6.00 0 6.00 12.00

| FWHM ———]|
Fig.1 Calculation of FWHM

PARMELA : input
The example input at energy spread lkeV.

RUN1240-458120.14 1 1875613

TITLE
Ton Beam Line with Chopper and Buncher

CHARGE | 1 AE(MeV )
INPUT 7 20000 0 2000 .0005 0 2000 0005 60.0

DRIFT 031
CHOPPER 03 14.00.015.0 vary!
DRIFT 458123 1

BUNCHER 031 0.0164.0 130.0 0.14
DRIFT 314. (MY

ZLIMIT 700 S, (cm)
ZOUT

OUTPUT 5

START 180.0 1 10000 0 1000
END

We had plotted FWHM and energy spread in Fig.2
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£
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+
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Fig.2 Changing energy spread and FWHM (top) from 0-4.5 keV and extend graph
of energy spread at 0-1 keV (bottom).

From Fig.2 we observe that the bunch length (FWHM) depends linearly on the energy
spread, although we expect a non-linear effect. The reason is the energy spread more less
is shown in following.

From SURIY A Note.13 we had shown the equation
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2 2172
. ; . V2.
(a2 + iz o + [%- ey, 4 ¢ Yo LPOZ]‘PAE

040 VoLl

N2 2 \2 )
. wsAE, +1{102 _wsel «02 N wseV 'Y, AE? = AE&‘%’:
2v, Lo VoLoeo 2voEyq
This is the ellipse equation in the familiar form
a'¥’ + PWAE + cAE’ = constant (2)

where the equation of the phase ellipse is expressed in terms of W and AF a distance s.
Due to we get the term AWAE this is a tilted ellipse and therefore the bunch is not at its
shortest yet. We must select the distance s such that & =0 and therefore the bunch
shortest. At point the phase ellipse is upright as shown in Fig.3.

Fig.3 Phase ellipse at target, where is the shortest bunch.

l{JOAE-:) and AﬁvzlpoAEo

Ja N

So consideration pulse of beam

From (2) we get Y=

[ L SN (3)

For the case AE << eVD\i’U we gel

g

0

N
ST

(4)
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which shows a linear dependence of the bunch length ¥ on the energy spread AED :
But in the case of A& >> eV(,‘i’O
Y ox Y, (5)
and the bunch cannot be reduced.
For example we consider an energy spread at 0.1%. Assuming the bunch has a

longitudinal extend U;‘O =60 degree = %rad and the accelerator voltage at the buncher

is 13 kV.
We get eV W, ~136x10"eV
and AEU =14 ¢V

Tn this case we have AE, << eVOLiJO and the graph should be linecar as we got it in Fig.2.

From Tig.2 we find that the energy spread cannot be larger than AL, = 0.325keV to get a

buncher length of no more than FWHM=2 nsec. We use these data as input for
PARMELA to vary the buncher voltage.

PARMELA : input
RUN124.0-458120.1411875.613
TITLE
Ton Beam Line with Chopper and Buncher
CHARGE 11
INPUT 7 20000 0 2000 .0005 0 2000 .0005 60.0 Q0003252
DRIFT O3 1
CHOPPER 0314000150 hy

DRIFT 45.8123 1

8]
BUNCHER 0 3 | 0.010.
DRIET 314.13 | i
ZLIMIT 700 v, vary!
ZOUT
OUTPUT 5

START 180.0 1 106000 0 1000
END

AL, = const

We plot graph between FWHM and buncher voltage as shown in Fig.4.
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Fig.4 Graph between FWHM of spectrum and the accelerator voltage of buncher.

From Fig.4 we find that the minimum FWHM is reached for a buncher voltage of ¥, =13

kV. This is the same as we calculated analytically in section 3.4.1. The optimum bunch
length in Fig.4 is not exactly 2 nsec because of statistical fluctuation in energy in the
simulation. After this we use the buncher voltage of 13 kV and vary the phase difference
between chopper and buncher. So we get the graph as shown in Fig.5.
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Fig.5 Graph between FWHM and Phase angle

From this graph we can see the optimum bunch length of FWHM = 2 nsec can be
obtained for a phase difference between chopper and buncher of 150 to 210 degree.
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3. Coherent Far-infrared Radiation from Relativistic Electron Beams
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3.1 Electron Gun

The SURIY A electron source consists of an 1-1/2 S-band RF-cavities with a side
coupling cavity, which are operated at 2856 MHz and are energized by the klystron
through the rf-input port at the second cell. A thermionic cathode 1s attached to one wall
of the first cell, emitting electrons with thermal velocities into a high accelerating RF-
field. Electrons travel through the cavities and reach a kinetic energy of about 2-3 MeV
at the rf-gun exit. There are four steps of RF-gun design and construction, which will be
discussed.

(1). Numerical Simulation and RF-gun Design

The electron beam dynamics inside the RF -gun is very complicate because of the
time-varying accelerating field. It is necessary to use numerical program to simulate their
dynamics to evaluate the optimum geometry and the main RF-gun parameters. In
SURIYA RF-gun design, we use mainly the electromagnetic solver code called
SUPERFISH and the p article-in-cell program P ARMELA to investigate all o ptimized
specifications of the RF-gun. Electron distributions at the RF-gun exit, at the alpha-
magnet exit, and at the experimental station have been studied in both longitudinal and
transverse direction (section 3.1.1). The RF-gun geometry has been designed base on this
numerical simulation results. However, the coupling cavity between the first cell and the
second cell was not included in the simulation because of the 2D-limitation of
SUPERFISH. Thus, the design of the rf-gun geometry has been done such that we can
adjust the geometric shape later after some RF-measurements and frequency tuning.

Results of the numerical simulation of the electron dynamics and distribution at
the RF-gun exit appear that there is a high concentration of particles at the head of the
bunch, consequently generating a small correlated particles distribution between energy
and time. The concentration of 10% of high-energy particle, which is most of the
particles in the bunch, appears in the length of some 10-20 ps. While the electron
bunches are traveling through an alpha magnet the lower momentum particles follow the
shorter path and catch up with the higher one at the alpha-magnet exit resulting in the
bunch compression. Overcompression of particle distribution is however required since
downstream of alpha-magnet are 30 MeV linac and some beam transport line where
finite velocity dispersion will effect the bunch lengthening. The particle distribution at
the experimental station after bunch compression and acceleration indicates a bunch
length about 50 fs.

(ii). RF-gun Construction

All major parts of the RF -gun have been fabricated in Thailand according to the
engineering drawings of the rf-gun design. The assembling drawing and the machined
parts are shown in Figure 3.3. The whole RF -gun was brazed in the oven free oxygen at
the National Synchrotron Radiation Research (SSRC), Taiwan.
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Figure 3.3 Assembly drawing and the machined parts of the rf-gun.
(i11). RF-measurement of RF-gun

After brazing, the resonant frequencies and the field ratio of the RF-gun cavities
have been investigated using the S-parameter network analyzer system at the Stanford
Synchrotron Radiation Laboratory (SSRL), USA. Two sets of the RF-frequency have
been measured; the individual resonant frequency of each cell and the whole RF-gun
resonant frequency. Adjusting the position of the tuning rod in the coupling cavity can
distinguish these frequencies. To measure the independent cell frequencies, we separated
the first and the second cell by put the tuning rod all the way in the coupling cavity to
close the connection between both cells. In this case we can measure the reflected waves
separately from each cell. To measure the whole rf-gun frequency, the tuning rod must
be placed at the position the two cavities are coupled and has the field ratio of the first to
the second cell about one half according to the numerical simulation. The RF-power can
then transmitted from the second cell to the first cell through this coupling hole and the
transimitted signal to the first cell that we measured presents the whole rf-gun frequency.
To get the proper fraction of the RF-power through the coupling hole, the tuning rod
position must be adjusted while measuring longitudinal field ratio by Bead-Pull
technique. Bead-Pull technique measures field distributions inside the RF -gun by
introducing a small bead at various locations in the cavity. Perturbation at each position
appears as a resonant frequency shift, which reflects directly the longitudinal electric
field magnitude at each position. The RF-measurement setup is shown in Figure 3.4
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Figure 3.4 RF -measurement setup.

RF-measurement results show that the independent cell frequencies of the first
and the second cell at 25°C in ambient air is 2855.97 MHz and 2856.12 respectively.
While, the whole RF-gun system frequency is 2856.10 MHz. Since the resonant
frequency of the RF-gun will be different in different temperatures and in vacuum
environment, it is necessary to include these effects into the measured frequencies. Thus,
when it is operated at the desired temperature of 45°C and in vacuum environment the
resonant frequency of the rf-gun will become 2855.94 MHz, which is very close to the
desired operating frequency of 2856 MHz.

PARMELA simulation shows that the shortest electron bunch can be generated
when the average electric field inside the first cell is about one-half of it inside the
second cell. The longitudinal field mapping, which measured via the bead-pull
technique, presents that the average electric field ratio of the first and the second cell is
agree well to PARMELA simulation as shown in Figure 3.5.
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{iv). Cathode Instaliation and Processing

Cathode of SURIYA rf-gun is a BaO-SrO thermionic cathode, with a flat and
circular emitting surface of a 3mm radius. It has been installed and tested at the SSRL
vacuum laboratory. To minimize the ficlds’ perturbation inside the RF-cavity, the
cathode is mounted at the end wall of the first half-cell, which is located at a azimuthally
symmetric location. Thermionic emission from the cathode starts when the cathode is
heated as a result of increasing kinetic energy of electrons to be higher than the work
function of the cathode material. Electrons emerge out of the cathode surface with
thermal energies depending on the temperature of the heating cathode. In general
operation of the RF-gun, the required temperature for BaO-SrO cathode is about 950°C.
There are (wo processes that have to be completed before the cathode can function as an
electron emitter. Firstly, the cathode has to be cleaned up by a bake-out process for
propose of letting the cathode out gas. Then, before using it in real operation, the cathode
has to be chemically converted by being brought to temperature at least 1050°C, which is
the approximated temperature required for the chemical change in order to provide good
emission. We measured the cathode temperature as we heated the cathode using an
optical pyrometer, which are shown in figure 3.6 and 3.7. Pyrometric measurement of
the cathode processing reveals that the cathode filament can be heated to exceed the
temperature of 1112°C as shown in figure 3.8, which very satisfy to the cathode
processing conditions.



153

(a) (b)

= Figure 3.6 (a) Cathode of the RF-gun (b} The cathode after mounted on the cathode
plate and placed at the end wall of the RF-gun

Figure 3.7 Pyrometric measurement setup.
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Figure 3.8 Pyrometric measurement shows the cathode temperature as a function of the
filament power.
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31.1 Femto-Second Electron Bunches from an Rf-gur

Sakhorn Rimjaem', Ruy Farias?, Thiraphat Vilaithong', Helmut Wiedemann?

Abstract— Sub-picosecond electron pulses are desired in
a variety of applications. Such bunches can, in principle,
he obtained in large, high energy electron linear accelerator
systems by repeatedly applying an energy slew and magnetic
compression. Another process is the production of short
electron pulses at low energies. An rf-gun with a thermionic
cathode together with a bunch compressing alpha-magnet
serve as such a source. Although such sources have been
constructed and are operating. a systematic analysis of ca-
pabilities and fimits has not been performed yet. In this pa-
per, we discuss the particular parameter choices to generate
femto-second electron bunches from an rf-gun. The impact
of geometric and electric specifications on the 6-dimensional
phase space distribution of the electrons are investigated
through numerical simulations with the particle-in-cefl code
PARMELA. Specifically, this includes emects and limitations
due to space charge forces. Whiie the production of fem-
tosecond electron bunches is of primary concern, we atso
consider the preservation of such short bunches along a

beam transport line.
Keywords— electron source. rf-gun

I. Introduction

Experimental opportunities based on particle beams are
often determined by the particles’ phase space distribu-
tion. Sub-picosecond electron pulses are desired for direct
applications of the efectron beam in materials research or
in high energy physics for future linear colliders. Other
applications are based on the transformation of short elec-
Ltron pulses into photon pulses by way of free etectron lasers
(FEL,SASE), Compton scattering, Parametric x-rays and
other methods to produce femto-second x-ray pulses, or for
the generation of intense, coherent far infrared radiation.

On a laboratory scale, sub-picosecond electron bunches
can be produced from an 13 cell rf-gun with a thermionic
cathode and an ¢-magnet for bunch compression. An rf-
gun with thermionic cathode provides three essential fea-
tures which allow effcient bunch compression. First, the
high acceleration to near relativistic energies within a short
distance minimizes detrimental space charge effects. Sec-
ond, the energy-time phase space distribution of the elec-
trons is specially well suited for bunch compression. Third,
a thermionic cathode can emit a particle flux up and be-
yond an intensity where space charge eaects become uncon-
troflable. Utilizing such an rf-gun with thermionic cathode
at the Stanford SUNSHINE facility it has been possible to
produce electron pulses as short as 100 f-sec rms[1][2]. Fig-
ure 1 shows a schematic cross section and a 3-dimensional
view of the proposed systern as installed at SUNSHINE
(1]13].

The SUNSHINE rf-gun has been designed for a differ-
ent application and was not optimized to generate sub-
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Fig. 1. Cross section and 3D-view of the rf-gun

picosecond bunches. Shorter bunches than 100 f-sec rms
should be possible with an optimized rf-gun. To meet the
demand for sub-picosecond electron bunches, it becomes in-
teresting to systematically investigate the methods, choice
of parameters and hmitations in producing femtosecond
bunches from an rf-gun. Specifically, we study the impact
of particular geometric parameter choices on beam perfor-
mance.

1. Method

The electron source consists mainty of a 13-cell rf-cavity,
operating at 3 GHz, with a thermionic cathode and fol-
lowed by an g-magnet for bunch cornpression. Electrons
emerging from the cathode (Fig.1) travel first through the
haif and then the full rf-cell. The electron beam reaches a
Kinetic energy of about 2 to 3 MeV {or typical accelerating
fields. Later, we will discuss in more detall the optimum

choice of fields in each cell.

A. Numerical Beam Simulations

The dynamics of particle motion has been simutated with
the particle-in-cell code PARMELA [4] to determine the
dependence of expected beam characteristics on external
parameters as well as space charge forces. In this section
we show the final results of those studies followed by more
detailed discussions in subsequent sections. The final re-
sults of these simulations exhibit a particle distribution at
the rf-gun exit (Fig.2} with a high correlation between mo-
mentum and time as required for bunch compression.

The distribution shown is that of a single 5-band bunch
repeating at 3 GHz. Adjacent bunches are separated by
half an rf-period during which no particles can be accel-
erated. This temporal gap defines a definitive beginning
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Fig. 2. Particle distribution in energy-time phase space at the rf-gun
exit with histogram

(head) of the bunch when the fields just reach zero and
start to become accelerating, Although it is assumed that
electrons are emitted in a uniform stream from the cathode
we notice at the rf-gun exit a concentration of electrons in
the head of the bunch as indicated by the histogram. The
histogram shows the number of macroparticles per p-sec
bin. Unless otherwise noted in this paper, we use a uniform
cathode current of 3.4 A represented by 50,000 macroparti-
cles per 2856 MHz rf-period. Each macroparticle simulates
therefore n. = 1:4810° electrons. The cathode current
of 3:4 A corresponds to 142.8 macroparticles per p-sec at
the cathode and at the rf-gun exit the first p-sec of bunch
includes about 1300 macroparticles. The concentration in
the bunch head leads to almost a ten-fold increase in charge
density. During the first 10 to 20 p-sec of each bunch there
is an increased charge concentration compared to that on
the cathode surface. From now on we concentrate only in
this part of each bunch.

B. Bunch Compression

The concave shape of the phase space distribution in
Fig.2 matches specifically well to bunch compression in an
o- magnet [5]{6] shown in Fig.3.

This magnet is half a quadrupole with a mirror plate in
the yz-plane to close the magnetic field lines. Generally a
beam would travel through a quadrupole along the z-axis,
but in an o-magnet the electron beam enters the magnet
in the xz-plane, but at an angle of 49.30° with respect to
the magnet axis or yz-plane. As indicated in Fig.3, par-
ticles follow a closed loop in the cemagnet similar to the
letter ¢ and exit the magnet exactly at the entrance point
independent of the particle momentum. The g-magnet is
therefore an achromat, while the length s of the particle
trajectory in the magnet exhibits a large dispersion and
its length depends on the particle momentum ¢p and mag-
netic field gradient g scaling like 5 » cp/g [6]. These fea-
tures makes the -magnet a convenient and simple bunch-
compressor.  One may change the magnet strength and
thereby the compression without changing the direction of
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Fig. 3. Rf-gun and ©-magnet layout (schematic)

the beam path outside the o-magnet. It is interesting to
note that the largest compression is obtained for a weaK o -
magnet strength because bunch compression of relativistic
particles is mostly based on pathlength rather than velocity
dispersion. The phase space distribution of Fig.2 rotates
clockwise as the beam travels through the g-magnet with
increasing degree of rotation for lower fields,

From Fig.2 we note that the highest energy electrons exit
the rf-gun first and must travel a longer path through the
o-magnet than lower momentum electrons exiting the gun
later. Even for moderately relativistic electrons the veloc-
ity dispersion is small, although not negligible, and con-
sequently lower momentum electrons following a shorter
path can catch up leading to bunch compression. Still,
to avoid excessive bunch lengthening due to velocity dis-
persion, a short distance between rf-gun and c=magnet is
desirabie. An energy fifter inside the o-magnet, where the
momentum dispersion is large, selects the desired part of
the beamn. Downstream of the cemagnet there may be a
linear acceferator and/or some beam transport line fead-
ing to an experimental station. Because of the finite ve-
locity dispersion, the value of the q-magnet field-gradient
must be chosen such as to generate the shortest bunches at
the experimental station. This requires some Qvercompres-
sion or overrotation of the phase space distribution at the
o-magnet exit such that now lower momentum particles
form the bunch head. Travelling a straight line from the
a-magnet to the experimental station, higher momentum
particles can catch up due to their higher velocities.

The numerically simulated particle distribution of Fig.2
Is shown after compression and acceleration at the exper-
imental station in Fig.4. This simulation inciudes space
charge forces and is based on 50,000 macroparticles with a
charge of 1:48 10° e each. Note that the temporal particle
distribution is shown with respect to the initial kinetic en-
ergy at the rf-gun exit. The particle distribution in phase
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Fig. 4. Particle energy-time phase space distribution after bunch
compression with histogram,

space and the histogram exhibit some characteristics which
we will discuss in more detail. First, we note a tight con-
centration of particles in a narrow peak %, =2.8 fs wide
and populated by particles with the highest energies. This
sharp peak sits on top of a broader base of some %, <34
fs at lower momenta. Finally, we notice a semi-periodic
temporal perturbation of the distribution which ultimately
seems to limit the ability to compress the bulk of the beam.

lil. Longitudinal Dynamics in the }-Cell

in PARMELA simulations performed for this report it
is assumed that the cathode emits a uniform stream of
macro particles. While the electric field F, is positive (non-
accelerating) no electrans are accelerated. As soon as the
electric field becomes negative, electrons are able to leave
the cathode and enter the rf-cavity. The first electrons
see initially only a very small field which increases as the
electrons travels through the half cell. Particles emerging
from the cathode somewhat later see immediately a higher
field and gain speed more quickly. They actually are able to
partially catch up with the first particles. A detailed record
of individual particle dynamics demonstrates this esect in
Fig.5 where the distribution of particle #1 to #10,000 in
phase (or time) is shown at the cathode, at the exit of the
half-cell, and finally at the rf-gun exit.

For this PARMELA simulation 10,000 macroparticles
are emerging from the cathode during an rf-phase from
180° to 540°. The first 5000 particles are lost in the half
cell because of the decelerating phase of the electric field.
Particles #5,000 through #10,000 will be acceierated and
arrive at the end of the half-cell at phases >540°. The ac-
cumutation of particles at the head of the bunch becomes
apparent from the much steeper time distribution of par-
ticles at the end of the half-cell compared to that al the
cathode. Particles from about *7,000 and higher, on the
other hand, arrive much later or not at all. These parti-
cles experience low and even negative fields while traveling
through the half-cell and are generally of low momenturm
and velocity. In the full-cell the accurmulation of particles
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Fig. 5. Phase space distributions of particles at the cathode, the end
of the half cell and end of the full cell

in the bunch head continues although at a reduced rate
because of the high particle vetocity. This dynamics is re-
sponsibte for a significant concentration of charge in the
head of every bunch over a range of some 10-20° in phase
or 10-20 p-sec at an rf-frequency of 2856 MHz.

A. RF-Gun Field

The choice of the electric accelerating field employed in
each cell of the rf-gun greatly controls the efficacy of bunch-
compression, In Fig.6 we show the particle distribution in
phase space at the rf-gun exit for different values of the ac-
celerating fields in the half- and full-cell, respectively. The

6 Ewn(MeV)
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3 \
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Fig. 6. Energy-time phase space distributions for different accelerat-
ing fields in the rf-gun

field ratio between half- and full-cell is kept constant to 1:2
for this discussion because a different field in the full-cell
would have only little impact on the curvature of the phase
space distribution. In Fig.6 we note that particles in the
bunch head are virtually quasi-monoenergetic for very high
electric fields. This renders the bearm unfit for bunch com-
pression, yet exhibits a very desirable quasi-monochromatic
beam characteristic to drive a Free Electron Laser. in this



high field case, particles pass through the half cell in less
than one half rf-cycle and the integrated acceleration turns
out to be about the same for a short time period. For lower
fields, we observe the formation of a monotonic correlation
of particle energy with time as desired for bunch compres-
sion. In this situation, particles may experience negative
acceleration before they reach the end of the half-cell which
becornes more true as the field is reduced. At this point
we need to get some guidance on the choice of the electric
field strength for optimum bunch compression. With the
knowledge of the beam line downstream of the rf-gun, in-
cluding the strength of the a-magnet, we may determine
an ideal particle distribution at the gun exit.

B. Ideal Phase Space Distribution

For a given beam transport line an ideal electron phase-
space distribution at the rf-gun exit can be defined. The
first particle to exit the rf-gun in each cycle at time Tg = 0
is the reference particle, which aliso happens to be the par-
ticle with the highest momentum and arriving at the ex-
perimental station at time Tr,s. An electron with lower
momentum travels to the experiment in the time T and
must therefore exit the rf-gunt a time €T after the refer-
ence particle such that €T + T = Ty In this case both
particies arrive at the experimental station at the same
time. Calculating the ideal gun exit-times €T for all par-
ticles we get the ideal particle phase space distribution at
the rf-gun exit as shown in Fig.7 in comparison with an ac-
tual particle distribution. For this particular simulation we
used the beam transport line employed at the SUNSHINE
facility although any other beam transport line would yield
a similar result. The distribution within the bunch head of
the ideal distribution has the same convex feature as those
we observe in Fig.6. A proper choice of the electric field
strength can therefore match the actual with the ideal dis-
tribution at least over a finite range of particie energies as
demonstrated in Fig.7. For lower particle energies the dis-
triputions diverge greatly because particles trave! too slow
to be able to catch up. Ideally, they shouid have left the
rf-gun earlier than the reference particle when the acceler-
ating field is still negative, which, of course, is unphysical.
The range of almost perfect match extends over about the
first 10 to 15 p-sec of each bunch where most of the charge
is concentrated.

An exampie of a less than perfect match and the emect
of field optimization is shown qualitatively and neglecting
space charge forces in Fig.8. In the upper right curve a
particle distribution is displayed after compression and dis-
played as the dicerence of a particle’s arrival time with re-
spect to the ideal case. By definition, the reference particle
with the highest momentum is identical to the ideal case
while lower energy particles arrive a bit too late. To cor-
rect this mismatch we consult Fig.6 and conclude that the
electric field strength should be reduced. The effect of such
a field adjustment is shown in the lower left curve of Fig.8.
The increased compression in time is evident.
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Fig. 8. Matching of phase space distribution to ideai distribution by
adjustement of rf-field

IV. Rf-gun Geometry

The detailed internal geometry of the rf-gun cavities de-
termines greatly the final beam characteristics. In Fig.9 the
cross section of both, the 1-cell and the full cell is shown.
The geometrical features can be separated into two groups;
those which asect mainly rf-parameters and those which
affect mostly the beam characteristics. Features further
away from the axis (beam) like the wall defining the cavity
diameter determine in particular the resonant frequency,
which in our case should be 2856 MHz. The length of the
cavity can be adjusted either by varying the dimension a
or the iris length by varying dimensions ¢ and e:

[ a,
{—| . >>rj2_4,64mm, 900 : N

full cell

Fig. 9. rf-gun shape



Close to ideal phase space distributions can be achieved
if the length of the 1-cell cavity is such that the reference
particle can traverse its effective part exactly within one
half rf-period, the accelerating period, as shown in Fig.5.
The actual travel time through the half cell is a bit longer
(Fig.5) which only accounts for the added time travelling
through the field free iris tube to the mechanical end of the
half cell. Similarly, optimum results are obtained if the full
cell length is such that the reference particle can traverse
it in a half period as well. Of course, this is not a unique
criterion, because the velocities of the particles depend on
the etectric fields with both cells. Generally, one would
avoid too low a field to minimize space charge effects. On
the high end one might consider practical limits as to the
maximum rf-power available to excite both cavities. In
the example considered here we consider an rf-pulsepower
to the rf-gun of 3 -5 MW which generates fields of some
50 MV/m in the full cell while accelerating a current of a
few Amperes to several MeV. In a particular rf-gun design
such parameters should be specified early on as boundary
conditions.

As discussed earlier, the cathode plate is made flat
to minimize beam divergence which then later will cause
bunch lengthening. For the same reason we also increase
the iris radius at the cell ends sufficiently to reduce the
beam divergence to acceptable levels. For this reason, the
iris radii have been increased from 3.81 mm in the SUN-
SHINE gun to 5.2 mm in this rf-gun design. The actual
geometry of the optimized rf-gun used for the simulations
presented in this article is documented in Table 1 for the
1-cell and in Table 2 for the full cell.

TABLE |
Geometry of optimized half-cell

segment x(mm) | y(mm)
origin 0.00 0.00
straight line to 0.00 41.90
straight line to 5.00 41.90
arc, 90° , r=24.64 mm | 29.64 | 17.26
straight line to 29.64 15.00
arc, 90Y , r=2.0 mm 27.64 13.00
straight line to 26.50 13.00
arc, -90Y , r=2.5mm [ 24.00 10.50
straight line to 24.00 10.20
arc, -90Y , r=5.0mm | 29.00 5.20
straight line to 32.10 5.20

The choice of the field ratio in the full and half cell does
arect the beam characteristics. In the full cell one might
want to go to the highest field to minimize space charge
forces. In the half cell this is true too, but two other con-
siderations tend to favor lower fields. It is the field in the
3-cell which allows us to match the phase space distribution
of the beam to the ideal distribution and such matching fa-
vors lower fields. Furthermore, an rf-qun with a thermionic
cathode is inherently unstable. Since the cathode is emit-
ting at all times, particles can be first accelerated and then
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TABLE |i
Geometry of optimized full-cell

segment x(mm) | y(mm)
origin 0.00 5.20
straight line to 4.35 520
arc, -90° , r=5.0 mm 9.35 10.20
straight line to 9.35 10.50
arc, -99¥ , r=2.5 mm 6.85 13.00
straight line to 4.46 13.00
arc, 809 ., r=2.0 mm 2.46 15.00
straight line to 2.46 17.26
arc, 180V, r=26.64 mm | 51.74 17.26
straight line to 51.74 15.00
arc, 90Y , r=2.0 mm 49.71 13.00
straight line to 47.35 13.00
arc, -90Y , r=2.5 mm 44 85 10.50
straight line to 4485 10.20
arce, -909 , r=5.0 mm 49.85 5.20
straight line to 54.10 5.20

before they reach then end of the half cell be decelerated
and even back accelerated. By backbombardement of the
cathode its temperatur is increased and more electrons are
emitted which generated more back streaming efectrons
causing a runaway condition. This instability has been
successfully avoided in the rf-gun of the SUNSHINE facil-
ity [6] by reducing the half cell field to less than 50% of the
full cell field. At such a low field level, the back bombarde-
ment power is less than the heating power of the cathode
thus creating a much more stable condition. To perfectly
stabilize the beam an active feedback system to the cath-
ode heating can be added which would not be ezective if
the back bombardement power is larger than the cathode
heating power,

V. Effect of Source Size

The size of the cathode diameter determines greatfy the
shortest achievable bunch length. Particles emerging at the
same time from different cathode radii will travel through
electric fields containing different radial components. Only
particles exactly on the axis will experience no radiaj fields
and therefore travel along the axis while particles off the
axis travel along curved trajectories. AS a conseguence,
the length of the trajectories for particles emerging from
the cathode at the same time but different radii are differ-
ent although their kinetic energy at the gun exit is almost
same. Such particles cannot be distinguished energetically
and therefore cannot be compressed. This effect limits the
shortest achievable bunch length.

A. Bunch Length and Source Size

The magnitude of this effect is shown in Fig.10 for sim-
ulations that ignore (for now) space charge effects after
compression. The SUNSHINE rf-gun and the simulations
for this optimized rf-gun use 6 mm ; cathodes.

We notice that the temporal widths of the distributions
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Fig. 10. Phase space distribution at rf-gun exit for different cathode
diameters (no space charge effects included)

depend greatly on the cathode diameter due to the dy-
namics discussed above. Note, that for this simulation the
etectric fields in the rf-gun are not optimum but are the
same as those for the space charge dominated case to be
discussed below. Here, we are interested only in the tempo-
ral width of the distribution. The conclusion from Fig.10
is that a small cathode radius should be used lirited only
by technical limitations for the electron current density at
the cathode surface. Thermicnic dispenser cathodes can
deliver current densities up to about 100 A/cm?:The SUN-
SHINE rf-gun and this optimized gun design use a con-
servative 12 A/cm? from a 6 mm ; cathode delivering a
beam current of 3.4 A. A reduction of the cathode diame-
ter therefore seems technically possible.

As the cathode diameter is reduced, however, space
charge emects become increasingly evident. An intense pen-
cil beam, for example, does not remain such during accel-
eration in the rf-gun if space charge forces are included.
The detrimental effects of space charge forces becomes ob-
vious in Fig.11 showing particle distributions for the same
parameters as assumed in Fig.10.

0.6 mm "“'—'*7-‘“.,___:::, Sy,
25+ 1 T i T |
0.6 04 02 0 02 04 t(ps)

Fig. 11, Effect of space charge on phase space distribution for differ-
ent cathode diameters

Three significant effects become evident which we note
here and discuss In more detail below. First, the temporal
bunch width is not reduced as much as one would expect
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from the space charge free case (Fig.10). Second, space
charge forces from the bulk of the bunch accelerate parti-
cles in the head of the bunch. As a consequence, the bunch
head follows a longer path in the a-magnet and the time
distribution of the bunch head is tilted with respect to the
rest of the bunch (Fig.11, left two curves). Third, we notice
the appearance of a periedic perturbation in the temporal
distribution. This instability is currently under investiga-
tion and is believed to be a shock wawve instability [7] as
described qualitatively below.

For the 3 mm ; case we increase the electric field in the
halfcell to better match the beam to an ideal distribution.
The compressed bunch distribution is shown in Fig.12 with
associated histogram.

epiMeV)
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Fig. 12. Phase space distribution for a 3:4 A beam from a 3 mm ;

cathode with histogram. The base width is 61 fs with a charge
of 91 pC.

From the histogram we notice that the narrow peak has
all but vanished. We still see remnants of this peak in the
phase space distribution but the shock wave instability has
become quite effective in eliminating the peak. The phase
space distribution exhibits significant perturbations due to
space charge efffects and shock wave instability for which
no remedy has been found yet. The total charge of 91 pC
is somewhat less than the optimum design value of 103 pC
in Fig.4 but the bunch fength has increased by almest a
factor of two, from %, =34 fs to %, =61 fs. Reducing the
cathode radius below a lower limit does not generate any
gain, but may in fact reduce the cathode lifetime.

V1. Variation of Bunchlength and -charge with
Cathode Emission

After successfully compressing the electron bunch, the
most interesting parameter to be determined is the total
charge contained in a compressed bunch. Mumerical simu-
lations show that the final particle distribution in a com-
pressed bunch is greatly determined by space charge exects.
Figure 4 shows the particle distribution for a cathode cur-



rent of 3.4 A and a 6 mm ; cathode. Two components are
apparent in the particle distribution. A very narrow peak
formed by particles in the head of the bunch sits on top of
a wider base formed by the bulk of the bunch. By a proper
choice of the energy filter in the alpha magnet either com-
ponent or both together can be selected as desired for the
application. We investigate both bunch features as a func-
tion of cathode current. In Fig.13 the charge and bunch

8
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lcath(A)
Fig. 13. Peak intensities and bunch length after compressicn as a

function of cathode current

length of the sharp peak is shown as a function of the cath-
ode current. For small cathode currents of leatn < 1 A we
find onty the broad base. Space charge forces are too weak
to produce a narrow peak. As we increase the cathode cur-
rent a narrow peak starts to forms and growing in intensity.
At the same time the temporal width of the peak increases
as well, yet staying well below 10 f-sec for the cases shown.

Opening further the energy slit in the alpha magnet lets
the base of the particle distribution pass. This base consti-
tutes a well compressed bunch afthough not to the degree
of the narrow peak. In Fig.14 the bunch charge and tem-
poral tength are shown for this case as a function of the
cathode current. [n the base we note an almost constant
bunch length at some 35 f-sec for low cathode currents and
increasing at higher cathode emissions. The bunch charge
increases steadily with cathode current.

Although some parameters might seem atractive to opt
for high cathode current, technically there is & limit to the
maximum current that can be extracted from a thermionic
cathode. In addition, getting too close to this limit will
greatly impact the lifetime of the cathode. In the absense
of detailled cathode lifetime studies the SUNSHINE facility
may provide some sort of reference. The 6 mm ; cathode is
operated at an emission current of 3.4 A and has a lifetime
of about 2 years. Of course, there are also other causes
which may have contributed to the observed cathode life-
time.

161

300

op(fs) QPO 400
200 - QW - 300
" -200

100 ° " %b |
| - 100

LI L I B B 0

0 ° 10 Icath(A)
Fig. 14. Peak intensities and bunch length after compression as a

function of cathode current

In summary, the bunch length of either the peak or the
base are much shorter than can be achieved so far experi-
mentally by any means. The intensities are significant and
correspond to peak currents of up to 5000 A holding great
promise for applications.

As is often the case, great improvements in one phase
space dimension must be paid for in another. Increasing
the cathode current will also increase space charge forces
and impact the transverse particle distribution or beam
emittance. Actual bunches of 10 f-sec or less are diCcuit
to preserve. Given a straight drift space of say 1 m the
travet time for a particle along the axis is shorter by about
3.5 f-sec compared to a particle traveling at an angle of say
1 mrad with respect to the axis. Use of quadrupole magnets
intensifies this bunch tengthening effect by causing larger
trajectory divergences with respect to the axis. To make
use of the shortest bunches one should set up the experi-
ment close to the rf-gun or accelerate the beam quickly to
higher energies.

VIl Transverse Particle Dynamics and Bunch
Length

Due to the natural divergence of the beam and under
the forces of focusing etements, particles fotlow trajectories
which are oscillatory about the ideal beam axis and there-
fore longer than the on-axis path feading to bunch length-
ening. The rf-gun used in the SUNSHINE facility creates
a large beamn divergence due to radial rf-field components
within the gun cavities (Fig.15).

This was caused mostly by the introduction of a nose
cone at the cathode plate to generate radially focusing
fields. Most of the bunch is convergent as it exits the rf-
gun while very low energy particles have gone through a
focus within the gun and exit divergent. The large beam
convergence/divergence must be compensated with strong
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Fig. 15. Transverse phase space distribution at the exit of the SUN-
SHINE rf-gun

quadrupole focusing between rf-gun and co.-magnet. The
slopes of particle trajectortes being of the order of 10 mrad

cause a spread of the pathiengths and thus limit the short-

est bunch achievable to about % ¥ 100 f-sec.

A. Phase Space Distribution in an Optimized Rf-gun

fn a rf-qun design optimized for ultrashort bunches a
tat cathode plate is used. Further, the iris radii should be
maximized to reduce the effect of radial rf-fields in their
vicinity. Both changes result in a much reduced beam di-
vergence as shown in Fig.15 (left) compared to Fig.16. 1g-
noring space charge effects, a slightly convergent beam is
desired (Fig.16, left) which then becomes a more parallel
beam (Fig.16, right) when repelling space charge forces are
included.
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20 20 ] e
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S e ‘._
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-20 -20 — —
-2 1 0 1 2 204 0 1 2
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Fig. 16.  Transverse phase space distribution of optimized rf-gun

without {left) and with (right) space charge effects

Bunch lengthening due to a finite beam divergence is a
quadratic effect and is greatly reduced for the optimized
gun design with only about 1 mrad of divergence. tnfor-
tunately, the a-magnet introduces vertical focusing which
must be matched by some external quadrupole focusing
causing an unavoidable finite amount of bunch lengthen-

ng.

B. Beam Emittance and Particle Energy

The particle phase space distribution from an rf-gun has
the familiar “butterfly”-shape as evident from Figs.15
and 16. If high bunch intensities are desired a commen-
surate increase of the overail beam emittance must be ac-
cepted. In this article we use the geometric, unnormalized
beam emittance. Closer inspection of the particle phase
space distribution In other dimensions reveals, however,
a significant amount of correlation with particle enerqy.
fn Fig.17 we show again the results of Fig.16(right), but
this time we plot the transverse phase space distribution
only for select energy bins to show clearer the correlation.
Since particles of diserent energies are also separated in
tire, this correlation provides an opportunity for emittance
compensation. A cavity excited to produce radial fields
{TMg; | mode cavity) would be suitable to eliminate in first
approximation the emittance correlation and thereby the
overall beam emittance. A cavity operating at 2856 MHz
and a voltage of about 30 kV would be sufficient.
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Fig. 17. Transverse phase space distribution (x or y ) for selected
energy bins

V1L, Momentum Filter and Beam
Characteristics

From Fig.4 we conclude that the final beam character-
istics depend much on the momentum filter applied in the
o-magnet. Many different filter settings can be applied.
Here, we discuss the case where the high momentum limit
is not used and observe therefore beams made up of all
efectrons with momenta above the lower limit. The result
of such fitering is shown for the case of the bunch length
tn Fig.18.

Particies at the highest energies are concentrated in a
very short burich of only a few f-sec. As the lower momen-
tum filter is lowered the bunch length increases rapidly to
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Fig. 18. Bunch length as a function of momentum filtering for dif-
ferent cathode emission currents( parameter: cathode cusrent).

same 30 - 40 f-sec for low cathode currents (~ 3 to 4 A)

and longer bunches far a high cathode current due to space
charge effects. Space charge effects seern to have some sort
of threshhold resulting in a constant bunch length at low
cathode currents. Of course, other parameters vary as well
as we open the momentum filter, in particular the bunch
charge and beam emittance.

A. Bunch Charge and Beam Emittance

Figure 19 shows a similar graph with respect to bunch
charge and emittance. As the momentum filter is opened,
the bunch charge increases consitent with the cathode emis-
sion current. At low cathode emission, the beam emit-
tance shows a threshhald behaviour similar to the bunch
length and is almost independent of the cathede current.
AL higher cathode currents, we notice again the emittance
increasing edect of space charge. This emittance increase is
not in violation of Liouville's theorem but rather the result
of nonuniform distribution of particles in phase space which
enlarges the ewective or practical beam emittance. Sub pi-
cosecond bunches can be produced with bunch charges of
100 - 300 pC and a geometric beam emittance of less than
1 mm mrad.
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