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A HIGH RESOLUTION MEASUREMENT OF DOUBLE DIFFERENTIAL
NEUTRON EMISSION CROSS SECTIONS OF *® Bi AT 14.1 MeV INCIDENT ENERGY

T.Vilaithong, U.Tippawan. and S.Singkarat

Fast Neutron Research Facility, Department of Physics, Faculty of Science,
Chiang Mai University, Chiang Mai 50200, Thailand.

ABSTRACT

A high resolution time-of-flight (TOF) facility has been constructed at Chiang Mai
University to measure the neutron emission cross sections at 14.1 MeV incident energy. The reutron
TOF specira could be taken at an angle ranging from 20 to 160 degrees with a [2 meters flight path.
The double differential neutron emission cross sections at 14.1 MeV were measured for “*Bi using a
10 in diam and 4 in thick liguid scintillator. The corresponding energy resolution at 14.]1 MeV was
about 415 keV FWHM. The measured spectra are presented and discussed in comparison wath
other recent measurements and results of calculation based on pre-equilibrium and collective
reactions.

I. INTRODUCTION

Analysis of neutron emission cross sections for vibrational nuclei in terms of quantum-
mechanical, statistical multistep reaction mechamsms have been comphicated because of interference
from neutrons resulting from collective excitations. Attempts have been made to include these
contnbutions. Kalka et al {1] considered only those collective excitations to the lowest 2 and 3
states. Marcinkowski et at.[2] and Demetriou et al.[3] include the direct reactions that excite
isoscalar, low-energy vibrauons as well as the giant resonances in the continuum in their analysis.
Thev compared their calculated results with the high resolution measurements of Takahashi et al.[4]
which show difference in the spectral region of interest. We report here an important independent
determination of these specira.

[I. EXPERIMENTAL METHOD

The production of nsec pulsed neutron beam has been described elsewhere. Briefly,
neutrons with kinetic energy of 14.1 MeV were produced from a high stability Cockerefi-Walton
tvpe aceelerator by the T(d,n)'He reaction. The 140 keV analyzed deuteron beam was chopped bv a
double-piate deflecting system and then bunched to pulses with widths of [.3 to 2.0 ns ar the neutron
production target by a double-gap klvstron buncher. This work utilized an average beam current of
about 15 LA with a neutron pulse width of about 1.8 ns at | MHz repetition rate.

Fig. 1 Experimental arrangement i
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A detailed description of measurement and data reduction has been descnibed recently (5]
A cvlindrical sample of “™Bi, 3 cm in diameter and 5 cm long, was positioned at 90° refative to the
incident deuteron beam with its axis along the axis of the beam line as shown in fig 1.

Neutrons were detected in a BC-501A liquid scintillating detector of diameter 25 ¢m and
thickness 10 cm. The detector was coupled to 2 Hamamatsu R1250 photomultiplier tube via a
partially coated taper light pipe. It was located at an extended flight path of 12 m inside a well
shielded tuanel. Monte Carlo calculation indicates that scattefing effect is less than 1% for this
collimating system{6]. Time-of-flight measurements were made at angles 30°, 25° and from 20° to
150° in step of 10°. The corresponding energy resolution at 14.1 MeV was about 415 keV FWHM.

The neutron spectrum was determined’ from the measured TOF spectra in separate energy
regions. The ¥ - rejection was observed for each of the TOF regions because the ¥ - rejection
technique was pulse-height dependent. Because of the large size of the neutron detector,neutron and
gamma cvents in the pulse shape spectrum were not completely separated and some neutrons were
lost. This loss was estimated 1o be less than 1%.

Several corrections were made to the number of detected neutrons. The most significant one
was due to multiple scattering. Correction due to this effect and the correction due to contamination
of low energy neutrons in the incident neutron spectrum were carried out with the SYNTHIA Monte
Carlo computer code developed by Tohoku University [7]. The overall systematic error for the
value of the DDX 1s estimated to be about 11%. The statistical uncertainties varies from less than
1% to about 39% in the discrete region of the spectra of neutrons emitted in backward angles.

LI | T T T T ’. 1 e | T T T T T
w | ,.s .
= - = w CuS %
° [ 3 \
w1l . .' °
. -'.-_ ‘: ' ?
£ %'g P A T oo
5 F a1 b 2
oAy W4 8
| mdeve
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Neatron Eneryy (Me¥) Neatron Energy (MeV)
Fig. 2 Double differential cross section of Fig. 3 Angle integrated spectra of
Bi at 20°. The data of Takahashi er al.[4] *®Bi in the CM system.

is shown for companson.

1. RESULTS AND DISCUSSION
In fig.2. we compare our measurement at 20° with the result of Takahashi et al.[4]. The

angle-integrated spectra are compared in fig.3. The two different sets of measurement are in
reasonable agreement. Because of bener energy resolution, our data reveal more detailed structure
in the region between 6 10 12 McV

575



We compare our angle integrated
w Ty spectrum in fig.4. with the calculated results of
Demetriou et al.[3]. based on the Feshbach-
w w ers Kerman-Kooning theory. In their calculation,
Demetion ¢t al. also include contnbution from
{  direct reactions that excite low energy vibrations
1 as well as the giant resonances in the continuum,
in addition to the incoherent multistep direct
reaction, muliistep compound and compound
nucleus reaction.

ot

DY (b/MeY)

The calculated spectrum reproduces the
expertmental data verv well in the regions between
3t 6 MeV and 9 to [2 MeV. In the region
between 6 and 9 MeV where preequitibnum
reaction dominates. the two spectra do not agree.
The calculated spectrum slightly overesumates the
number of emitted neutrons

107

] 2 4 & & I3 ¥} 14 1]
Neatron Energy (Me¥)

Fig. 4 Comparison of angle-integrated spectrum
of “®Bi in the CM system with the calculated
spectrum of Demetriou et al [3].

IV. CONCLUSION

We measured the double differential neutron emission cross sections above 3 MeV from
bismuth at 14.1 MeV from 20° to 130° with an energy resolution of about 415 keV FWHM. The
measurements are in general agreement with those of Takahashi et af.[4].

In the preequiltbnum reaction region between 6 and 9 MeV where there are contnbutions
from the collective excitations. our measurements are slightly lower than the calculated spectrum of
Demetriou et al.[3]. p
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ABSTRACT The energy and angular distributions of neutrons above 3 MeV emitted from collisions of
14.1 MeV neutrons with bismuth target were measured using the high resolution time-of-flight (TOF)
facility at Chiang Mai University. The results are compared with the most recent measurements and
with the calculated spectra based on the statistical multistep model code EXIFON. The angular
distributions of the secondary neutrons were analyzed by the Kalbach-Mann sysiematics using the
more recent coefficients of Kumabe et al. In the case of bismuth, the measured and calculated spectra
only agree in the limited energy region berween 6 and 12 MeV.

KEYWORDS: nuclear reaction, *Bi (n.xn'), E=14.1 MeV, statistical multistep theory analysis.

INTRODUCTION

Analysis of neutron emission cross sections for
vibrational nuclei in terms of quantum mechanical,
statistical mulustep reaction mechanisms have been
complicated because of interference from neutrons
resulting from collective excitations. Attempts have
‘been made 10 include these contributions. Kalka et
al' considered only those collective excitations to

the lowest 2+ and 3 states. Marcinkowsld et al* and -

Demerriou et al’ include the direct reactions that
excite isoscalar, low-energy vibrations as well as the
giant resonance in the continuum in their analysis.
They cempared their calculated results with the high
resolution measurements of Takahashi et al.* The
calculated and measured spectra do not agree over
the entire energy region. We report here the
measurements and analysis of these spectra for
bismuth. The closed shell nucleus *Bi has been one
of the few elements proposed as a candidate for a
neutron multiplier in the conceprual design of fusion
reactor.’ Therefore, accurate measurements of its
double-differential cross sections (DDX) and angle
integrated cross sections are also needed for the
practical application. Apart from the experiment of
Takahashi et al*, there have been very few high
resolution measurements of the neutron emission
spectra of bismuth in the last decade. Wang et al®
measured the neutron emission specira and angular
distributions at 7 MeV neutron bombarding energies
with 5.1 m flight path and 2 ns time resolution
corresponding to 400 keV resolation for the
elastically scattered neutrons. Marcinkowski et al”
carried out similar measurement at 20 MeV with an
energy resolution of about 600 keV. The most recent

DDX measurement of bismuth was performed by
Baba et al® for incident neutrons of 14.1 and 18.0
MeV. The overall timing resolution of their
spectrometer was 2.0 to 2.5 ns and the flight path
was around 6 m for 14 MeV measurement. Therefore,
only one high resolution experiment* has been
performed at 14 MeV for bismuth, the measurements
reported here provide an important separate
determination of these spectra.

Materiats AND MErHoDS

Experimental Procedure

The experiment was performed at the high
resolution time-of-flight (TOF) facility of the Fast
Neutron Research Facility of Chiang Mai University.
The production of a ns pulsed neutron beam was
described in an earlier publication.® Briefly, neutrons
with energy of 14.1 MeV were produced from a high
stability Cockeroft-Walton-type accelerator by the
T(d.n)*He reaction. The 140 keV analysed deuteron
beam was chopped by a double-plate defleciing
system and then bunched by a double-gap kiystron
buncher to produce beam pulses with widths of 1.5
to 2.0 ns at the neutron producrion target. This wark
utilized an average beam of about 15 mA with a
neutron pulsed width of about 1.8 ns at 1 MHz
repetition rate.

The experimental arrangement and data reducton
procedure used in the present measurement were
similar to those described previously.'® A schematic
diagram of the experimental set up is shown in Fig
L. A cylindrical sample of *Bi, 3 cm in diameter
and 7 cm long, was positioned at 90° reladve to the
incident deuteron beam with its axis along the axis
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ol the beam line. The target was cooled by forced
air. A sample rotation technique provides the
capability of measuring scattered neutrons aver an
angular range of 20° o 160°,

The scattered neutrons were detected with a 25.0
cm diam and 10.0 em thick BC-501A liquid
scintillator. The detector was coupled (o a
Hamamatsu R1250 photomultiplier tube via a
partially coated taper light pipe. It was located at an
extended flight path of 12 m inside a well shielded
wnnel as shown in Fig 1. Monte Carlo calculation
indicates that elfect due to in-scattered neutrons is
less than 1%."' The neutron detector was housed in
a temperature conirolled room te minimize
photomultipher tube gain drift. Neutron fluxes were
monitored by three 5 cm diam by 5 cm thick NE-
1024 and NE-213 scindilators. This flux monitoring
svstem is accurate to better than 1%.

The electronic svstem used in this measurement
has been described in dewails elsewhere.'® Only a brief
description witl be given here. A pulse-shape
discrimination system (PSD) based on a zero-cross
over method was incorporated into the main elec-
trenic system 1o reduce the gamma-ray background.
The data acquisition system is controlled by a 16MB
MicroVAXIL computer through a multiparameter-
bufler system (MBS) unit. Each reaction event
detected by the main detector is recorded
sequentially in list mode on disk. Each event contains
(i) the pulse height, (i) the time-of-flight, and (iii}
the n-gamma pulse shape discrimination daa. The
off line analysis software allows dynamic selection
for each correlated parameter.
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Calibration of the pulse height response of the
main detector was performed in about 8 h intervals
before and after each scattering angle with %Cs and
2Na gamma sources. The pulse height threshold was
set at about 1.5 MeV proton energy. At this bias
setting, the corresponding energy resolution of our
neutron spectrometer at 1+.1 MeV was about 420
keV FWHM, Tirne-ol-flight spectra were obtained
at 14 angles between 20° to 130° in 10° increment.
For each set of measurement, a “sample-in” spectirum
was taken followed by a “sample-out” spectrum. A
polyethylene sample of the same dimension as that
of the bismuth sample was used as standard and
positioned at 23° relative to the incident neutron
beam. Each run wok about 3-+4 h, therefore, the
measurermnent at one angle including the “our target”
run lasted about 7-8 h. During this period the
stability of the electronic system was better than 1%

A rypical TOF spectrum of bismuth at 20° is shown
in Fig 2. The sample-out spectrum is also shown for
comparison. The background spectrum is clean and
no structure was observed in the region of interest.
The prompt gamma ray peak was used as reference o
couvert TOF spectrum Lo energy spectrum.

Data reduction

Neutron energy spectra were obtained {rom the
measured TOF spectra using the known flight path
and a calibration of time-to-amplitude converter. The
DDX in units of b per st per MeV were determined
using the detector efficiency, monitor counts, and
'H(n, n) cross section as standard. The neutron
detecting efficiencies were calculated with the Monte
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Fig 2. A ypical TOF spectrum of bismuth at 20°. The sample-out run is shown for companison.
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Carlo computer code.'* The differential cross sections
were averaged over 0.2 MeV energy bin which
corresponded to the energy resclution of the TOF
spectrometer. The experimental procedure and data
reduction is similar to that described in details
elsewhere ' The correction for multiple scattering,
flux attenuation and contamination of low energy
neutrons in the incident neutron spectrum was
performed using a Monte Carlo computer code
SYNTHIA developed by Baba ct al” at Tohoku University.

The DDX data were converted from the
laboratory system to the center-of-mass system
(CM), by assuming the kinematics of two body
reaction." The angle-integrated neutr on spectrum
(EDX) in the CM system was obtained by weighted
the angular distribution for each energy bin with
experimental uncertainues and fitted with Legendre
polvnomials. The EDX in the CM system is used for
comparison with other measurements and calculated
Cross sections.

The overall systematic error for the DDX is
estimated to be = 11%. This number was obtained
from the quadratic sum of the {ollowing un-
certainuies: (1) =3% for the neutron detecting
efficiency; (2) 2% for the variation of the incident
neutron vieid; (3} 1% for H cross section: (4) =1%
for the monitor; (5) =2% for estimating hydrogen
scattering yieid; {6) =10 % {or the flux attenuation
and multiple scattering corrections of polyethelene
and bismuth samples. The experimental uncertainties
were estimated by combining the statistical and
systematic uncertainties in quadrature,

Model caleulations

Nuclear model calculations of 14,1 MeV reutron
inelastic scattering on *®Bi have been performed with
the statistical multistep model code EXIFON.'® This
code is based on an analytical model for statistical
mulusiep direct and multistep compound reaction
(SMD/SMC). EXIFON predicts the secondary
particle angular distributions in addition to their
emission spectra (EDX). [n this section we summarize
these czlcuiations and describe the parameters used
in our calculations.

The code EXIFON calculares the overall energy
differential cross section on the basis of pure
quantum mechanical concept by summing up the
contributions from the SMD, SMC and multiparticle
emission (MPE) processes. This idea constitutes a
very strong place in nuclear reaction theory as being
supported by its counterpart in many body theory.
The residual interactions are replaced by random
matrices and after performing the energy ensemblc
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averaging, the analytical expressions [or the energy
diffcrential cross section; (EDX) becomes'®

do_(E) _doP(E) +dof‘:‘(E‘]  do E ) -

dE dE dE dE
b b b b
where the direct reaction o collective phonon and
single particle states are accounied for as a part of
the SMD process, and the MPE are calculated in the
pure SMC concept. For our nuclide of interest,
2B, the optical model potentials of Wilmore and
Hodgson*® are adopted. The only adjustable parameter
is the pairing shift (A = 12.8 A"?) which goes to
zera near closed shell. The shell correction for the
state density are also taken into account for the
process. The present calculations are performed with
a Breit-Wigner function of width 0.9 MeV instead of
the built in value of 1.4 MeV to simulate the higher
energy resolution in our experiments. Other -
parameters are left unadjusted. The effect of angular
momentum and nuclear spin are not considered to
make the calculation as simple as possible without
anv significant effects.

The ADXs are calculated using the Kalbach-Mann
systematics.!” These systematics give the DDX for
particle emission reaction by superposing the forward
peaked distribution for SMD on the 90° symmetric
distribution of SMC process taking into account the
weight of the SMD:

d:o Tmax Lmea
—— =3 (SMD 2
Toag = %MD Eb;P_’(cose) + a,(SMO) mz,ubnpn{‘“a’ (2>

21+1

where i S—Tlie
l-é—exp[Al(Bl - E)]

b(E) =

We have used the morte recent coefficients of Kumabe
ctal®

= 0.0561+0.03771 MeV™'

A}
B, = 47.9-27.11"" MeV

The coefficients a, in (2) satisfy the relation

a,(total) = a,(SMD) + a,(SMC) (3
2,(SMD) and a,(SMC) are obtained from EXIFON
taking account of direct (DR) and MPE components
in multistep direct (SMD) and multistep compound

(SMC} respectively,
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ResuLts AnD DiscussiON

Comparison with other measurements

The double-differential cross sections obuained
in our measurement for bismuth are shown in Fig.
3 and they are available in 1abular form upen request.
The angle-integrated cross sections (EDX) are
presented in Table 1. In Fig 4, we compare our
measurements at 30° and 120° with those of
Takahashi et al* and Baba et af® The error bars shown
on our data are statistical only. The three different
sels 0[ measurements are in general ugreemcm Lo
within 10 to 20%. Nevertheless, our dawa reveals
more detailed structures in the region between 6 w
12 MeV which is due 10 direct excitation of low-
lving vibrational levels. [t should be noted that
Takahashi et al* used 8.3 m flight path for his TOF
measurement so his energy resolution is almost
comparable te ours whereas Baba et al® measured
their neutron spectra with poorer energy resolution,
Fig 5 illustrates the angle-integrated cross sections
of Bi from three different experiments. The effect
due to difference in the energy resolution of the TOF

Fig 3. Double-differennal cross secuions of **Bi [rom 20710 1507
in step of 107 ar 141 MeV in the laboratory system.
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spectrometer can be clearly observed in the spectral
regions where broad peaks are located. The
cnhancement of these structures in **Bi is 1o be
expected because it is next to the double-closed-shell
HUPph.

Theoretical analysis

Angle-integrated neutron emission cross section
(EDX)

The nuclear model calculations described under
the heading model calculations have been performed
and the results compared to the experimental data.
The calculated spectrum is presented together with
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Teble 1. Angie-integrated cross-sections of Biin the CM systemn. The errors shown are expenmentc! uncerdainties.
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Energy (MeV) EDX (b/MeV) Energy (MeV) EDX(b/MeV)
30 6.450.74E-1 92 5.31+0.89€-2
32 5.3520.62€-1 9.4 5.49+0.90€-2
3.4 4.32+0.51E-] 9.6 7.30+1.12€-2
36 3.59+0.43E-1 9.8 8.38=1.26E-2
38 3.03:0.37€-1 10.0 6.89+1.09€-2
40 2.6020.32€-1 10.2 4.11+0.75E-2
42 2.26+0.28E-1 10.4 2.67+0.56E-2
4.4 1.94+0.25E-1 10.6 2.1420.48E-2
ab 1.6620.22€-1 10.8 2.62+0 56E-2
48 1.510.206-1 11.0 3.2520.63E-2
5.0 1.32+0.18E-1 1.2 5.30+0.88€-2
52 1.1420.16E-1 1.4 7.49=1.14E-2
54 9.24%1 36E-2 116 6.97=1.09E-2
56 761411762 1.8 3.65+0.70€-2
58 7.24x1.12€2 12.0 1.99+0.50€-2
6.0 693210962 12.2 1.8420.476-2
6.2 5.71+0.94E-2 12.4 2.29+0.52€-2
6.4 5.05:0.86E-2 12.6 3.05:0.60E-2
6.6 5.28+0.89€-2 12.8 4.4120.77€-2
6.8 4.99+0.856-2 13.0 6.60=1.01E-2
7.0 5.04+0.85E-2 13.2 1,1520.16E-1
7.2 5.40+0.90E-2 13.4 2.51:0.30E-1
7.4 5.43+0.90E-2 13.6 5.32+0.61E-1
76 5.28+0.89E-2 13.8 9.581.07€-1
7.8 5.28+0.89E-2 14.0 1.2220,14E-0
8.0 §.54+0.94€-2 14.2 9.81x1.10-1
8.2 5,8150.96E-2 14.4 5.5320.65E-1
8.4 6.36+1.02E-2 146 2.20+0.29E-1
8.6 8.79+1.07€-2 14.8 6.74+1.19E-2
8.8 6.63=1.06E-2 150 3.87+0.96E-2
90 5.640.94€-2 15.2 2.3520.73E-2
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Fig 5. Angle-integrated spectra of **Bi in the CM svsiem. The
ertor bars are derived [rom experimental uncertinties.

the measured specerum in Fig 6. For the sake of
comparison, the separate contributions from SMD
and $MC are also shown in the figure. On the whole,
the neutron production spectrum in the continuum
between 3 - 3 MeV (low emissicn energy region, or
high excitation energies of the residual nucleus) is
underestimated by the model calculation by about
30%. As the measurement has relauvely small
uncertainties, some deviation between calculations
and experiments are clearly noticed. Atabour 5 -8
veV, the calculations reproduce the data very well,
In the e¢nergy region between 8 to 11 MeV when
oniy two excited levels 2-and 3" are considered, the
shapes and structures of the measured spectrum are
poorly reproduced bv the calculation. But when all
nine excited levels (2*, 3" 4, 57,67, 7,87, 9. 10°) are
incorporated. the calculated result reproduces the
experimental data fairly well apart from the bump
at 10 MeV, which is 10 be expected as the calculated
spectrum is smeared out using a Gaussian resolution
{unction normalized to the gamma width. The values
of the delormauon parameter, B, and the energies,
E..of the collective excited low-lying states are taken
from those of *™Pb.* The result confirms that in this
energy region, the collective excitations to low-lving
states play important role. However, the code also
takes only the lowest energy siate of each level as an
input for calculations. This may as well be the cause
of the remaining discrepancy between the calculared
and measured spectra in this energy region.
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Fig 6. Comparison of the angle-integrated spectrum with the
caleulation by EXIFON.

Changing the values of model parameters does not
significanily improve the calculated results. Since all
the energy levels are taken from those of ***Pb, the
double magic nuclei, the difficulty discussed by
Marcinkowski et al” may be relevant here.

In summary, our calculaton largely underesumates
the present measured EDX data for ®°Bi in the
continuum region. The shape and structures of the
measured spectrum are fairly reproduced in the
region where collective excitation of low-lving states
are imporant. The discrepancies in the yield and
structure reproduction, as a result of taking only the
2*and 3 levels into consideration, are also reported
bv Baba et al.®

Angular distribution (ADX)

Fig 7 a) to d) compare the measured ADX at fixed
energy of 3-4, 5-6, 6-7 and 8-9 MeV with the
calculated ADXs obtained from Kalbach-Mann
svstematics'” with the new coelficient of Kumabe
et al.'® The shape of the calculated angular distri-
butions are in good agreement with those of the
measured ones. although the magnitudes are slightly
underestimated. The DR and MPE components have
been included into SMD and SMC, respectively.

To summarize, Kalbach-Mann systematics with
the new coefficients from Kumabe et al'® reproduce
quite satisfactorily the neutron ADX for *°Bi using
the SMD and SMC spectra for a (SMD} and a,(SMC).



S0

—_————— g v v

roETE |

i 20%Bi (naxn)

-5
2

v o Ey= 30-4.0 MeV
I N R Tk o - N
T P
i
] -+
. Lo = 5.0-60 MeV
st - eyl BN ) 3
5 S e s e
7
s 7 1
= | |
< . Ty <) -
= = A Z:
] - B 'S 6.0-7 0 MaV 3
5 = & L |
= = R =
2 e R
| L G -
b b
% “
: [&=H B
120 = L :n-’a.o-Q.O Meav J
£ Ul z
= > o :
i - AN 3
. - 4
=5
4 =5 v 4 El
Tl ¥ g 1
2 b
| * IR g . TR i
7 —_ — Teituctea
g
b+ =0 =% L") 108 179 () ‘e {1

CM angles (deg)

Fig 7. Comparison ol the ADXs with the calculaied disinbuaions
using Kalbach-Mann svstemanics.

CONCLUSIONS

We measured the double dilferential neutron
emission cross sections of *Bi induced by 14.1 MeV
neutrons with a high resolution time-of-flight
specirometer. The measured spectra are in reasonable
agreement with the other high reselution
measurements and reveals structures in the region
between 8 to 12 MeV. The calculated spectrum based
on the statistical muliistep model code ENIFON
reproduces the experimental data faurly well in the
limited energy range between 6 and 12 MeV The
code underestimates the neuwen vield in the
compound nucleus region by as much as 30%. The
shape of the angular distribution is reproduced
reasonably well by the svstematics of Kalbach Mann
using coelficients of Kumabe ct al. For better
reproduction of neutron vields and structures in the
measured spectra further theoretical studies are
required.
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UTILIZATION OF A PULSED D-T NEUTRON GENERATOR
T. VILAITHONG, S. SINGKARAT AND U. TIPPAWAN.

Fast Neutron Research Facility, Department of Physics, Faculty of Science
Chiang Mai University, Chiang Mai 50200, Thailand.

ABSTRACT

The Fast Neutron Research Facility at Chiang Mai University is equipped with a
nano-second pulsed 14 MeV neutron generator, a multiparameters data acquisition and
analysis system and various radiation detectors. Fast neutrons from the low energy ion
accelerator are used in the field of radiation dosimetry, neutron induced nuclear cross
sections measurement and elemental analysis. With minor modification, the accelerator
can also be used as a gaseous heavy ion implanter.

I. INTRODUCTION

In the past two decades the International Atormic Energy Agency (IAEA) has
supported the establishment of neutron laboratories in many developing countries by
providing smajl D-T neutron generators. The neutron generator is basically a low
energy (100-400 keV) ion accelerator capable of producing a continuous beam of
deuterons with a current in the range between 1-2.5 mA. These neutron generators are
primarily intended to be used for fast neutron activation analysis.

The neutron generator is not necessarily limited to continuous beam operation.
If properly modified, it can also be utilized for pulsed beam operation. The scope of
utilizing such a neutron generator in analytical applications as well as in the studies of
fast neutron reactions is extended considerably by pulsed beam operation. For example,
the measurements of double differential neutron emission spectra at 14 MeV incident
neutron energy for several materials in the interest to the fusion reactor development
program are best carried out by puised neutron time-of-flight (TOF) technique [1]. The
feasthility of using a pulsed neutron generator for the measurement of light elements
such as carbon, oxygen, and nitrogen has been successfully investigated [2-3]. The
main field of application of pulsed neutrons in geology is well logging analysis where a
pulsed accelerator is used to produce 14 MeV neutrons. During the neutron burst,
prompt y-rays resulting from neutron inelastic scattering and from reactions induced by
high energy neutrons are detected. This method is a well-established technique and has
been adapted for down-hole logging in both the coal and oil industries [4,5].
Miscellancous applications of pulsed neutron generator has been reviewed by Csikat
(5]

This paper describes the utiization of a 14 MeV neutron generator in
continuous and pulsed beam modes in applied neutron physics program at Chiang Mai
University.

IL EXPERIMENTAL FACILITY

The Fast Neutron Research Facility (FINRF) operates a 200 kV, 5 mA high
stability Cockcroft-Walton type accelerator producing 14-MeV neutrons for
applications in fast neutron activation analysis and the study of neutron-induced
reactions. An associated alpha-particle time-of-flight (TOF) spectrometer was
established [6] with moderate energy resolution (1.2 MeV at 14 MeV neutron energy)
and a well-behaved time-independent background. The nano-second pulsed neutron

Presented at the Advisory Group Meeting on The Optimal Use of Accelerator
Based Neutron Generators, 13-16 Cctober 1998, IAEA, Vienna, Austria.
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Facility was installed in 1991 by modifying an existing continuous beam accelerator to
incooperate beam chopping and bunching devices {7]. ) |
Neutron are produced from an AID J25 accelerator by the T(d,n) "He reacuion.
Continuous deuterium ions (D,") from a radio frequency plasma ion source are
accelerated to 140-kV by a 9-kHz switching-frequency Cockeroft-Walton type d.c.
high-voltage power supply. The deuteron beam which comprises 75% atomic deuterons
(D) and 25% molecular deuterons (D;") is analysed by an analysing magnet. The D
ions are bent 90° to a pulsed beam channel while the D;" ions are excluded by
momentum discrimination. Beyond the analysing magnet, the beam is transported
through series of collimating slits and quadrupole focussing magnets. The beam 1is
chopped by a double-plate deflection system and then bunched to pulses with widths of
1.5 to 2.0 ns at the neutron production target by a double-gap klystron buncher. Beam
sizes both in horizontal and vertical axes were monitored by means of a crossed-wire
beam profile monitor. The schematic diagram shown in Fig. 1 is a layout of the beam
line components from the ion source to the target. A data acquisition system is
controlled by a 16 MB MicroVAX 1I computer through a multiparameter-buffer system
(MBS) unit. Each reaction event detected by the main detector is recorded sequentially
in list mode on disk. Our offline analysis software allows dynamic selections for each
correlated parameter in contrast to a conventional hardware-resolution routine.

0. DOUBLE DIFFERENTIAL CROSS SECTION MEASUREMENT

Studies of fast neutron induced reactions are of significance for an under
standing of nuclear reaction theory as well as for practical applications. For example,
the secondary neutron energy and angular distribution from the (n, xn") reaction on
certain materials are of importance for the development of fission and fusion reactor
systems and other accelerator based applications. The spectrum of the emitted neutrons
are usually measured using TOF technique.

In Chiang Mai, we have set up a high precision neutron TOF spectrometer
system with flight path up to 12 m [8, 9]. A detailed description of measurement and
data reduction has been described recently [8]. A cylindrical sample about 3 e¢m in
diameter and 5 cm long, was positioned at 90° relative to the incident deuteron beam
with its axis along the axis of the beam line as shown in Fig.2.

Neutrons were detected in a BC-501A liquid scintillating detector of diameter
25 c¢m and thickness 10 cm. The detector was coupled to a Hamamatsu R1250
photomultiplier tube via a partially coated taper light pipe. It was located at an extended
flight path of 12 m inside a well-shielded tunnel. Monte Carlo calculation indicates that
scattering effect is less than 1% for this collimating system. Time-of-flight
measurements were made at angles from 20° to 150° in step of 10°. The corresponding
energy resolution at 14.1 MeV was about 415 keV FWHM.

The neutron spectrum was determined from the measured TOF spectra in
separate energy regions. The y - rejection was observed for each of the TOF regions
because the y - rejection technique was pulse-height dependent. Because of the large
stize of the neutron detector, neutron and gamma events in the pulse shape spectrum
were not completely separated and some neutrons were lost. This loss was estimated to
be less than 1%.

Several corrections were made to the number of detected neutrons. The most
significant one was due to multiple scattering. The overall systematic error for the value
of the DDX of *®Bi for example is estimated to be about 11%. The statistical
uncertainties varies from less than [% to about 39% in the discrete region of the spectra
of neutrons emitted in backward angles.
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¥ig. 2 Experimental arrangement for the DDX measurement [9]

In Fig. 3 we show our recent measurement at 20° in comparison with the result
of Takahashi et al. [10]. The two different sets of measurement are in reasonable
agreement. Because of better energy resolution, our data reveal more detailed structure

in the region between 6 to 12 MeV.
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Fig. 3 Double differential cross section of
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Fig. 4 Comparison of angle-integrated
Spectrum of *? Bi in the CM system
With the calculated spectrum of Deme-
triou et al. [11].



We compare our angle integrated spectrum in Fig 4.with the calculated results
of Demetriou et al.{l1!] based on the Feshbach-Kerman-Kooning theory. In their
calculation, Demetiou et al. also include contribution from direct reactions that excite
low energy vibrations as well as the giant resonances in the continuum, in addition to
the incoherent multistep direct reaction, multistep compound and compound nucleus
reaction.

The calculated spectrum reproduces the experimental data very well in the
regions between 3 to 6 MeV and 9 to 12 MeV. In the region between 6 and 9 MeV
where preequilibrium reaction dominates, the two spectra do not agree. The calculated
spectrum slightly overestimates the number of emitted neutrons.

IV. PULSED TIME-OF-FLIGHT PROMPT GAMMA-RAY ANALYSIS.

A D-T neutron generator is now routinely used in a variety of analytical
applications, including nonintrusive inspection by means of prompt gamma-ray
analysis (PGA). Obtaining satisfactory results from this kind of measurement requires
an associated trigger signal from either the alpha particle of the D-T reaction when
utilizing a continuous deuteron beam [12] or the induced signal from a capacitive pick-
off when using a pulsed deuteron beam [3]. As is well known, the pulsed neutron time-
of-flight (TOF) technique generaily provides better signal to noise ratio than the
associated-alpha particle technique. We thus choose to work with the pulsed beam
technique. Also, a pulsed neutron generator is not necessarily a large machine any more
[13]. However, the production of wider neutron pulse is normally simpler and cheaper
than a narrow one. The aim of this work was to investigate the quality and
characteristics of the resuits obtained using both wide and narrow pulses.
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Fig. 5 Experimental arrangement for the pulsed TOF prompt gamma-ray analysis [14].



The experimental arrangement is shown in Fig. 5. The gamma-ray detector was
2 5 in. diameter by 5 in. thick Nal(T1) scintiilator. The detector was placed inside a
heavy shielding about 2.4 m away from the TiT target and 37 cm from the sample
position, as shown in Fig.5. The two parameter (energy-time) data acquisition and
analysis system is similar to the one that has been described eisewhere [3]. The
threshold detecting was fixed at around 0.5 MeV gamma-ray energy.

Qur data acquisition system allows energy or pulsed height data of the gamma-
ray signatls that are associated with any interval of the peak of the time spectrum to be
selected off-line. Fig. 6 shows pulse height spectrum from sample of liguid nitrogen
using 2 nsec pulsed neutrons. Each spectrum belongs to different time gating as
indicated in the insets. Our experiment indicates that the best signal-to-noise ratio was
cbtained with narrow neutron pulse (< 5 nsec).
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Fig 6 Gamma-ray energy spectrum of 20 kg liquid nitrogen using a 2 nsec width of
neutron pulse [14]. Inset: selection of time-window on the associated time spectrum
{a = 90 nsec, b = 50 nsec, ¢ = 40 nsec).

Gamma-ray spectroscopy performed using 1.4 kg of C-3 explosive with 2 nsec
pulse reveals all expected photopeoks at 1.6, 2.3, 2.8, 3.7, 44, 5.1 and 6.1 MeV as
shown in Fig. 7.



v | (a) i
Luggage without C-3
|- ! -
5 sk :
5 M
R =
S w b h ; .
T
100 M))\’\/\( J
| i, ~
J 8 ! L] 1 o 1 M“M J
100 100 300 400 S0 6o 00 a0 900 1000
Channel Number
A= | S [ -
1.6MeV (N)
L (b) i
[hh] [ 6 > -
> Y e D 3 _
E.5 8 -23 Luggage with C-3
EZ Q > < F '
me [N = €3 W
o @ ] R
w0 ™~ Mw .
{ e
= S
ot N“H 2 ;
e Z g £
E 3 8y
fa
S w | 2 9
w
I g ‘
Tie |- 'L\"»\‘&A
U |
: L 1 : 1 1 M——J‘L
rao e . 300 400 500 £00 700 100 900 1090

Channel Number

Fig. 7 Time-gated gamma-ray energy spectrum of (a) simulated passenger luggage (b)
luggage containing C-3 explosive {14].



V.NEUTRON SOURCE AND DOSIMETRY

The neutron generator is normally used to produce moncenergic 4 MeV
neutron from the D-T reaction and 3 MeV neutron from the D-D reaction. We have
investigated the properties of neutrons scattered from a circular surface-of revolution
paraffin scatterer using the MCNP code and the pulsed neuvtron TOF measurement [15]
Fig. 8. shows the experimental arrangement.
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Fig. 8 Experimental set up for elastic scattering of 14 MeV neutron from a circular
surface-of revolution paraffin scatterer and the two parameter data acquisition system

[15].

The neutron pulse height distributions obtained off-line by gating the pulse
height events with appropriate TOF events in a specific time window of interest is
shown is Fig. 9. It is noted that the yield of n + “C elastic scattering is fairly
pronounced which can be used for calibration purpose.

Elastically scattered neutrons from this type of scatterer has been successfully
used for measuring the light out put of a small NE-213 detector [15].
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Neutrons from the 14 MeV neutron generator can also be used to calibrate a
neutron dosimeter. The different LET dependences of the low and high temperature
glow peaks of of CaF, : Tm thermoluminescent material (TLD-300) allow the
determination of neutron and gamma dose simultaneously. The method was calibrated
for the 14 MeV neutron beam at FNRF [16]. Fig. 10, 11 show glow curves of 2 TLD-
300 dosimeter after Co and 14 MeV neutron mdlatlons
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Fig.10 Glow curve of a TLD-300 dosemeier after ¥Co irradiation [16].
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of a TLD-300 dosemeter after trradiation in a 14 MeV neutron
beam [16].

The relative neutron responses of both peaks in TLD-300 chips were found to
be 0.10 and 0.32. Using this method various dose distributions of neutron and gamma

dose in a water phantom were measured and compared with the results of GM counter
measurements and the Monte Carlo calculation as shown in Fig, 12.
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Fig. 12 Comparison of determination of the depth dose Dy = Dy + Dy of the 14 MeV

beam in water by the TLD-300 method, ion chamber measurement, and Monte Carlo
transport code calculations [16].



V1. ION IMPLANTATION

Basically, a 14 MeV neutron generator is 2 200 kV ion accelerator using
palladium tube to leak deutenum gas into the RF-ion source. At FNRF we replaced the
palladium tube with a thermomechanical leak valve which enables us to use other gases
such as Ny, CO,, BF; etc. Implantation with gaseous ions such as nitrogen, oxygen,
boron, argon are possible {17,18]. Surface modification with ion beam based technique
has commanded great interest in recent years for improving mechanical, electrical and
optical properties of materials [19]. A drift tube neutron generator can be most
conveniently modified to be used as an 1on implanter concurrently.

vII. CONCLUSION

The 14 MeV neutron generator of Chiang Mai University has been utilized in
both continucus and pulsed beam modes. Major applications are nuclear data
measurement, elemental analysis with prompt gamma-ray detection technique,
calibrations of neutron detector and TLD-300. With minor modification, the accelerator
can be converted into a gaseous heavy ion implanter for use in modifying surface
properties of materials.
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ABSTACT

A nano-second pulsed neutron generator has been used to produce 14-MeV neutrons
for prompt gamma-ray analysis of light elements such as C, N, and O. In order to
reduce the gamma-ray background, a pulsed neutron time-of-flight technique has been
adopted. Different neutron pulse widths of 2 ns and 50 ns were used. The narrowest
neutron burst was found to give the best signal to noise ratio. Gamma-ray
spectroscopy using both Nal(Tl) and HPGe detectors are performed on standard
military explosives. Technical details and results of the measurements are presented.

i. INTRODUCTION

Fig. 1, on the front cover, tells us that the abandoned landmines are not only a threat
to those innocent farmers and children but also endangered animals. A clear need to
demining is now being recognized world-wide. But the traditional methods are slow
and risky, More advanced techniques that have thus far been proposed include
electromagnetic induction, ground probing radar, infrared imager, nuclear quadrupole
resonance, nuclear techniques employing either thermal or fast neutrons, etc. To share
responsibility in this human created problem, we have decided to use our resources to
investigate and find more technical information in the inspection of explosives by
using prompt gamma-ray analysis technique (PGA) that is induced by 14 — MeV
neutrons.

2. EXPERIMENTAL

2.1 Experimental setup

The measurements were performed using the modified pulsed neutron generator at
Chiang Mai University [2] in which the original machine was donated by the [AEA in
1983. A chopper system using X — Y deflector plates on which a D" beam is swept
across a circular slit producing a chopped beam with ~ 50 ns pulse width, The
repetition rate is selectable from 1 kHz to 2 MHz in 10 steps. Afterward the beam is
longitudinally bunched to achieve a time focus at the neutron production target on
which the narrowest width is ~1.5 ns. In this experiment, we generally work at 1
MHz repetition rate with the D" beam current at 5 pA. The first gamma-ray detector
to be mentioned here is a 5 in. diameter by 5 in. thick Nal(TI) detector which was well
shielded from the direct neutron flux, as shown in Fig.2(A). It is aimed at a side of a
sample at a distance of ~30 cm while the sample was placed ~ 2.4 m from a 6.3 Ci
thick TiT target. The neutron flux at the sample position was estimated to be ~ 300 n.

cm?s"' Three organic scintillation detectors at distances of ~ 4 m from the target



were used as neutron flux monitors duning the measurements which were ~ 45 — 60
minutes in duration.

Fig. 2(B) shows the system diagram, for the Nal(Tl) detector, which incorporates a
two parameter (energy-time) data accumulation and acquisition system.The delay and
walk adjustment of CFD2 were carefully tuned to minimize amplitude walk. For a 2-
ns neutron pulse width, the FWHM of the resulting time spectra 1s 15.5 ns. This value
1s found to be about 2 — 3 times larger than the intrinsic time resolution of the system.
We believe that the discrepancy is mainly caused by the time-correlated background.

2.2 Background reduction by time — gated technique

With the two parameter data acquisition technique used, energy or pulse height data
of gamma-ray signals that are associated with any interval of the peak of the time
spectrum can be selected off-line. This is done by choosing the position and width of
the time-window and using them to gate on the associated pulse height data. Figs.3(A)
and 3(B) show these pulse height spectra from a liquid nitrogen sample using neutron
pulse widths of 50 ns and 2 ns, respectively. In each figure, three ways of time gating,
as indicated in the insets, were tried, i.e. full peak window (a and x), right half
window (b and y) and left half window (c and z). From the way it was set, the right
half of the peak belongs to those signals which come earlier than those belonging to
the left half. Fig. 3(A) shows that gating with a time-window from any part of the
time spectrum does not change the shape of the energy spectrum, only the yield,
which is directly proportional to the width of the time-window. It seems that, for the
broad neutron pulse width, signals of prompt gamma-rays are mixed uniformly with
background radiation.

The process was repeated with a pulse width of 2 ns (Fig.3(B)) but we get a different
result. While maintaining constant neutron monitoring conditions, the fully time-gated
energy spectra (a and x) are indistinguishable. In this sense, both cases are similar.
But comparing the full and right half time-gated energy spectrum (spectra x and y)
with left half timed-gated spectrum (spectrum z), shows that spectrum z mainly comes
from background radiation since peaks of prompt gamma-rays do not show up —
unlike spectrum ¢ of Fig.3(A). In addition, when comparing spectrum x with spectrum
y, we see that when the time-window is correctly set at the right half of the peak the
photopeaks of interest from a sample are barely, if at all, disturbed. This is due to the
difference in arrival time at the gamma-ray detector between the delayed background
radiation and early prompt gamma-rays from the sample. On this basis, it is evident
that a narrow pulse is preferred to a broader pulse.

2.3 Gain shift problem

For field applications, a Nal{Tl) detector is the most commonly used gamma-ray
detector. Unfortunately the detector used in this work has serious gain shifting. The
shifting as Jarge as S00 keV can occur at any time during measurement. This effect
creates an additional complication to the gamma-ray spectrum. Although this
behaviour is not yet clearly understood, we find from separate investigations that,
most if not all of the aberration, it depends on the ambient temperature. Shown in fig.
4(B) are the peak positions of 1.332 MeV gamma-rays from a Co-60 source when a
photomultiplier base (PMB) of the detector was set to different temperatures, as is
shown in Fig.4(A). For this case, we found that between the ORTEC 266 and the
Canberra 2007P PMBs neither one are better. Since this is a problem of gain shifting,
it can be imagined that at around the region of interest of 4 - 6 MeV the effect will be



more serious. This problem has to be taken into account for field missions in a
tropical climate.

3. DEMONSTRATION EXPERIMENT

3.1 Quantitative determination of C, N and O content

The above technique was applied to a quantitative analysis of carbon, nitrogen and
oxygen content in a low level explosive which urea was chosen as an example. The
analysis is based on the method used in Ref [3] where only the necessary parts are
mentioned here. Data treatment was begun from the gamma-ray energy spectrum of a
material to be examined, as shown in Fig.5(A), where only a zone between 4.2 — 7.6
MeV was utilized. It is divided into 3 small regions of interest (ROIs) which are
ROIl : 42 - 48 MeV, ROI2 : 48 - 7.6 MeV and ROI3 : 54 — 6.4 MeV. Since the
only elemental interferences in this zone are among carbon, nitrogen and oxygen, we
set

ROIl = C!+N;+0,
ROI2 = Nj+0]
ROI3 = NI +0

where C’, N! and O] are number of counts due to carbon, nitrogen and oxygen,

respectively, in each region of interest. These are unknown numbers which can be
expressed in terms of the atomic densities of carbon, nitrogen and oxygen as follows:

= ()
ne= (N
= (O )m

r

where n)., nj, and n; are unknown atomic densities of carbon, nitrogen and

Q
I

oxygen in the urea. C;, N, and O, are, respectively, number of counts in each region

of interest from spectra of standard samples, 1.e. liquid paraffin, liquid nitrogen and
water, as shown in Fig 5(B). Since the volume and mass of these 4 samples are
known parameters, the bulk densities are then easily calculated, i.e. 0.86 g/cc for urea,
0.87 g/cc for liquid paraffin, 0.74 g/cc for liquid nitrogen and 1 g/cc for water. From
this, we then find the values of atomic densities n. = 3.72 X 10*” atoms/ce, n,, =

3.18 X 10°* atoms/cc and n, =334X 10% atoms/cc in each of the standard samples.

By direct substitution, we find an equation for calculating atomic density of oxygen
inurea :

N
ROI2 —[ %13] ROI3

n, =
0 [02 N, 03]
s *»—
n, N; n

o)




This leads to an equation for atomic density of nitrogen in urea ;
Ny ny 03]
n, = | |ROI3—| —e—n
" [N] [no "N,

and an equation for calculating atomic density of carbon in urea (ng ) :

rott = (S Yo+ (N Jon (9 )

From this algorithm, finally, we get

-

n, = 093x10” atoms/cc
nj, = 12ix10%® atoms/cc

096 x 10”*  atoms/cc

f
Ny

These values appear to be in good agreement with the values determined from a direct
calculation of known chemical formula (CH4N;O) and bulk density ( 0.86 g/cc). The
result of this study indicates that, under controlled conditions, the quantitative bulk
analysis of C, N and O content in chemical compounds or organic materials Is
feasible.

3.2 File of explosive fingerprints

Since explosives are always found together with other materials, a library of
unambiguous gamma-ray spectra of standard explosives are needed in order to
ascertain the consistent success of field inspection. We performed this measurement
concurrently with both Nal(Tl) and HPGe detectors. The position of the 73.9 cc
coaxial HPGe detector is ~30 cm under the sample as can be seen in Fig.6. But this
time we used the system configuration shown in Fig. 2(B) for the HPGe detector and
switched the Nal(TI) detector to a single parameter mode which restricted us to set an
on line fixed time-window on the pulse height spectrum. The systems of both
detectors were trigged by the same pulse produced by a capacitive pick-off that was
induced by the D" pulse.

The investigations were performed on 3 different kinds of explosives which are
M112, M2 and TNT. They are standard military explosives. With the Nal(Tl)
detector, Figs. 7(A) and (B) are the gamma-ray energy spectrum of M112 and M2,
respectively. According to military information, M 112 is equivalent to C4 and M2 is
tetrytol 75/25. In this measurement we used 4 blocks of M112 of which its total
volume is 5 X 10 X 28 cm’. This size and shape is approximately equivalent to 2
blocks of M2, The TNT spectrum which is shown in Fig 7(C}, has higher yield. This
1s mainly because TNT is made in a shorter block which, when bundled together
(volume =95 X 9.5 X 16 cm’ ), was better seen by the Nal(Tl) detector. To cope
with this spatial problem, we then compare these three explosives spectra with the
spectra acquired from NH4NO; powder which was placed in a paper box made to
have the same geometry as each explosive. NHsNO3 was chosen to be a comparator



because its spectrum above 4.8 MeV is not much different from the explosives. At
first glance, the spectrum of M112, M2 and TNT are very much alike but , in detail,
we can spot the differences such as TNT contains more carbon than M2 and M112 but
contains less oxygen and nitrogen than M112 and M2,

To complete the picture, a dry soil sample enclosed in the same container as
NH4NOs, was also taken, as shown in Fig.7(D). We can see from the figure that the
shape of the two spectra above 2 MeV are about the same. This implies that for
detecting explosives buried in 5 — 15 cm of soil, it is essential to determine the
difference in the carbon peak height at 4.44 MeV, which shows up very clearly for
explosives and is negligible for soil.

Gamma-ray spectra in Fig.8 were taken at the same time and from the same samples
as in Fig. 7, but the gamma-ray detector was the HPGe instead. They play a crucial
role in assisting to identify the Nal(Tl) spectra, especially when they were confused
by the gain shifting. However, the double-escape pair production peak of 6.13 MeV
gamma-rays from oxygen bring difficulty to the identification of nitrogen from the
5.11 MeV peak since they are overlapping. This weakness could be improved only by
increasing the detector size. Hence, for this small detector we have to utilize the peaks
of 2.31 and 1.63 MeV also. The strong 2.66 MeV line, in Figs.8(A) and (B), is from
lead which was used as a shieding around the active volume of the HPGe detector.
We did not see this peak from the Nal(Tl) detector because the inner layer of its
shielding is iron. This explanation is confirmed in Fig 8(C) which the shielding
material was changed from lead to iron.

In addition, it 1s interesting to note that the FWHM of the 4 44-MeV photopeak 1s
about 3.5 times wider than, for example, the 511 MeV peak. From repeat
experiments, we have good reason to believe that it is not an experimental error. We
have found later that this phenomenon was seen before on which its brief explanations
were refered to the Doppler effect [4, 5]. Consequently, its escape peaks at 3.42 and
3.93 MeV are also broad.

4, CONCLUSION

In this work, we have shown both the strengths and weaknesses of the nano-second
pulsed fast neutron based PGA technique for explosive detection. We found that a
narrow neutron pulse width is more advantageous than a broader one as it permits a
diminished neutron — induced gamma — ray background. We can especially see more
clearly the low energy region. The system performed quite well, with both Nal(Tl)
and HPGe detectors, on finding the fingerprints of a variety of real chemical
explasives. Proof-of—concept laboratory experience indicates that quantitative
analysis of C, N, and O content is feasible. Although the irradiation times in this
experiment were ~ 60 minutes, with a judicious choice of the size and / or number of
gamma-ray detectors and D* beam current, it would be possible to reduce the
counting time and sample mass to the range of interest.
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FIGURE CAPTIONS

Fig.1 Hang Chat Elephant Hospital staff is taking care of the left foreleg of Motala, a
38-year-old elephant that stepped on a landmine in Burma, near Tak province
of Thailand, on August 15, 1999,

Fig. 2 (A) Experimental arrangement of the Nal(Tl) detector for the PGA
experiment.
(B) Schematic diagram of the electronic setup for data accumulation and
acquisition.

Fig. 3 (A) Gamma-ray pulse height spectrum of 20 kg of liquid nitrogen inside a
dewar using a 50 ns neutron pulse width. Inset : selection of time-window on
the associated time spectrum (a =90 ns, b = 50 ns and ¢ = 40 ns).

(B) Gamma-ray pulse height spectrum of the same liquid nitrogen but using a
neutron pulse width of 2 ns, Inset : selection of time-window on the associated
time spectrum (x =36 ns, y = 16 ns and z = 20 ns).

Fig. 4 (A) A graph showing the temperature values of the PMB of the Nal(Tl)
detector.
(B) A graph showing positions of a photopeak of 1.332 MeV gamma-rays,
from a Co-60 source, in correspondence to the temperature variation in the
above graph.

Fig. 5 (A) Comparision of normalized and time-gated gamma-ray energy spectra
acquired from urea and water which the three regions of interest are indicated.
(B) Comparison of normalized and time-gated gamma-ray energy spectra of
three standard samples which major peaks of irradiated elements have been



Fig. 6

Fig. 7

Fig. 8

indicated. The unit of all the numbers are MeV. Dimension of the rectangular
container was 15 X 18 X 20 e¢m’ and was made from thin sheet iron. The
detector stand used to centered the Nal(Tl) detector is made of wood.

Experimental arrangement of the HPGe detector for the PGA experiment.

Fingerprints of 3 standard military explosives and dry soil as are seen by Nal
(T1) detector. For clarity, they are compared with a normalized spectrum of
ammonium nitrate of the same geometry.

Fingerprints of the same samples of Fig. 7 as measured by the HPGe detector
(relative efficiency at 1.33 MeV gamma-rays = 15 %). Only major lines are
marked.
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Abstract

The influcnee of nitrogen ion implantation an the hardness. tribological behaviour and corrosion performance at the very near
surface of polished X5CTNi18.10 steel was studied. The specimens were implanted with 120 keV N ' ions to four different fluences
ranging from 10" to 10 ionsem ™ It was found that hardness. tribological behaviour in terms of wear and friction, and
corrosion resistance of the specimens strongly depeird on the implaatation conditions. The greatest improvement in the surface
properties of the steel was achieved a1 doses between 13 10'7 and Sx 107 jonsem . Although hardness. wear resistance and
friction behaviour were improved noticeably by the implantation. N jon implantation tended 10 reduce the corrosion resistance

of the specimens in KNQ,. ¢ 1998 Published by Elsevier Science S.A.

Keywords: Nitregen ion implantution: X5CrNil8. 10 steel: Hardness: Tribological behaviour: Corrosion performance

1. Introduction

Stainless steels have been widely used in situations
where corrosion resistance 1s required; however. their
hardness, wear and friction properties are not particu-
larly good. lon implantation is an atiractive technique
for the improvement of metal surfaces, particularly in
the small areas. without altering the bulk properties.
Near-surface properties in metal surfaces such as hard-
ness, frictton and resistance to wear and corrosion are
allected by ion implantation. In addition, the surface
composition can be altered, lcading to the formation of
stable or metastuble ulicys or compounds which cannot
often be formed by conventional methods.

Nitrogen is one of the most promising 0n species
used in ion implantation to improve the surface mechan-
ical and chemical properties of various steels. With
normal evnergies, e.g, 100 keV, implanted N 1ons penet-
rate into steels at a depth of about 100 nm and bring
about changes in the relevant properties. However,
based on conventional testing techniques, as well as

* Carresponding zuthor, Telh +66 5 943379: Fax: +606 53 222776;
E-mail: saweatiiistrd.emu.ac.th.

considering practical applications, most of the previous
work investigated the hardness und wear behaviour of
the N ion-implanted steels in depth ranges far beyond
the ton-implanted layers. This was due (o employing
either relatively high loads or long testing periods (e.g.
[1.2]). The results are certainty useful and beneficial.
but lack detail on the behaviour i the implanted-ion
layer region. To provide data to 6l the gap i the
previously obtuined results, this experiment attempted
to study the hardness, iribological behaviour and corro-
sion performance of a N ion-implanted stainless steel,
XSCrNil8.10, in the depth region within the implanted-
ion layer. using newly developed testing methods.

2. Experimental

The samples were mechanically punched out of a
X5CrNil8.10 steel sheet (see Table | for composition)
into rectangular pieces of dimension 15x 103 mm?,
Before the tmplantation. the samples were electrochemi-
calty polished to a roughness value (Ra) below 30 nm.

A Danfysik lon implanter version 101 was used for
the ion implantation. The samples were implanted with

Q257-8UT2UR S19.00 € 1948 Published by Elsevier Science B.V. All rights reserved.

PIFSO257-8972(97)000684-1
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Fig. |. Scanning clectron micrographs of the surface of N '-mplanted X5CrNil8.J0 steel at a dose of (ap 5x 10" ionsem ™2

1 - 10" donsam S () 5 -
pianted X3CrNi1& 1 steel is shown in (e).

sliding distance. At the doses of 5% 10 ions cm™7,
110 jonsem * and 5x 107 ionsem ¢, the nitrogen
105 implantation reduced the volume loss of the
implanted  surface. but at the dose of 1xI10¥
ions cm ~? at the starting distance, there was an increase

10 foms e Frand (d) 1= 10" lonsem 2. For companson. the scanamg electron microg:aph ol the surfuce of unim-

(b}

in the volume loss tor the implanted surface in compari-
son with the unimplanted surface, caused by large
blisters associaled
bubbles.

The ellect of the nitrogen ion implantation oa the

with the formation of nitrogen
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Fig. 6. Dose  dependence of  volume  loss  of N amplanted
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doses of 5x 107 and 1= 10" ionsem ™2 the corrosion

rate was very high and diffusion processes occurred
additionally in the impedance spectra, indicating thal
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Fig. 7. Bode digram of N 7-implanted X3CrNit§.10 steel.

corrosion products must be transported from the sample
surface. The drastic decreasc in R, correlated with the
increasing roughness of the surface in the cases of
5x 10" and 1 < [0'"%lonscm 2

4, Discussion

From the experimental results, it can be seen that N
ion implantation is certainly beneficial for the improve-
ment of mechanical properties of X5CrNi[8.10 steel.
even from the very near surface where the implanied N
ions remain. The dose dependence of the hardness, wear
and friction of the steel indicates that the greatest
improvement in the surface properties of the sicel
could be abtained at doscs between 1x10'7 und
Sx 10" ions cm "? for norma! nitrogen ion implantation.
Although there were no differences in the influence on
friction and wear properties between the two doses, the
dose of 5x 10'"ions cm"* produced a higher hardness
than did the dose of | x 10" ionscm ™2 The surface
hardening due to N ion implantation is mainly contrib-
uted by the ion-irradiated very-near-surface region,
which 1s shghtty shallower than the N ion projectile
range. as shown in Fig. 3. [t could be supposed that.
besides the contribution from the implanted N ions.
which form either interstitial decorating dislocations [6]
or hard nitride {¢.g. [ 7]}, to strengthen the steel, implant-
ation-induced surface oxide (the oxygen distributed n
the very-near-surface region is shown in Fig. 2} may
also strongly parlicipate in the hardening, as well as
decreasing the friction coeflicient by weakening the
adhesion between two relatively sliding surfaces [8], as
demonstrated i Fig. 4. However, as seen in the figures,
this effect is not hinearly proportional to the ion dose.
For the case of the high-dose N 1on-implanted sample.
it is believed that because of heavy irradiation damage
and nitrogen precipitate bubbles on the top surface,
mechanicai properties including hardness and tribology
were not improved as much as for the medium-dose N
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Experimental determination of the thermal neutron flux around two
different types of high intensity ?*2Cf sources
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The application of neutron emitiing radioisotopes in brachytherapy facilitates the use of the higher
biological effectiveness of reutrons compared to photens in treating some cancers, Different types
of high intensity ***Cf sources are in use for the treatment of difterent cancers. To improve the
therapy of bulky tumors the dose can be augmented by the additional use of 1he boron cuplure
reaction of thernitl neutrons. This requires information about the thermal neutron dose component
around the Cf source. In this work, a Mg/Ar-ionization chamber internally coated with '“B was
used 10 measure the thermal neutrons. These measurements were performed on 1wo ditferent “32CF
sources. one in use in the Gershenson Radiation Oncology Center at Harper Hospital in Detrair, MI,
and one al the University Hospital of Clriang Mai in Chiang Mai, Thailand. The resalis of these
measurements are compared and indicate that the differences in the construction of the sources
influence the thermal dose component. @ 999 American Association of Pliysicisty in Medicine.
[S0094-2403199)01 201 -%]

{2 .
Key words: externad beam ncutron therapy, 2°Cf brachytherapy, boron neutron capture reaction
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INTRODUCTION

The greater biological effectiveness ol neutrons compared 10
photons has fead 10 an interest in using peutron sources in
brachytherapy. Because of the achievable neutron intensity
and its hall“life of 2.65 yr, *?Cf is very attractive for his
type of clinical application. The neutron dose can be en-
hanced via the boron neutron capture reaction (BNCT) of
thermal peutrons in the tumor."? The flux of therinal neu-
trons around the **Cf source has o be evaluated in order to
caleulate this dose enhancement. For the different types of
3OS sources, in use for brachytberapy, the thermal neutron
component might be dependent on the constructional details
of the sources, such as the encapsulution and overall dimen-
sions.

In this paper the thermal neutron dose distributions
around two difterent *CF sources, one i use at Harper Hos-
pital in Detroit {MI), the other installed at the University
Hospitad in Chiang Mai (Thailand), are compared. The two
BCF yources differ in their construction and in their activity.
The sume boron-coated mugnesium chamber was used at
both institutions 10 evaluate the thennal peutron flux at dif-
ferent posilions in a water phantom, where the 252CF source
was positioned close (o the center of the phantom.”

METHODS AND MATERIALS

The parameters of both sources used for this investigation
are summarized in Table 1. Considerable ditferences are seen
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with respect 0 the dimensions, activity, and the encapsula-
tion. In Detroit, the dose measurements were performed in o
cubic water tank of dimensions 60cmXx30emX 3 em with
1-cm-thick polymethybnethacrylate walls (PMMA]. A single
BICE source was housed in a cylindrical PMMA tube with an
outer diameter of 4 mm and the clusest distance from center
of the souree 10 the center of the chamber was 7 mm. The
chamber was positioned numually. In Chiang Mai the meu-
surements were perlormed in o water tank of dunension
53cmXS56cmXd0em with 1-cm-thick PMMA walls. The
IR source was housed in a cylindrical PMMA tube with an
outer diameter of 9 nun. The chumber was remaotely driven
by aa isodose recorder (Model FM-0036; Fujitech, Japan)
providing a minimun step distance of | mm. The closest

Tamie L Pammmicters ol the “7CH sources (Rels. < and 5]

astitute Detion Chiiang Mai
Frentes
Oal Ridge Tectmuology
Manulacturer Naticnil Lauboratory Couperation
Active length {mm) 15 [}
External length (mim) 23 R
Eaternul diameier (o) ¥ [¥]
Wall thickness (num) (.5 1.1
Wall materisl Pl Ziculoy-2
Actual weight of 2Cf {ug) 1.4 1.1

© 1999 Am. Assoc. Phys. Med. 83
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TaaLk [1. Kerma factors for thernial reactions in tissue and '8,

.C;‘mccmrali(m and reaction Kerma factor (pGy ¢m’)

50 ppm “Bln.@) 4.273
S0 ppm Bla, y) 0.0278
Total 50 ppm '°B 4.30
Musele tissue 0.231

distance between source and chainber was 16 mm, defined as
the distance between the centers of the source and chamber,
respeclively.

A thimble ionization chamber with an inner volume of
0.32 cm” was used for making the measurements {Wellhofer
Daogimetrie, Germany). The magnesium wall of the chamber
was internally coated with a 3 um layer of '°B of 92% pu-
rity, and the chamber was flushed with argon gas of 99.995%
puritv. The chamber was calibrated in a ®'Co beam in terms
of absorbed dose to water N,,." The chamber has a gas-flow
provision and during the measurements a constanl argon gas
flow of 17 em’min was used. The chamber was connected
via a triax cable with a Farmer Electrometer (Model 2570,
Nuclear Enterprises, Great Britain), that was operated in the
high sensitivity charge mode with a resolution of 0.005 nC
and a lcakage of =10 fA. The electrometer applied a high
voltage of —250 V to the chamber. The chamber was cali-
brated in a homogeneous flux of thermal neutrons with a
mean energy of 37 meV at the standards laboratory,
Physikalisch-Technische Bundesanstalt, in Germany to ob-
tatn the calibration factor,

R{(4w37.0 meV)=1.02X% 1077 nC cm?/neutron.

The kerma factor for muscle at a neutron energy of 36
meV was taken as 2.31x 10" Gy em? and used (o calculate
the dose to muscle tissue.® Kerma factors for calculating the
"B dose from the neutron fluence were adopted from a paper
by Konijnenberg et al.” and are shown in Table 1.

RESULTS

Al each institution, the ionization chamber was checked
in a ®¥Co radiation field for stahility and proper operation.
Table 11T gives the ratio for the stated to measured dose at the
local cobalt unit. In Chaing Mai the MgB/Ar chamber was
used to measure the thermal dose distribution at points par-
allel 1o the axis of the cylindrical source at distances of 2, 5,
and L0 cm axis (longitudinal scans, see Figs. | and 2). Trans-
verse scans were made at points along a line perpendicular to
the axis at the same distances from the center of the source
(see Figs. | and 3). From these scans the exact center of the
source was determined. Depth scans were performed on the

Tanvk 1. Calibration of jonization chainbers, ratio of stated to measured
dose at Jocal cobalt uait.,

Chamber Detron Chiang Mai

MaeB/ar a2 1 i
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longitudinal transverse
A
depth gcan
source 4

axlx

Fiii. 1. Sketch of the geometricat situaiion for longitudinal, ransversal, and
depth scans.

axis perpendicular to the longitudinal and transverse scans.
The distances between source and chamber were defined as
the distance from the center of the source to the center of the
chamber. In Chiang Mai measurements were made at dis-
tances of up to 20 cm irom the source. As the source strength
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Taue IV, Doses for sl tissue aid SO ppin "I deterined at 3 em

shistance,

Institute

Deiroit Chiang Ma
R, (nC/min} 1434 11.238
b (nfem?s) 2.34x {07 0.1836x% 107
Dose rate (issue) (Gy/fs) 54x107% 4,24x 1077
Dose rate (tissue) (cGy/up) 1704 1072 1.526x 10 *
Dose rate (50 ppm B} (Gy/s) Lo1x 1078 7.90x 10°°
Dose rute (S0 ppm "By (cGy/pg b) 0.032 0028

was comparably lower in Detroit the greatest distance at
which sufficient chamber current was produced to give an
accurale measurement was 7 cim.

The measured charges were converted into tissue and bo-
ron dose using the factors given in Tuble IE. For comparison
the relative therimal neutron dose tn water as a function of
distance from the source measured in Dewoit and Chiang
Mai are given in Fig. 4. The dose distributions are normal-
ized 10 2 cm source-lo-chamber distance. For distance the
values of interest are summarized in Table 1V,

DISCUSSION

Since fast peutrons undergo multiple scattering reactions,
mainly with hydrogen umtil they slow down o therinal ener-
gies, the thermal neotron fluence could have a directional
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F16. 3. Transverse scans in Chiang Mai at ditferent source to-chamber dis-
tunces {d). The scans are nurmalized 10 the measured value at the ceater
d 2em ([, d=5cm (<€), and d - Hiem (A)
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<

TABLE V. Estimated uncertuinties in dose (%),

Ttem Error
Directional response 4
Neuwtron calibration 5
Paosition in phantom 1
Displacement correction 0.5
Temperature, pressure, gas flow 0.5
Electrometer 0.5
Total error 6.5

dependence, The directional response of the MaB/Ar ioniza-

tion chamber to thermal neutrons was characterized in an
= 3 : ”

earlier work,” and is given as

R(4my=0.835R(90°},

where R{90°) is the response ol the chamber to laterally
incident thermal neutrons. A comnparison with foil activation
in a thermal field of a fast neutron beam justified the vse of
the above calibration relation in a nonhomogeneous thermal
neutron beam.® if the thermal neutron field is not homoge-
neous the directional response of the chamber could intro-
duce some crror that was estimated from the comparison to
be <4%.

The MgB/Ar ion chamber used in this work was cali-
brated for thermal neutron response in a standard feld with a
mean encrgy of 37 meV. Any dilferences between this field
and the thermal/epithermal field around the *¥Cf sources
will tntroduce some uncertainty into the thermal Auence in-
terpretation and the subsequent "B dose determination.
Since the response of the chamber is due to the "B reaction,
the chamber response. if calibrated in terms of "B dose, can
be used to directly infer the '®B dose without a knowledee of
the neutron energy spectrum. In this work. an uncertainty of
3% is assigned to the chamber response due to differences in
calibration and *2Cf thermal/epithermal neutron spectri. At
both the facilities; the chambers were positioned with an ac-
curacy of ~1 min, introducing an uncertainty of ~1% in the
catculated dose according to the change of the dose with
distance. '

The measured charge was several orders of magnitude
greater than the leakage current and was corrected for tem-
perature and pressure. The gas flow rate in the chamber was
morftored and maintained at a steady level 1o ensure stability
of operation. The inaccuracy of the resulting corrections was
taken as 0.5% for temperature, pressure, and gas flow and
0.5% for the efectrometer reading. Displacement corrections
and stem effects were ignored, thus taken into account as

Medical Physics, Vol. 26, No. 1, January 1999
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0.5% introduced inaccuracy. As the measured dose rate is
fairly low, saturation effects due to recombination are insig-
nificant. Table V lists the uncertainties discussed above. A
lotal uncertainty of 6.5% is cstimated for the present thermal
fluence measurements by adding the individual uncentainties
in quadrature. For a relative comparison of the dose distribu-
tion around the two different sources, uncertainties associ-
ated with the directional response and neutron calibrations
can be assumed (o be identical and, hence, inconsequential.
This results tn a reduced uncertainty of 5% for this intercom-
parisan, The thermal Quence distributions as a function of
distance from the source (Fig. 4) for the two sources are well
within this uncertainty, with a maximum difference of 4%.

A difference of 11% in the '"B dose (for 50 ppm '"B) at
3 cm distance from the two sources is observed, This is
larger than the 5% retative uncertainty and 6.5% total uncer-
tainty, The ""B dose measurement in Detroil of 0.032 ¢Gy/
peh s in good agreement with a Monte Carlo calculation of
Yanch and Zamenhof® which gives a value of 0.031 cGy/
pgh for a source of comparable design. This indicates that
the observed differences in the absolute thermal Auence
around the two sources are real and most likely due to dif-
ferences in design and construction,
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Abstract R

A large dc multicusp plasma chamber has been constructed and installed at Chiang Mai University.
The first prototype has a 31.2 cm diameter and a 42.5 e¢m length and is surrounded by 632 ceramic per-
manent magnet buttons with a maximum magnetic field of about 2.2 kG for each. The magnetic field at
the stainless steel wall with a thickness of 2 mm is about 670 G. A tungsten (W) filament was used as a
source of primary electrons. The estimated discharge voltage for helium gas (He). argon gas (Ar), and
xenon gas (Xe) was 40 V and the discharge operating curreni varies from 500 mA to | A. Plasmas can
be confined within a 20 cm diameter region which are uniformly distributed zlong the axial path. The
plasma density was measured by a single cylindrical Langmuir probe to be between 4.8X10% — 4.9% 10
cm® with 650 watts of power applied to the tungsien filament and the gas pressure inside the chamber
of 3.8X10" Torr. Results of the ion density measurements are described. The proportionality constants
in the relation between the ion current density arnving at the plasma clectrode and the maximum
plasma density and the ion sound speed for helium, argon and xcnon arc found 1o be 0.42+0.07,

0.59£0.08, and 0.46 £ 0.06, respectively.

Keywords:

plasma chamber, multicusp field, dc discharge, ion density profile, helium, argon. xenon

1. Introduction

In recent years, multicusp plasma sources have
been utilized as ion sources in ion and plasma based
processes for materials modification. The plasma cham-
ber is usually surrounded by a certain arrangement of
permanent magnets which cam produce a large volume
of uniform and quiescent plasma with a density exceed-
ing 10'2 cm™ [1, 2]. These magnetic multicusp devices
were shown also to be good candidates for the produc-
tion of intense uniform ion beams [3].

A large multicusp plasma test chamber, based on
the pioneering work of Leung e al [2-9] was

*Corresponding author’s e-mail: prodoong®istrd.cmu.ac.th
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constructed and installed at Chiang Mat University. The
first prototype has a diameter of 31.2 ¢cm and is 42.5
cm long as shown in the photograph in Fig. 1. It is pri-
marily intcnded 1o be used as a sourcc of atomic and
molecular particles for the purpose of studying plasma
p'arameter characterizations.

In this reference, the characteristics of a multicusp
plasma generator operating with helium (He), argon
{Ar), and xenon (Xe) gases are described. A hot tung-
sten (W) wire produces electrons, which are emitted
and accelerated between the filament cathode and the

©1998 by The Japan Society of Plasma
Science and Nuclear Fusion Research
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Fig. 1 A dc multicusp plasma source chamber at Chiang
Mai University.

anode wall of the chamber. The neutral gas in the
chamber is ionized by electron collision and plasmas
are pencrated. However, the mean free path of elec-
trons with 100 eV energy inside the chamber with
argon gas pressure of 10 Torr is about 1 meter. For
efficient plasma confinement, permanent magnets are
used to produce a large volume of uniform and quies-
cent plasma. The maximum plasma density in an uni-
form large volume confined by the multicusp field in
this experiment is found 10 be about 4.9X10% cm*.

When the chamber is operated as an ion source,
the magnets on one end of the vessel will be removed
thercfore the plasma density profile in the axial direc-
tion will not be uniform. The maximum density is lo-
cated towards the back plate |3]. lons generated on the
right hand side of this maximum will be pushed toward
the plasma electrode. The speed of these ions when
they enter the sheath is greater or equal to the ion
sound speed (JKT,/M) where M, is the mass of the
ton, K is the Boltzmann constant, and T is the electron
temperature. The relationship between the ion current
denstty J, arriving at the plasma electrode and the maxi-
mum plasma density n and the ion sound speed can be
expressed as [ 14]

Jo=ane [KT./M (1

Once / is determined, the extraction geometry can
be designed by using the Child-Langmuir space-charge
limited current flow equation. We measured the pro-
portionality constant «a for heluim, argon and xenon.

2. Experimental Technique

A schematic diagram of the experimenial setup for
the positive ion measurement is shown in Fig. 2. The
plasma generator is a thin-walled (2 mm) cylindrical

527

stainless steel chamber (31.2 cm diameter by 42.5 cm
long). The chamber wall is surrounded externally by
632 of ceramic permanent magnet buttons (B, =~ 2.2
kG) in a full-line cusp configuration [2]. The plasma is
generated by electrons emitted from a tungsten filament
(1 mm diameter by 20 cm long) biased at —40 V with
respect to the chamber wall (anode). This filament ex-
tends approximately 7 cm into the magnetic field-free
region and the input power was about 650 watts. The
operating gas (helium, argon, xenon) pressure inside
the chamber was 3.8X10* Torr. Plasma parameters and
density profiles were obtained using movabie single
Langmuir probes 0.15 mm in diameter and 10.0 mm
long.

An electrostatic probe control and data acquisition
system has been presented elsewhere [11). They shall
briefly be described here. The svsiem consists of 4 sub-
assemblies, excluding power supplies. This includes an
IBM/PC printer port to muinport transiator, a dual
DAC (digital to analog) unit. a multi-channel, pro-
grammable gain, 13-bit bipolar ADC, and a dual power
amplifier module. The DACs are 12-bit bipolar serial
converters {(+/— 11 bits) each which drive one power
amplifier. The power amp is capable of +/— 30 V and
directly drives the plasma probe through an RG-58
coaxial cable. On the power amp board is a current
monitoring resistor and a differential amplifier across it
Each of the two channels has one current sense voltage
and one load voitage signal sent to channels on the
ADC board.

The programming language chosen was Visual
Basic for Windows due to its ease of producing a GUI
(graphical user interface) for the operator and its flexi-
bility to incorporate libraries from other programs such
as assembly language. Data is stored onto disk in three

FllaMe]
TURER SULY

[ EYIEYH
POWER SVEILY

Fig. 2 Schematic diagram of a large muticusp plasma test
chamber and experimental set up for positive ion
measurement.
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formats; native (used for the local plotting program),
Sigma Plot and comma delimited format (for exporting
into a database or spreadsheet program). This allows
more sophisticated analysis of the data off-line. Within
the virtual control console is a set of digital meter dis-
plays that reflect the conversion voltages and currents
of the probes in real time and a graphical plotting dis-
play that is updated at the end of the run. The system
has the ability to operate in playback mode, that means
any data run can be replotted at any time without using
an external plotting package. There are also controls for
setting full scale of the current axis. The ranges avail-
able are, 100 mA f.s, 10 maA fs, 1 mA fs, and .1 mA
f.s (bipolar). Since the ADC is +/— 12 bits that means
a resolution of 1/4096 within the selected full scale for
the probe current. The probe voltage conversion is
locked at a resolution of 2.4 mV due to the range it
operates in normally is high.

The electron density n, was determined also by
using the single Langmuir probe technique. We deter-
mined the electron saturation current £, and the elec-
tron temperature T_ from the slope of a semilog plot of
the probe current /, ws. the prabe bias voltage ¥ [10].
The electron density of mass m, was calculated from
the following equations.

n =l £) fz:rmu
¢ el S KT,
“NkT @)

where § is the probe collection area, and J, is the elec-
tron current density. This procedure is easy o use and

can give quite reproducibie results |11]. We are assum-
ing that at the plasma boundary, the electron density

-

FILAMENT DISCHAHLE Hiax 200 my
FOWER SLPPLY POBER SUFETY POWEH 1 PPLY

Fig.3 Schematic diagram of an experimental setup for
the measurement of the proportionality constant a

(see text).

equals the ion or plasma density n [12,13].

The proportiopality constant a was determined
from equation (1) with an operating discharge voltage
V, set at 50.0 V and a bias voltage V, at 50.0 V. The
experimental set up for determining a is shown in Fig. 3.

3. Experimental Results and Discussion

Fig. 4 shows the axial density profile of helium ion
{He*), and argon ion (Ar*). In this measurement, the
discharge current [, was set at 0.5 A, the discharge
voltage V, was 40 V, and 50 V, and the gas pressure
inside the chamber was 3.8X10* Torr.

Fig. 5 displays the radial density profile of He~
and Ar*. The operating condition was the same as in
the measurernent of the axial density profile.

Fig. 6(a) shows the ion density of He*, and Ar™ as
a function of discharge voltage. In this measurement,
the discharge current was 0.5 A, and the gas pressure
inside the chamber was 3.8x10™ Torr. Fig. 6(b) shows
the He* and Ar™ density as a function of discharge cur-
rent for a discharge voltage of 50.0 V and the gas
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pressure inside the chamber of 3.8%10* Torr. The dis-
charge current was kept relatively constant during the
measurement by changing the filament current. Fig.
6(b) shows the He* and Ar* density as a function of
ncutral gas pressure operating with a discharge veltage
of 50.0 V and a discharge curreni of .50 A.

Table 1 shows the a factor values determined
using helium, argon, and xenon ions, with an operating
discharge voltage of 50.0 V and a bias voltage of 50.0
V.

The plasma confinement of the axial density
profile for argon and helium ion are fairly uniform. We
also found that the plasma potential exhibits a similar
uniform profile. These profiles are symmetric because
of a symmetric line cusp magnetic confinement around
the chamber. This relative uniform ion density profile
in the axial direction 15 10 be expected since the vessel is
enclosed by magnets at both ends. When the magnets
on one end are removed the density profile is not uni-
form with a inaxima located towards the end plate as
shown by the work of Leung ef af [3}. The radial den-
sity profiles are uniform up to about 6 cm before drop-
ping off o about two-third of the maximum value at a
distance of about 12 cm from the axis of the chamber.

Table 1 The proportionality constant a (see text) as deter-
mined using helium, argon and xenon gases.

FPlasma parameters
fon at/,=050A_1,=500V and Fy=-500V @
T. J, n Is 4, factor
(V) [ (<107 Avem’y | (2107 em™) | (ma) | (x 107 Adem®)
He™ |1.44 155 48 +.6| 038 1.92 042 +.07
Ar’ |1.43 837 26, +3./090] 455 0.59 + .08
Xe' |1.40] 15.60 49 1+6.[0.73 3.69 0.46 + .06

529

For a dc discharge plasma confined by the magnetic
multicusp field operated under the above conditions,
the plasma density in an uniform large volume is found
10 be between 4X 10% — 4X10% ¢m*,

From Fig. 6(a) we can see that the rate of plasma
production is maximum when the primary electrons
have an initial energy approximately equal to 80 eV for
both gases. The same result is also obtained from other
gases such as hydrogen and nitrogen [3, 15]|. By mn-
creasing the discharge current, the plasma production
rate and the probability of jonization increases. Fig.
6(b) shows that the rate of plasma production is highest
when the discharge current is above about 1 A and the
discharge voltage was 60 V. For a large source chamber
the plasma production rate increases significantly with
the neutral gas pressure.

The measured proportionality constant « for He,
Ar, and Xe gases is (.42%.07, 0.59+.08,
0.46 % .06, respectively. These values are in agreement
with the value (0.49) calculated by Forrester [12], if we
assume that the electron density equals the ion density.
This assumption is reasonable since we use the maxi-
mum values of ion density in the determination of the

and

values of a. The available ion current density, ion
species and the uniform plasma region are important
parameters for proper extracting and accelerating beam
of ions.
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Abstract

A 10 cm x9cm cylindrical radio-lreguency (RF) driven multicusp ion source has been developed lor preducing high-current
ion beams from gases. An inductively coupled 13.56 MHz RF plasma is produced in the presence of 20 rows of Sm-Cos; magnets
which form a longitudinal line-cusp field configuration. The field design was generated using the camputer program ma¢sus. By
using a 0.35 Tesla magnet, the 100 ¢V clectrons were confined in the source chamber. The RF antenna coil, coated with a thin
layer of hard flexible glass to prevent electrical leakage and contamination. has power inlets into the source chamber. A 10:1
turns-ratio matching transformer was used in order to match the 50 & output impedance of the RF generator to the impedance
of the plusma load. A 1ost run has been performed with 0-500 W of RF power. The source parameters were measured with a
Langmuir probe, a mass analyzer and a Faraday cup. For oxygen al 3 miorr and power set at 300 W. the ion-current density is
36 mA cm™ 2, representing an ion density of 1.5x 10" cm ™2 The value for nitrogen operating at the same pressute is
34 mA em ~* and. for argon and helium ai 10 mtorr source pressure, it is 29 and 27 mA cm 2, respectively. © 1999 Elsevier Science

S. A All rights reserved.

Revwords: RF-driven multicusp ion source

1. Introduction

Compared with a conventional direct-current (DC)
discharge 1on source, a radio-frequency (RF) discharge
source has several advantages [[-3]; (1) 1t has a simple
structure with a longer lifetime; (2) it has a large beam-
area capability; (3) 1t can operate with all gases (even
reactive gas); and (4) it gives a uniform plasma density
with the presence of a magnetic line-cusp fietd. A
commercial RF generator at 13.56 MHz is quite attrac-
tive since 11 has been widely utilized in all plasma
production processes. Development of this ion source is
aimed at producing high-current ion beams from N,
and O, gases for the CMU ion implanter for malterials
modification and for [uture applications in ion lithogra-
phy. The source developed here is capable of producing
an inductively coupled plasma which can generate up
to 36 mA cmn 2 ion-current density for oxygen at 500 W
RF power.

* Correspending author. Tel: +66-53-943379: Fux: +66-53-222776;
e-muil: dherawangisstird emuac.th

2. Structure of the ion source

The structure of a multicusp field 1on source 18 shown
schematically in Fig. 1. It is similar to the one developed
by Leung et al. [1]. This source consists of a cylindrical
discharge chamber, permanent magnets, an antenna coil
and an 1on-gxtraction system. The RF power is fed (o
the antenna coil in the ion source via the tunable
impedance-matching box. The plasma is produced by
an RF discharge in the cusp field and the power is
absorbed by the primary electrons which travel, lose
their energy and reflect within the discharge chamber.
The discharge chamber 1s made from an anodized alumi-
num cylinder with a diameter of 10 ¢m and length of
9 cm. The inner wall is surrounded by 20 columns of
Sm-Cos magnets. The magnets are enclosed by an outer
cylinder with cooling water circuilating between the
magnets and the inner wall.

The antenna coil, 6 cm 1n diameter, 15 placed inside
the discharge chamber. Tt consists of two turns of copper
tubing coated with a thin layer of hard flexible glass to
prevent electrical leakage and ion contamination as
shown in Fig. 2(a). The antenna is alse cooled with
widter circulating inside, 5o that it is capable of operating

0257-8972 649 % — see fronl matter © 1999 Elsevier Science S.AL All rights reserved.
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Fig. 1. Schematic diagrum of the CMU RF jon source using a magnetic line-cusp field.

at up to 3kW of RF power in CW (continuous wave)
mode. The RF generator, model HPG 13100 made by
Dressler GmbH, supplies the power through a 50 Q
coaxial cable to an isolation transformer and matching
circuit. The RF-matching circuit {Fig. 3) consists of a
variable capacitor and an inductor in series with the
antenna coil. The RF power is delivered into the plasma
via a 10:1 step-down 30 kV 1solation transformer with
a maximum capacity of 3.5 kW.

The 20 columns of Sm-Coy magneis form a longtitudi-
nal line-cusp field configuration. This type of field plays
an important role in both plasma density enhancement
and piasma uniformity [4,5]. The magnetic field lines
and the field intensity contours in the ion source were
simulated by using the compuler program MaGNUS [6].
The approximate field-free region was about 6cm in
diameter. The 0.35 Tesla magnets can confine up to
100 eV electrons travelling back along the chamber wall.
The magnetron motion and drifts generate a high-
density plasma in the circumferential area of the dis-
charge chamber and the plasma 1s allowed to diffuse
into the zero-field area of the cusp field. In this manner,
plasma uniformity can be achieved over the whole region
of interest. The confinement region could be observed
as shown in Fig. 2(b).

A quasi-Pierce type dual-electrode with a 4 mm diame-
ter beam aperiure has been adopted in the extraction
syslem. The first electrode and the discharge chamber
are connected to a 0-10kV power supply while the
second electrode 1s grounded. Both electrodes are sepa-
rated by a distance of 4 mm. which is equal to the
diameter of the beam aperture.

3. Experimental set-up and results

Experiments have been carried out on an ion-source
test bench with a 520 15" twrbomolecular pump. The
extracted ion current was measured at a 3 kV extraction
voltage with a Yaraday cup, biased at 10-20V to
suppress the emission of secondary electrons, The ratio
of atomic to molecular ions of nitrogen and oxvgen was
measured with a small mass analyser with a maximum
field strength of 3.6 kG [7}. The matching circuit was
adjusted to less than 1:1.5 SWR (standing wave ratio)
ratio and the reflected power at 500 W forward output
power was less than 4 W,

Fig. 4 shows the extracted ion current and current
density versus RF power of exygen and nitrogen gases.
For oxygen the lon-current density is up to
36mAcm %, corresponding o an ion density of
1.5% 10" cm ™% The value for nitrogen under the same
operating conditions is 34 mA cm ~ 2. The ratio of atomic
to molecular oxygen ions was measured to be about
70:30 at 200 W RF power. For nitrogen gas, the com-
position of atomic ions was found to be over 50% at
the same RF power. Fig. 5 shows the relationship
between the atomic current analyzed and the gas pres-
sure at different values of RF power for O, gas. In all
cases, the current density increases significantly with the
decrease in source pressure to some limiting value. Qur
results agree with the recent observation made by Perkin
el al. [2].

Inert gas operation was performed with helium and
argon. The optimum gas pressure is typically around
10 mtorr. Fig. 6 shows the extractable ion current as a



