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Interactions between Neutrons and Charged Particles with Matter
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3 years

- To utilize neutrons and charge particle beams in basic study and
applications.

- To develop technology for the preduction and fransport of charged
particle beams and neutrons.

The existing nsec pulsed 14 MeV neutron generator and the 150 kV

mass analysed research and industrial gaseous jon implanters have been

upgraded and utilized to produce beam of neutrons and heavy ions such

as B+, C+, N+, O+, Ar ions. New plasma ion source are being developed

to produce metal ions and cother ions across the periodic table

Materials used in this study are insulators, metals and biological
materials.

For neutron interaction study we measured the secondary neutrons
and prompt gamma rays spectra emitted after bombardment with 14 MeV
neutrons using pulsed beam time-of-flight technique. For ion material
interactions, we investigated the thermoluminescence respond, the
mechanical, chemical properties and biological respond as a result of
heavy ion implantation.

The prompt gamma ray spectrum measurement may lead to new
technique in nondestructive analysis of explosive, drug and concealed

dangercous chemicats.



The improvement in tribological properties of steel is between 2-3
times using multiple ion implantation technique.

Low energy ion beam could induce in direct transfer of DNA in
bacteria and macromolecules in plant cells.

Conclusion : Neutrons and charged particles are important probes for the study of new
material analysis fechnique while ion beam technology is the key
technology to create new materials with special properties.

Recommendation : The work on ion-plasma interaction with materials and metals both in
technology development and process development must be expanded
and given high priority. These are key technologies for the future.
Development of coherent light source with wavelength in the far infrared
region (10-1000 pm) should be given high priority also. These light
sources are compact and cost less than 500,000 US$.

Keywords : neutrons, ions, interactions, materials, metal.



EXECUTIVE SUMMARY

At the Fast Neutron Research Facility, Chiang Mai University a research
program in the production, transport, and utilization of neutrons and heavy ions has been
carried out. Neutrons were produced from a nsec pulsed 14 MeV neutron generator and a
Cf-252 spontaneous fission source. Heavy ions such as B+, C+, N+, 0" and Ar+ were

generated from a mass analysed 150 kV ion implanter.

The neutron and gamma ray emission spectra were measured using the
time-of-flight technique and analysed for basic nuclear reaction study and for application in

non-destructive analysis of light elements in the interest of explosive detection.

High resolution thermoluminescence spectra of CaF,:Tm irradiated with
photons and neutrons were measured for the first time. The measured spectra reveal

interesting T mechanism,

Muitiple ion implantations with B  and N ions result in better improvement

of hardness and wear for high speed steel.

The ion beam induced direct fransfer of DNA into E. Coli was successfuily
demonstrated for the first time. This technique has potential application in gene transfer

technology.

A conceptual design study for a high intensity coherent source of far infrared

radiation has been completed and construction is ready to begin.
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A+ n elastic scattering

A +n' inelastic scattering
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5. Proceeding of the 1% Int. Sym. on Hadron therapy, Como, October 18-21, 1993
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8. W. Mannhart, “Properties of Neutron Source. IAEA-TECDOC-4-10, International Atomic
Energy Agency, Vienna, Austria, 1987.
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2.2 Prompt Gamma Ray Time-of-Flight Measurement
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2.2.1 Utilization of a 2 ns-Pulsed Neutron Generator for Bulk Elemental

Analysis*
S. Singkarat, U. Tippawan, G.G. Hoyes, N. Chirapatpimol, and T. Vilaithong

Fast Neutron Research Facility, Departrnent of Physics, Faculty of Science,

Chiang Mai University, Chiang Mai-50200, Thailand

A nano-second pulsed neutron generator has been used to produce 14-MeV
neutrons for prompt gamma-ray analysis. In order to reduce the gamma-ray background, a
pulsed neutron time-of-flight technique has been adopted. Since our objective in this
program is to assay the C, N, and O content of biological, explosive and contraband
samples, a 5 in. diameter by 5 in. thick Nal{Tl) scintiliator is chosen as a gamma-ray
detector, We used neutron pulse widths of 2ns and 50 ns. The narrowest neutron burst
was found to give the best signal to noise ratio. Gamma-ray spectroscopy performed using
1.4 kg of C-3 explosive material reveals all expected photopeaks at 1.6, 2.3, 2.8, 3.7, 4.4,
5.1 and 6.1 MeV. Technical details and results of the measurements are presented and

discussed.

1. Infroduction

D-T neutron generators are now routinely used in a variety of applications, including
nonintrusive inspection by means of prompt gamma-ray analysis (PGA). QObtaining
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
[1] or the induced signal from a capacitive pick-off when using a pulsed deuteron bearn [2].
Our neutron generator utilizes both these metheds. As is well known, the pulsed neutron
time-of-flight technigue generally provides a better signal to noise ratio than the associated-
alpha particle technique. We thus choose to work with the pulsing technique. This decision
was also encouraged by the fact that a pulsed neutron generator is not necessarily a large
machine any more [3]. However, the production of a wider pulse width is normally simpler
and cheaper than a narrow pulse width. Hence, it was deemed desirable to investigate the
quality and characteristics of the results using both wide and narrow pulse widths.
Furthermore, in this study we have limited the testing of the technique to the inspection of

explosives.

* Work support in part by the Thaitand Toray Science Foundation, the National Research Council

of Thailand and the Thailand Research Fund.
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2. Experimental

2.1. Experimental setup

The measurements were performed using the modified pulsed neutron generator at
Chiang Mai University [4]. The deuteron pulses can be bunched down to a width of 1.5 ns.
Prior to bunching, the width of the neutron pulse is about 50 ns. With an average D’ beam
current of about 4 LA at a 500 kHz repetition rate on the 6.3 Ci thick TiT target, a yield of
about 60 14.7 MeV neutrons/pulse was obtained. Through out these measurements, each
data accumulation period took around 60 minutes. The gamma-ray detector was a 5 in.
diameter by 5 in. thick Nal(Tl) scintillator. The detector was placed inside a heavy shielding
about 2.4 m far from the TiT target and 37 cm from sample position, as shown in fig.1. The
electronic system used was a two parameter (energy - time) data accumuiation and
acquisition system as shown in fig.2. The threshold bias of the detector was fixed at
around 0.5 MeV gamma-ray energy using CFD1. The delay and walk adjustment of this
CFD were carefully tunned to minimize amplitude walk. The resulting time spectrum of the

system can be seen in fig.3.

2.2. Experimental results and discussion

Figs. 4 and 5 show two gamma-ray spectra of a liquid nitrogen sample using 14.7
MeV neutron pulse widths of 50ns and 2ns respectively. In each figure, the energy
spectrum is shown time gated by the full width of the corresponding time spectrum peak (a
and A), and also partially time gated by either sides of the time peak (b and B) and (c and
C) as indicated in the insets. Fig. 4 shows that when the time gate window was narrowed
from 90 ns (spectrum a} to 50 ns (spectrum b), the prompt gamma vyield in every channel
was reduced by the same fraction. As expected, the loses all appear in the rear part
{spectrum c). Whilst maintaining constant neutron monitor conditions, the fully time-gated
energy spectra (a and A) of figs. 4 and 5 are indistinguishable. In this sense, both cases
are similar. But for the 2 ns pulse width (fig. 5) the fully time-gated (36 ns) and partly time-
gated {16 ns) energy spectra show the interesting characteristic of a greater background
radiation reduction. Specira ¢ and C of figs. 4 and 5 respectively, which correspond to a
rear part gating, confirm that when the time window is correctly set 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 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 fo

a broader pulse.
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2.3. Demonstration experiment

The above technique was applied to the inspection of explosives. 1.4 kg of C-3
explosive was concealed in a simulated piece of passenger luggage packed with clothing,
paper and a shoe. When compared to a gamma-ray energy spectrum of normal luggage,
as shown in fig. 6, we can directly spot the signature of the chemical explosive at the 5.1
MeV photopeak which is caused by one of the 14N(n,n’)14N* reactions. Photopeaks at 1.6
and 2.3 MeV do not show up with the same gquality due to interference from other nuclei
especially from 0. At a second glance, the fingerprint of e can also be noticed at the
2.8, 3.7 and 6.1 MeV photopeak where they are stronger. This is due to the fact that all
explosives contain a uniquely high concentration of nitrogen and oxygen compared to daily-

used materials.

3. Conclusion

In this work, we found that a narrow neutron pulse width is more advantageous than
a broader cne as it permitts a diminished background. We can especially see more clearly
the low energy region. We observed that the technique can be used to detect chemical
explosives concealed inside passenger luggage. Although in this experiment we used about
60 minutes for data accumulation, with a judicious choice of the number and size of
gamma-ray detectors and D beam current, it would be possible to reduce the counting time

to a practical period.
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2.3 Neutron Dosimetry
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ABSTRACT

At Chiang Mai University a research program has been started to employ a Cf-252
source for brachytherapy of cervical cancer. It is intended to enhance the tumor dose via the
boron neutron capture reaction (BNCT). For treatment planning therefore the dose
distribution in water from fast neutrons, gammas and boron enhanced dose has to be known to
high accuracy. Up to now mainly Monte Carlo calculation are available for this purpose.

The different dose components around the source were measured using a TE/TE
jonization chamber for the total dose, a Mg/Ar ionization chamber and a GM counter for the
gamma dose and a calibrated boron-10 coated ionization chamber with magnesium wall
material for the thermal neutron dose. All dose components were determined between 1.5 cm
and 20 cm distance from the source. The results also were compared to MCNP calculations.

It turned out, that the relative amount of neutron dose almost linearly decreases from
60% near the source to 10% at 20 cm, whereas the gamma dose increases from 40% to 90%
of the total dose. The thermal neutron dose shows a sharp increase from 0.1% at 1.5 cm
distance to 1.5% of the total dose at 9.5 ¢m distance. Above 10 cm it slowly decreases. Thus
the 50 ppm boron dose peaks at 9.5 cm distance from the source with a dose enhancement of
28% of the total dose.

INTRODUCTION

The greater biological effectiveness of neutrons compared to photons is increasing the interest
in using neutron sources in brachytherapy. Because of the achievable neutron intensity and
the half-life 2**Cf is very attractive for this type of clinical ag)plication.

At the University Hospital in Chiang Mai a high intense B2Cf has been installed for clinical
application in brachytherapy. Before the source can be used in medical trials, an elaborate
experimental investigation on the dose distributions of neutrons and photons has to be carried
out. As it is intended to use the neutron source for bulky tumors, i.e. advanced states of
cervical carcinoma, the use of **Cf in brachytherapy may be improved by adding a
considerable amount of dose via the boron neutron capture reaction (BNCT) of thermal
neutrons with '°B located in the tumor. Therefore the flux of thermal neutrons has to be
evaluated for the ***Cf-source.

»2Cf emits a- and B-particles, fission fragments, prompt and delayed neutrons and gamma
rays. Only neutrons and photons will be able to pass through the encapsulating material, the
transmission of B-particles can generally be neglected.

Different types of detectors are used to determine the total dose, photon dose and the thermal
neutron flux in different positions in a water phantom where the »*>Cf-source is positioned
close to the center.
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METHODS AND MATERIALS
The characteristic parameters of the source uses for the dose measurements are described in

tab. I.

Tab. I: Characteristic parameter of >**Cf —source

Active length [mm] 6.0
Exterior length[mm] 12.0
External diameter fmm] 58
Wall thickness [mm] 1.1
Actual weight of “**Cf [ug] 100.1

The measurements were performed in a water tank of the dimension (length * width * height):
53 ecm * 56 cm * 40 cm with 1 cm thick perspex walls. The Cf-source was housed in a
cylindrical perspex tube with an outer diameter of 9 mm.

The chambers was remotely driven by an isodose recorder FM-0036 (Fujitech, Japan)
providing a minimum step width of 1 mm. The coordinates were arranged so that:

X was perpendicular to the source

Y was away form the source

Z was along the source

The closest distance between source and chamber was 16 mm, defining the distance between
the center of the source and chamber, respectively.

Three different ionization chambers were used, each produced by Wellhoefer Dosimetry
(Germany) in a comparable design. The inner volume of the thimble chambers was .32 ccm.
The TE/TE chamber was made out of A150 and was operated with TE gas (composition by
partial pressure: 64.4% CHs, 32.4% CO;, 3.2% N,). The second chamber consisted out of
magnesium, the third chamber was a magnesium chamber of identical design additionally
coated with 3pm "B of 92% purity internally (see tab. II), both chamber are flushed with
argon-gas of 99.995 purity [1]. All chambers are calibrated in a %Co-beam in terms of
absorbed dose to water Ny.

Tab. II: Characteristics of the used ionization chambers

chamber | wall thickness [mm] | outer diameter [mm] Ny [cGy/nC] | krk,
TE/TE 2:5 10.8 9.129 0.98
Mg/Ar | 2.0 9.8 6.531 0.03
MpeB/Ar | 2.0 9.8 6.478 0.03

* according to Sabau et al. [2]

The chambers have a gas-flow provision and during the measurements a constant gas-flow of
17 cem/min. was used. The gas was flushed through a 15 m long copper pipe to adjust the
temperature of the gas to room conditions.

The chambers was connected via a triax cable with a Farmer Electrometer 2570 (Nuclear
Enterprises, Great Britain), that was operated in the high sensitive charge mode with a
resolution of 0.005 nC and a leakage of +1*107* A. The electrometer supplied a high voltage
of -250 V to the chamber.

As the Mg/Ar-chamber could be operated only close to the source where the induced charge
was considerably greater as the resolution of the electrometer, an GM-counter ( GM2, Far
West Technology, Goleta, USA) was employed to determine the photon dose additionally.
This counter could be operated only at large distances to the source where the dose rate and
the dead time of the counter are related such that the dead time correction was always below
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2% (tab.lII). Both photon sensitive detectors were used in an overlapping region between 5 to
10 cm distance to the source, but no adjustments to fit the dose distributions were necessary.

Tab. I11: Characteristics of the GM-counter

device | active length outer diameter dead time Ny ky
(mm] fmm] [usec] [cGy/count]
GM-2 |64 7.6 25 5.14*107 0.01

The reading R of the dosemeter is correlated with the neutron and photon dose by the
following equation [3]

R'=Rxk,,, *kp,* Ny = kD, +hD, (1)
with
_p T
TP
Do, e temperature and pressure during calibration

p,T  temperature and pressure during measurement

k corr Correction factor, taking into account displacement, recombination, stem-effects etc.

By use of a tissue-equivalent (TE/TE, subscript T) and chamber with low neutron sensitivity,
as in this case a Mg/Ar-chamber (subscript U), the readings follow the relation:

Ry = Re*ke *hyy * Ny 1 =k D, + 07D,

(2)
lef = RU*kcorr *kTp *NW,U ZkUDn +hUD,V

From this the dose components can be evaluated. The simplification is caused by the fact that
generally the relative photon sensitivities hr and h, are set to unity.

m kuhr - hUkT
(3)
_ k?‘R{’i — kUR;‘
- krhu _hrku
Taking hr=hy=1, the equations convert to
D, = R, - Ry
kU - kT
_ kR, —k,R; @)
7 kr —k,

Under conditions where the kr is ¢close to ht the total dose Dy, can be calculated from the
measurement of the TE/TE-chamber without substantial errors by
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D, =D +D =L (5)

The calibration of the MgB/Ar-chamber for a homogeneous flux of thermal neutrons with 37
meV was performed at the standard laboratory PTB in Germany [1]:

R(47,37.0 meV)= 1.02*10” nC*cm’/neutr.
For the conversion of neutron flux into dose in muscle tissue the kerma factor was taken from
ICRU-Report 44 [4]

kerma factor KF (muscle, 36 meV)=2.31¥10"" Gy*em®

The data to convert the thermal neutron fluence into an additional dose by use of kerma
factors are adapted form a paper from Konijnenberg et al. [5]. The factors for the conversion
of thermal neutron flux to the dose induced in '°B are calculated to:

Tab. IV: Kerma factors for thermal reactions in tissue and g

concentration and reaction kerma factor KF*10™" [Gy*em?]
50 ppm ""B(n,a) 4.273

50 ppm "B(ny) 0.0278

Total 50 ppm'’B 4.30

From these data the reading of the MgB/Ar-chamber can be converted into neutron flux,
absorbed dose from thermal neutrons, and boron dose originating for thermal neutrons.

The positioning of the chambers was performed with an accuracy of 1 mm. This corresponds
to a different in the dose of 5% close to the source. At greater distances this accuracy will be
increased but then the accuracy of the measured current is affected by the resolution of the
electrometer.

The accuracy of the measured charge was depending on the current induced in the chamber.
For the thermal flux measurements, the induced current was magnitudes above the resolution
of the electrometer. For the fast neutron and the photon measurements, the induced current
was approaching the resolution of the electrometer when the chamber was moved to a
considerable large distance (>10cm) to the source. The measured charges were corrected with
respect to the room temperature and the air pressure. The gas flow rate was monitored and
could be kept constant so that the chamber worked under stable conditions.

For the calibration of the TE/TE- and Mg/Ar-chamber an accuracy of 1 % was assumed.

The directional response of the TE/TE and Mg/Ar chamber is almost homogeneous. For the
MgB/Ar ionization chamber the directional response for thermal neutrons was determined and
has to be taken into account the following way [1]: fast neutrons have to undergo multiple
reactions, mainly scattering with hydrogen until they are down at thermal energies. This
results in a considerable directional homogeneity of the thermal neutrons. Therefore the
directional response of the chamber was integrated in 4n according to the investigation given
in [1].

R(4m)= 0.835 R(90%

where R(90% is the response of the chamber to laterally incident thermal neutrons. If the
thermal neutron field is not homogeneous the directional response of the chamber could
introduce some error that was estimated to be less than 4 %.

The energy response of the MgB/Ar- chamber was investigated in [1], too. For the evaluation
of the thermal neutron flux the energy spectrum would have to be known. But as long as the
measured charge, generated in the chamber almost exclusively by reaction with the boron
coating, will be used to calculate dose enhancement by boron, the spectrum does not have to
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be known. So only differences in the spectrum during calibration and measurement will affect
the boron calculations. These differences are supposed to introduce an error of 5%.

Neither displacement corrections nor stem effects are taken into account. As the dose rate is
considerably low, saturation effects by recombination can be neglected.

A summary of the estimated uncertainties is given in tab. V.

Tab. V: Estimated uncertainties in dose calculations [%]

Titem Neutron Dose | Photon Dose Thermal neutron
position in phantom 5 5 5

displacement correction 1.5 1.5 5

directional response 1 1 4

temperature, pressure, gas flow .5 5 )

electrometer 1 1 5

photon calibration | ] 1

neutron calibration 5 - 5

total error 7.5 5.5 8.2

Simulation calculations were performed by use of the Monte Carlo Code MCNP. The version
4a of this code was run on a SUN sparc-10 workstation under UNIX [6]. In our simulation
the Californium-252 source was placed in a 40x40x40 cm® water phantom. Twenty B-10
concentric spherical surface detectors were placed around the source with 1 cm spacing. The
'“B(n,t)’Li reaction rates on the detector surfaces were calculated. The neutron cross section
data were taken from FSXLIB-J3R2 files of the JENDL-3.2 library [7,8]. Each MCNP
simulation used 100,000 source neutrons and took about 80 minutes to deliver a result with a
statistical accuracy of 5% or better.

RESULTS

The ionization chambers were checked at the local 60C0-SOUICE:, as the calibration factors were
obtained at the University Hospital at Hamburg-Eppendorf, Germany. In able VI the
measured to stated values are given.

Tab. VI: Calibration of ionization chambers, ratio of stated to measured dose at local
cobalt unit

System stated to measured dose
TE/air 1.002
TE/TE*

Mg/Ar 1.013
MgB/Ar | 1.006
*) TE-gas was not available during the calibration measurement
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Fig 1. Longitudinal (1a) and transversal (b) dose distributions obtained with TE/TE, Mg/Ar
and MgB/Ar ionization chambers to determine the center of the sources. Scans values are
normalized to the center.

The MgB/Ar- and TE/TE-chamber were used to measure the thermal and total dose
distribution along the source in 2, 5 and 10 ¢m distances (longitudinal scans), transversal to
these scans at the same distances (transversal scans). From these scans the center of the source
was determined (fig. 1). Depth scans were performed perpendicular to the longitudinal and
transversal scans on the axis of the source. The distances between source and chamber and
were defined as the distance from the center of the source to the center of the chamber. The
minimal distance that could be realized was 1.6 cm.

After determining the center of the source by longitudinal and transversal scans the Mg/Ar-
and TE/TE-chamber were used to measure the total dose, the Mg/Ar-chamber and the GM-
counter were applied for the gamma dose A maximal distance to the source at which a
sufficient current was produced by the Mg/Ar-chamber to give an accurate measurement was
10 cm. Contrarily the GM-counter could not be operated at close distances to the chamber
because of the doserate dependent dead time. The closest the GM counter was positioned to
the source was 5 cm so that there was an overlap of measurements with the neutron
insensitive devices between 5 and 10 cm distance. Though the photon calibration of the GM-
counter and the Mg/Ar-chamber were obtained independently the evaluation of the photon
component in the overlap region gave almost identical results with a mean difference of 1%.
From the MgB/Ar-chamber the thermal neutron dose was determined for different distances
to the source.

The results are given in Fig. 2a on a linear and on Fig. 2b on a logarithmic scale.
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Fig. 2 Measured total dose, gamma dose and thermal neutron dose in water as a function of
distance from the source in 2a). linear scale 2b). logarithmic scaie

From the measurements with the ionization chambers and the GM-counter the relative
contribution of neutrons and photons to the total dose at different distances to the source can
be evaluated. From fig.3 it can be seen that the behavior can be linearly interpolated in a
region close to the surface. It can be stated that above 5 c¢m distance from the source the
photon dose is larger than the neutron dose.
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Fig.3 Relative dose contribution of fast neutrons and gammas (3a) and thermal neutrons
(3b)
to total dose as a function of distance from the source.

The scattering of the data in fig. 3 for large distance from the source are attributed to the low
current from the TE/TE-chamber. As the measured data are influenced by the resolution of the
electrometer, an analytical fit through the total dose data was performed employing the
function
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3527%e ~3.08841072 g
rof = dZ

(6)

for the total dose taking into account the 1/d* dependence and exponential attenuation. The fit
of this function is shown in fig. 2 (solid line). At greater distances the accuracy of the total
dose is influenced by the unfavorable dose rate in relation to the instrumental resolution of the
electrometer.

For the consideration of the use of '°B it will be important to evaluate the additional dose. The
thermal neutron dose given in fig.2 is converted into the boron dose for 50 ppm '°B by use of
the kerma factors stated in tab.IV. The relative enhancement is evaluated by relating the boron
dose to the total dose at the corresponding position. The total dose is calculated according to
eq. (6) to avoid an overestimation of the inaccuracy in the total dose described above. In fig. 4
these calculated data are compared to the MCNP simulation. The calculated data are
normalized to the measured value at the maximum. Therefore this comparison is presenting a
consistency of the relative change of the boron enhancement with distance to the source.
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In tab. VII the different dose components at 2, 5, and 10 cm depth are summarized. It can be
concluded that the additional use of '°B will raise the dose by up to 28 %.

Tab. VII: Dose values at different depths

Depth 3 cm 5cm 10 cm
Total dose [cGy/h*ug] 0.336 0.109 0.026

Gamrmna dose [cGy/h*pug] 0.143 0.056 0.016

Neutron dose [cGy/h*ug] 0.192 0.053 0.008

Thermal dose [¢Gy/h*pg) 0.0015 0.0012 0.0004
50ppm'“B dose [cGy/h*ug] | 0.0284 0.0217 0.0075
Rel. "B enhancement [%] | 8 20 28
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DISCUSSION

The use of paired 1onization chambers to separate the neutron and photon dose in the field of a
»2Cf-source or a epithermal reactor beam is described by several authors [9,10]. Here a GM-
counter has been applied to extend the measurements of the photon dose to larger distances
from the source and a boron coated ionization chamber with magnesium wall material was
use to detect the thermal neutron component in the mixed beam. The measured distributions
of the neutron and gamma dose show beside from the 1/d* dependence an increase of the
relative contribution of gammas to the total dose due to the 2.2 MeV gamma rays produced
when the thermalized neutrons are captured by hydrogen nuclei. The relative fast neutron
contribution decreases. The measurements show that at 5 cm distance from the source the
ratio of gamma and neutron dose is one. This is in good agreement with earlier calculations by
Yanch and Zamenhoff 11]. Above 16 cm distance 90% of the total dose is caused by gammas
only. For treatment planning purposes the relative neutron decrease and the relative gamma
increase can be described by a linear function for distances between 2 and 15 cm.

The thermal dose measurements and the corresponding determination of the 50 ppm '°B dose
show that the dose due to the presence of Boron-10 increases almost linearly up to a distance
of 9.5 ¢m and then decreases. The maximum dose increase due to 50 ppm '°B is 28 % of the
total dose. The shape of this depth dose distribution is in very pood agreement with the
MCNP Monte Carlo calculation.

If the results are compared to the calculations of Yanch and Zamenhoff [9] it can be noted that
their '°B dose for 3 cm depth is 0.031 cGy/(h*pg), which is in very good agreement with the
values of 0.028 cGy/(h*pg) of this study considering that their calculations were done for a
different type of source. Their maximum increase in tumor dose for 50 ppm '°B of 27.7 % is
in very good agreement with the measurements presented here, the peak position, however,
was measured to be closer to the source namely at 9.5 cm depth in water. Above 10 cm
distance the '°B dose decreases rapidly. The results of this measurement now allow to start
treatment planning in brachytherapy using BNCT.

ACKNOWLEDGEMENT
This work was supported by the Thai Research Fund (TRF) and the German Academic
Exchange Service DAAD.

REFERENCES

1) L. Luedemann, T. Matzen, M. Matzke, R. Schmidt, W. Scobel: Determination of the
thermal neutron flux in a fast neutron beam by use of a boron-coated ionization chamber.
Med. Phys. 22, 1743-1747, 1995

2) ) N. Sabau, L. H.Lanzl, M. Rozenfeld: Californium-252 Dosimetry in Phantoms of Various
Dimensions, Radiology, 137, 789-793, 1980

3) ICRU Report 26: Neutron Dosimetry for Biology and Medicine. International Commission
on Radiation Units and Measurements, Washington, USA, 1977

4) ICRU Report 44: Tissue Substitutes in Radiation Dosimetry and Measurements.
International Commission on Radiation Units and Measurements, Bethesda, USA, 1988

5) M.W. Konijnenberg, L.G.H. Dewit, B.J. Mijnheer, C.P.J. Raaijmakers, P.R.D. Watkins:
Dose Homogeneity in Boron Neutron Capture Therapy Using an Epithermal Neutron
Beam. Radiat. Res. 142, 327-339,1995

6) J. F. Briesmeister: MCNP- A general Monto Carlo N-Particle transport code. Los Alamos
National Laboratory report LA-12625-M, 1993



46

7) K. Kosako, F. Maekawa, Y. Oyama, Y. Uno, H. Maekawa: FSXLIB-J3R2: A Continuous
FEnergy Cross Section Library for MCNP Based on JENDL-3.2. JAERI-Data/Code 94-20.
1994,

8) T. Nakagawa, K. Shibata, S. Chiba, T. Fukahori, Y. Nakajima, Y. Kikuchi, T. Kawano, Y.
Kanda, T. Osawa, H. Matsunobu, M. Kawai, A. Zukeiran, T. Watanabe, S. Igarashi, K.
Kosako, T. Asami: Japanese Evaluated Nuclear Data Library Version 3 Revision-
2:JENDL-3.2., J. Nucl. Sci. Technol., 32, pp. 1259-1271. 1995.

9) L.L. Anderson: Cf-252 physics and dosimetry. Nuclear Science Applications 2, 273-281,
1986

10) R.D. Rogus, O.K. Harling, J.C. Yanch: Mixed field dosimetry of epithermal neutirn beams
for boron capture therapy at the MITR-II research reactor. Med. Phys. 21, 1611-1625,
1994

11) 1.C. Yanch, R.G. Zamenhof: Dosimetry of “’Cf Sources for Neutron Radiotherapy with
and without Augmentation by Boron Neutron Capture Therapy. Radiat. Res. 131,249-
266,1992



47

2.3.2 Experimental determination and calculation program of fast neutron,
photon and thermal neutron dose around a **Cf brachytherapy source

Somsak Wanwilairat'?, Thiraphat Vilaithongz), Yicharn Lorvidhayal), Rainer Schmidt”

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

2) Radiation Oncology Section, Department of Radiology, Faculty of Medicine, Chiang Mai
University, Chiang Mai 50000, Thailand

3) Department for Radiation Oncology, University Hospital Eppendorf, University of
Hamburg, Martinistr. 52, 20241 Hamburg, Germany

ABSTRACT

The use of »*2Cf in brachytherapy is expected to be more effective with the therapy of bulky
tumors than the conventional therapy with photons. For treatment planning a code developed
for calculation of gamma dose was used to generate the dose distributions of fast and thermal
neutrons and photons. To the dose distributions of these components measured with 1onization
chambers and a GM counter analytical functions were fitted. Measured and simulated dose
distributions transverse and along the Cf source were compared to evaluate the quality of the
dose simulation. As these comparison show reliable resuits it can be concluded that the
modified brachy code can be used for the generation of isodoses to optimize the treatment
procedure with respect to the fast neutrons, photons and boron enhanced thermal neutrons.

INTRODUCTION

For the therapy of advanced cervical carcinoma the brachytherapy with radioactive neutron
represents a promising alternative to conventional procedures for the treatment of these bulky
tumors. Clinical techniques experienced with conventional gamma brachytherapy can easily
be adopted. The benefit by using neutrons can possibly be extended by boron enhancement
BNCT (1,2).

An essential and time-consuming part of the preparation for a treatment is the optimization of
the dose distribution in the patient. The treatment planning for BNCT is mainly based on
Monte Carlo Simulations. The most common codes employed for the treatment planning of
BNCT of patients with reactor neutrons are developed at the Idaho National Engineering
Laboratory (INEL) a software package BNCT rtpe based on the Monte Carlo code rtt MC
(4), and at the Beth Israel-Deaconess Medical Center, Harvard medical School (BIDNC) and
the Massachusetts Institute of Technology (MIT) NCTPLAN, based on the Monte Carlo
Code MCNP from Los Alamos National Laboratory (5,6) or the TORT code developed at the
Oak Ridge National Laboratory (7,8). Some of these codes are used for the calculation of the
dose enhancement by use of a 3201 source with BNCT (2,9)

In this paper an in-house developed code for the treatment planning with radioactive gamma
sources will be used. This code is based on analytical functions fitted to the change of the
photon dose with increasing distance from the source. For the treatment planning with a
neutron source this code will have to be modified to represent the neutron, photon and boren
enhanced thermal neutron dose created with a®*Cf source. The fit-functions used for the
calculation of the spatial dose distribution of these components are derived from experimental
investigations.
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METHODS AND MATERIALS
A high intensity ***Cf source will be used for application in brachytherapy at the Chiang Mai
University Hospital. The characteristic parameters of this source are summarized in tab. 1.

Tab. I: Characteristic parameter of *>>Cf —source

Active length [mm] 6.0
Exterior length[mm] 12.0
External diameter [mm] 55
Wall thickness [mm] i
Actual weight of 2°Cf [pg] 100.1

Three different ionization chambers were used. They are manufactured by Wellhoefer
Dosimetry (Germany) in a comparable design. The inner volume of the thimble chambers was
.32 ccm. The TE/TE chamber was made out of A150 and was operated with TE gas
(composition by partial pressure: 64.4% CHa, 32.4% CO,, 3.2% N). The second chamber
consisted out of magnesium, the third chamber was a magnesium chamber of identical design
additionally coated with 3um '°B of 92% purity internally, both chambers are flushed with
argon-gas of 99.995 % purity (11). All chambers are calibrated in a 9Co-beam in terms of
absorbed dose to water Ny.

The chambers have a gas-flow provision and during the measurements a constant gas-flow of
17 ccm/min. was used. The gas was flushed through a 15 m long copper pipe to adjust the
temperature of the gas to room conditions. The gas flow rate was monitored and could be
kept constant so that the chamber worked under stable conditions.

The temperature and the pressure were determined and taken into account. The chambers
were connected via a triax cable with a Farmer Electrometer 2570 (Nuclear Enterprises, Great
Britain), that was operated in the high sensitive charge mode with a resolution of 0.005 nC
and a leakage of +1*107'* A. The electrometer supplied a high voltage of -250 V to the
chamber.

As the Mg/Ar-chamber could be operated only close to the source where the induced charge
was considerably grater as the resolution of the electrometer, an GM-counter ( GM2, Far
West Technology, Goleta, USA) was additionally employed to determine the photon. This
counter could be operated only at large distances to the source where the doserate and the
dead time of the counter (dead time = 25 usec) are related so than an evaluation can be
performed within considerable accuracy. Both photon sensitive detectors were used in an
overlapping region between 5 to 10 cm distance to the source, but no adjustments to fit the
dose distributions were necessary.

The measurements were performed in a water tank of the dimension (length * width * height):
53 cm * 56 cm * 40 cm with 1 cm thick perspex walls. The Cf-source was housed in a
cylindrical perspex tube with an outer diameter of 9 mm.

The chambers was remotely driven by an isodose recorder FM-0036 (Fujitech, Japan)
providing a minimum step width of 1 mm.

The closest distance between source and chamber was 16 mm, defining the distance between
the center of the source and chamber, respectively.

The reading R of the dosemeter is correlated with the neutron and photon dose by the
following equation (13)

R'=R¥k,, *N, =kD, +hD, 0

corr
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k corr COrTECtiON factor, taking into account temperature, pressure, displacement,
recombination, stem-effects etc.

k is the relative sensitivity to neutrons compared to the calibration radiation

h 1s the relative sensitivity to photons compare to the calibration radiation

The twin chamber technique was applied to evaluate the neutron and photon component of the
total dose from the measurements with the ionization chambers.

As the relative photon response of the TE/TE-chamber is almost independent on the photon
energy, ht was set to unity. As the relative neutron response (kr= 0.96) is also close to unity
(12) the total dose Dy, can be calculated from the measurement of the TE/TE-chamber without
substantial errors by

D, =D,+D, :k—T

T

[2]

As the relative neutron response of the GM counter k, was only 1%, the photon dose can be
calculated directly from the measured reading without substantial errors by

4 k - [3]

The MgB/Ar chamber was used for the detection of the of the thermal neutrons in the mixed
field. The calibration of the chamber was performed at the standard laboratory PTB m
Germany for a homogeneous flux of thermal neutrons with 37 meV (1):

R(47,37.0 meV)= 1.02*107 nC*cm*/neutr.

For the conversion of neutron flux into dose in muscle tissue the kerma factor was taken from
ICRU-Report (14)

kerma factor KF (muscle, 36 meV)=2.31¥10" Gy*cm’

The data to convert the thermal neutron fluence into an additional dose by use of are adapted
from a paper from Konijnenberg et al. (15). The factors for the conversion of thermal neutron
flux to the dose induced in '°B are calculated to:

kerma factor KF (50 ppm'®B, 36 meV)=4.30%10"" Gy*cm’

From these data the reading of the MgB/Ar-chamber can be converted into neutron flux,
absorbed dose from thermal neutrons, and boron dose originating for thermal neutrons.

An in-house developed treatment planning system for photon brachytherapy was used. This
system uses an analytical expression for the change of the absorbed dose with the distance to
the source assuming that the source is point source. Than the dose distribution can be
calculated in a predefined grid in any arbitrary plane.
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Dose computation program

A computer program was written in Fortran77 and HALO graphic library. The program was
execute on IBM compatible personal computer. It’s source code was modified from a
conventional brachytherapy treatment planning program. Source geometry and reference
points can input via two orthogonal X-ray films or keyboard. Absorbed dose at any point was
calculated by using analytical function derived from this experiment data and summation the
contribution from any of three dimensional point source. The planning program can generate
point dose or isodose distribution for total dose, fast neutrons, photons and boron enhanced
thermal neutrons dose. The program can also calculate boron enhanced thermal neutron dose
for 50 ppm boron concentration in water. The dose distribution can display in normal two
dimensional planes and three dimensional perspective profile.

RESULTS

The ionization chamber were used to measure the thermal neutron, photon, and total dose
distribution along the source in 2, 5 and 10 cm distances (longitudinal scans) and transverse
to these scans at the same distances (transversal scans). From these scans the center of the
source was determined. Depth scans were performed perpendicular to the longitudinal and
transversal scans on the axis of the source. The distances between source and chamber were
defined as the distance from the center of the source to the center of the chamber. The
minimal distance that could be used was 1.6 cm.

The TE/TE chamber was used to measure the total dose at different distances d to the source
according to eq [2]. Theses data were then used to evaluate the coefficients of an exponential

fit taking to account the inverse square law, too

D

tot

— 3.5278—0.03088*0' / d2 |4]

1.5

Total dose

+ TETE
Fi

Absorbed dose (cGyMhrug)

00 T E——

Cistance from sourcs (em}

Fig. 1: Comparison of the total dose at different distances to the source, measures with the
TE/TE-chamber (o) and fitted with an exponential function ( ----)

The photon dose component was evaluated for the TE/TE- and Mg/Ar-chamber
measurements. A maximal distance to the source at which a sufficient current was produced
by the Mg/Ar-chamber to give an accurate measurement was 10 c¢m. Contrarily the GM-
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counter could not be operated at close distances to the chamber because of the doserate
dependent dead time. The closest the GM counter was positioned to the source was 5 ¢m so
that there was an overlap of with neutron insensitive devices between 5 and 10 cm distance.
The analytical fit to the measured data is given in eq [5], a comparisen between measurement
(O,0) and the fit (straight line) is given in fig. 2.

D = 1.075e0.065*d—0.0026d2 /d2 "

Y

Gammas
o My
v GM
——- Fit funglion
¢ RTP calculatian

Absorbed dose (cGy/hr.ug)

0.0 T T -T‘*_—_v_i -

Distance from source (em)

Fig. 2: Comparison of photon dose at different distances to the source, measured with the
Mg/Ar-chamber (o), the GM-counter (V), exponential function fitted (- - - - ) and RTP
calculation (e),

For the use of the thermal neutron dose component the enhancement by '°B is of interest.
Therefore the measured data were processed by use of the calibration factor given above and
then converted into boron enhanced dose by use of the corresponding kerma factors for a
concentration of 50 ppm. The relative enhancement 1s then derived by dividing these dose
contribution by the total dose. The relative 50 ppm '°B enhancement in different depth is
shown in Fig.3 there is a considerable increase with the distance to the source to 28 % at 9 ¢cm
distance. With greater depth the enhancement is reduced. A polynomial fit through these data
(dotted line) gave sufficient results.

The fit functions obtained from these evaluations were integrated into the brachytherapy
treatment planning system so that the dose distribution around the source could be calculated
for the different components.

An evaluation of the treatment planning was performed by comparing dose distributions along
the source (longitudinal scans) and transverse to the source (transversal sans) at different
distances. As the treatment planning is assuming a point source no differences can be found
for the two directions of the calculations.
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Fig.3 Comparison of the relative boron enhanced dose at different distances to the source,
measured with the MgB/Ar chamber (o) and calculated by MCNP code.(A) .
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Fig. 4. Measured (o0,A)and calculated (- - - -) total dose profiles. The longitudinal

measurement was corrected for a shift of 0.4 cm

In fig. 4 the total dose profiles are compared, normalized to 100% on the center. As during the
longitudinal measurement the TE/TE chamber was not positioned to the center of the source,
a shift of 0.4 ¢m is included in the presented lateral distribution.
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Fig. 4: Measured (e)and calculated (- - - -) photon dose profiles,

In fig.4 the corresponding profile for the photon dose is presented. Here the Mg/Ar chamber
was centered correctly for both scans so that no correction had to be made.
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Fig. 6: Boron enhancement profile form measurements (o) and calculation.(---) The
longitudinal measurement was corrected for a shift of 0.2 cm

In fig. 6. The relative enhancement profile for 50 ppm '°B is given. Again the entering for the
longitudinal scan has to be corrected for 0.2 cm. The enhancement is increasing with



54

increasing lateral position, as the boron enhanced profile is much wider compared to the
sharply peaked total dose.

The calculation program can generate an isodose distribution for total dose in normal
two dimensional planes (Fig.7) or three dimensional perspective profile (Fig.8). The program

can also calculate boron enhanced thermal neutron dose for 50 ppm boron concentration in
water.(Fig.9)
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DISCUSSION
The dose measurements were performed with ionization chambers and with a GM counter.
The positioning of the dosemeters could be positioned within an accuracy of 1 mm. This
corresponds to a different in the dose of 5% close to the source. At greater distances this
accuracy will be increased but then the accuracy of the measured current is affected by the
resolution of the electrometer.
The accuracy of the measured charge was depending on the current induced in the chamber.
For the thermal flux measurements, the induced current was magnitudes above the resolution
of the electrometer. For the fast neutron and the photon measurements, the induced current
was approaching the resolution of the electrometer when the chamber was moved to a
considerable large distance (>10cm) to the source,
For the calibration of the TE/TE- and Mg/Ar-chamber an accuracy of 1 % was assumed.
The directional response of the TE/TE and Mg/Ar chamber is almost homogeneous. For the
MgB/Ar ionisation chamber the directional response for thermal neutrons was determined and
has to be taken into account the following way [11]: fast neutrons have to undergo multiple
reactions, mainly scattering with hydrogen until they slow down to thermal energies. This
may result in a considerable directional homogeneity of the thermal neutrons. Therefore the
directional response of the chamber was integrated in 4r according to the investigation given
in[11].

R(4r)=0.835 R(90%)

where R(90%) is the response of the chamber to laterally incident thermal neutrons. A
comparison with foil activation in a thermal field of a fast neutron beam justified the use of
the above calibration relation in a non-homogeneous thermal neutron beam[11]. If the thermal
neutron field is not homogeneous the directional response of the chamber could introduce
some error that was estimated from the comparison to be less than 4 %.

The energy response of the MgB/Ar- chamber was investigated in [11], too. For the
evaluation of the thermal neutron flux the energy spectrum would have to be known. Only
differences in the spectrum during calibration and measurement will affect the boron
calculations. This difference is supposed to introduce an error of 5%.

Neither displacement corrections nor stem effects are taken into account. As the dose rate is
considerably low, saturation effects by recombination can be neglected. The estimated
uncertainties are summarized in tab. 11 and are indicated in fig. 3-5.

Tab. II: Estimated uncertainties in dose calculations [%]

item Neutron Dose | Photon Dose | Thermal neutron
position in phantom 3 5 3
displacement correction LS 1.5 5
directional response 1 I 4
temperature, pressure, gas | .5 - 5
flow
electrometer 1 1 S
hoton calibration I i 1
neutron calibration 5 - 5
total error 7.5 5.5 8.2

The depth dose distribution of the dose around a high intense BICfsource can be determined
with sufficient accuracy for the different dose components and for the boron enhancement.
Exponential and polynomial fits could be used to mode] these dose distributions. For the
longitudinal and transverse scans the agreement between the calculations obtained with the
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brachytherapy treatment planning program and the corresponding measurements are
generally within the estimated errors.

The source used here can be handled as a point source so that no geometrical corrections have
to applied. This makes treatment planning for brachytherapy very easy. But it still has to be
kept in mind that these measurements and calculations are performed in a homogeneous
phantom. Further investigations and calculations have to be performed to take into account
the inhomogeneities for treatment planning.
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Abstract

A high-resolution thermoluminescence dosimetry (TLD) spectroscopy reader has been
developed in order to perform detailed quantitative studies of the Kkinetics of TLD materials.
The key features of this system are high wavelength resolution (1.3 nm), low cost and compact
size. In addition, the spectrometer is fiber optic coupled to the sample material isolating the
system from thermal influences and electrical noise generated by the heating system.
Temperature rate control can be computer set with a heat rate accuracy of better then 0.12%
and a temperature readout accuracy of 1 °C or better. Analysis of all three parameters,
temperature, wavelength and intensity, is easily visualized with integrated 2D/3D analysis
software. Preliminary analysis on TLD300 samples irradiated with ®Co from 5Gy to 60Gy show
temperature peaks and wavelength locations consistent with other pubtished measurements.

Details of the hardware system and software are discussed along with sample results.
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I. INTRODUCTION

Thermoluminescence (TL) materials are used widely in radiation dosimetry because
of their high sensitivity, wide dose range, self-integration behavior and the possibility to use
them as “in vivo" dosimeters. Even though the basic process is long known and a lot of
research has been performed in order to understand the basic TL effect, a detailed theory
even for the most widely used materials LiF:TiMg, CaF;:Tm and CaSO,:Dy is far from
certain' .

The TL effect can generally be described as a two step process: lonization of
electrons followed by trapping at defect sites and subsequent recombination during heating
at TL centers causing photon emission. The study of glow curves and optical absorption
measurement give some information on the nature of the trapping configuration, but in order
to understand the configuration of the TL centers and the light emission process it is
necessary to measure the spectral distribution of the emitted Iight(z'a) .

More recently, various methods to read spectral information have been implemented
ranging from rofating gratings with a monochromator and PMTM'S) to solid state detectors
such as photo diode arrays (PDA)(G) and now more recently charge coupled devices (CCD).
The main complication in e¢btaining spectrums is that the TL is short lived. That is, the TL
output varies with temperature and the energy in the traps is emptied out at each
temperature not allowing multiple scans to integrate the intensities nor step the temperature
and read the emission in an unlimited amount of time. This time constraint can be
minimized by splitting the TL emission into individual wavelengths with a dispersion grating
and spread the output across an array of sensors. This allows the enfire spectrum to be
read out concurrently rather than one wavelength at a time as with a monochromator based
system. Techniques employing PDAs have been limited fo 256-512 cells and up to now the
published spectra have no resolution better than 5 nm. Currently, CCDs with array sizes of
2048 are available and are implemented in this work. There are tradeoffs in each method.
PMTs still have the greater sensitivity, able to detect single photons, but limited spectral
range. PDAs are next in terms of sensitivity and have a broad wavelength response
through infrared however they are currently limited in density. CCDs, until recently, have
had low sensitivities and narrow wavelength ranges. The CCD array implemented in this
spectrometer is a Sony ILX511 and has a photon sensitivity of 86 photons/count (2.9 x 107"

joulefcount) and a spectrum range of 200-1100 nm.
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il. INSTRUMENTATION

Figure 1 shows the system diagram of the TL spectrometer. The control and off-
line analysis is divided between two networked computers in order to allow one person to
read the samples with one computer and to do post analysis work with the other. However,
all work can be done with a single computer if so desired though not concurrently due to
the high data acquisition rates of the control system.

A. Computer Systems

The control computer consists of an IBM compatible PC with a 166MHz Pentium,
32Mbyte of ram and 2Gbyte disk drive running Windows 95. Due to the size of the data
files a large disk drive is recommended, as is a large complement of memory. In addition,
a 12-bit ADC/DAC card is used to control the heater and read out the temperature. The
data analysis computer is a Dell Optiplex with a 400MHz Pentium Il processor, 64Mbyte of
RAM and 4Gbyte of disk space running Windows NT Waorkstation 4.0.

B. Heater Control

The sample housing with planchet heater and thermocouple was taken from a
Victoreen Model 2800 TLD reader with all electronics removed. A dual mode heater control
and temperature monitoring system was designed in house and installed in the old shell.

As shown in figure 2, the temperature can be controlled in two different modes.
The first mode employs a precision ramp generator that is calibrated for 10 °Gisec for 40
seconds. This is triggered externally by the computer through the printer port and a ramp
expired signal is checked against a high-resclution timer to verify that the total heating time
is accurate. If any inconsistencies in the ramp time show up the data is considered invalid
and discarded. The repeatability of the ramp generator has shown to be within 50ms of the
full period or 0.12%, equivalent to 0.5 °C.

The second mode of operation is through the use of a 12-bit DAC allowing for
unlimited heating protocols such as warm up, variable ramp rates, annealing and cool
down. The reason for designing the system for two modes of operation was that our initial
tests using DAC control showed the computer system was not fast enough to handle setting
the temperature (DAC), reading the temperature and reading the spectrum at the
temperature rate and resolution we required. An upgrade to the computer and subseguent
refinement of the software will eliminate this problem.

The temperature sensor is a standard Iron/Constantine thermocouple welded to the
planchet heater. Using thermocouple tables obtained at Omega and referenced to ITS-90

standards, the linearity from 100 to 400 degrees for the J type thermocouple is R =
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.99999918. Temperature readout (thermocouple output) is referenced to this table and
results interpolated as needed.

The output of the generator or DAC is compared with the thermocouple signal and
triggers a triac turning on or off the planchet heater transformer. The signal of the
thermocouple is amplified and buffered by an instrumentation amplifier that is read out by
an ADC. Full PID control of the system was not necessary in that calibration tests of the
ramp generator and heater show that the temperature accuracy is better then 1 °C and a
heat rate better than 0.12%.

C. Spectrometer

The heart of the system is the Ocean Optics S2000 Fiber Optic Spectrometer(g).
This unit is very compact (see figure 3), flexible in terms of choice of optics and low cost.
The spectrometer interfaces to the computer through an ADC1000 8-chanrnel, 12-bit,
1Msample/sec ADC card. Readout of all 2048 CCD pixels can be done in 3ms {minimum
integration time) and can integrate up to 60 seconds for very low light levels. Depending
upon the sample fype and activation dosage, i.e., the TL intensity, we nominally run at
either a 100ms integration period (spectrum every 1 0C) or a 200ms integration period
(spectrum read every 2 oC). These periods were arrived at empirically by reading test
samples at various dosages and seeing if the spectral intensities were useable.

The sample is coupled to the spectrometer through a 1-meter fiber optic cable.
Using fiber optics has several advantages over direct coupling as with a PMT. First, the
detector is isolated both thermally and electrically from the heater control system. This
eliminates the need for cooling the sensor and prevents electrical noise from the heater
power system entering the detector electronics. Second, there is simpler control over
extraneous light entering the spectrometer because of the small optical coupling to the
system.

The PMT in the Victoreen reader was removed and an adapter plate added to
connect the fiber above the TLD sample. The fiber optic has a FOV (field of view) of 25
degrees and was positioned at an optimum distance for the most efficient light collection.
Based on a sample size of 3mm and a fiber size of 1000-microns this was 7mm above the
sample. No collection optics in front of the fiber was used in order to prevent further
attenuation and chromatic aberration of the light. Optimizing the position is important in
order to collect as much of the TL as possible and also to minimize reflections and possible

TL emission from oxides in the pan.
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The spectrometer internal optics is a miniaturized version of a cross-Czerny-Turner
optical bench (figure 3). It has a 25-micron entry slit and a 600lines/mm blazed at 400nm
diffraction grating (chosen when ordering the spectrometer), Choices in these two items
dictate the wavelength range and sensitivity. The grating filter has a spectral width of
650nm giving us an optical resolution of 1.3nm FWHM when combined with the siit. This
calculation is based on the following relationships: Resolution = 4.2 pixels with 25-micron
entry slit (from table supplied by Ocean Optics). Optical resolution = (Spectral Range /
Number of Elements) x Resolution (650nm/2048 x 4.2 pixels = 1.3nm). With different
configurations it is possible to obtain a higher wavelength resolution (to 0.3nm) at the cost
of sensitivity or conversely, increased sensitivity at the cost of resolution. It is possible to
cover the spectrum range of 200-1100nm (range of the CCD) by adding a slave
spectrometer and using two different gratings that have overlapping spectral ranges. The

two spectra can then be read concurrently and combined easily to obtain the full range.

. SOFTWARE

All programming was done in Microseft Visual Basicﬁm 5.0 linked to Graphics
server'” 5.0 from Pinnacle WebWorks and the S$2000 dynamic link library (spectrometer
control) supplied by Ccean Optics.

A. Reader Control

As seen from figure 4, control of the TLD reader is straightforward and simple for
the operator to use. The user has the choice of what sample rate and integration period to
use, average the spectra over multiple reads and to integrate n-number of pixels (bexcars).
The planchet heater temperature is displayed in real time.

Two sources of noise are inherent in the system. The first is the dark current noise
from the CCD cells and averages about 15 counts. This is handled internally by the
spectrometer by enabling dark current subtraction. The second source is from black body
radiation from the sample and planchet. This is minimized by optimizing the position of the
fiber above the sample as discussed previously and aiso by taken a second reading of the
sample after a cool down pericd. The black body radiation noise can then later be
subtracted in the 2D-analysis program, see figure 5 for comparisons.

After the TL emission spectrum and black body radiation is read, the two sets of
data are saved to a file in raw data format to be read in later by the analysis software. This
data is three-dimensional and contains the temperature, pixel number and intensity. The

pixel numbers are correlated to the wavelength and a 2nd order polynomial fit applied to



