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ABSTRACT

A Monte Carlo program has been developed to simulate X-ray spectral response in se
miconductor detectors.

Photons in the range from 5 keV to 1.4 MeV are considered as emitted from a source
of zero thickness aligned to the crystal axis and followed until their complete energy loss
or their escape from the crystal.

The program allows the optimization of important parameters in a semiconductor de-
tector, the study of influence on the spectra obtained and the determination of the energy
behaviour of efficiency and energy resolution,

Some obtained results have been compared with experimental data.

1. - INTRODUCTION

Research done in the field of semiconductor detectors has been biased, in recent years,

(1'8). The asso-

toward detectors made of materials with high and medium atomic numbers
ciated wide energy gap allows, in fact, their use at room temperature with no need of cool-
ing to very low temperatures, as is the case with Ge detectors. Furthermore, the high ato
mic number permits a high detecting efficiency.

At the beginning of the 1970's, mercuric iodide (Hgl,) was shown to be of particular in
terest in this field; it is a crystal with tetragonal cell structure and a bandgap of 2.1 eV.
Its leakage density current at room temperature with an applied voltage of 103 volts is of
the order of 10-100 pA/cm?2,

Mercuric iodide demonstrates a low mobility both for electrons (/"'e =100 cmz/V-sec)
and for holes in particular (g, =4 cmz/V-Sec), which is a problem for the transport of char

ges in the crystal bulk because the trap length of the holes is less than 1071 cm, The cry-

stal must therefore have a thickness of less than 1 mm and a subsequent limitation of the



detectable energy range of up to 1 MeV. The use of such energy excludes the effect of elec
tron-positron pair formation from the incident radiation. Instead, both Compton and Auger
photoelectric effects and fluorescence are very important,

This article will describe a Monte Carlo program whnich, taking into account such phe
nomena, simulates by a computer the operation of an Hgl, detector with associated elec-
tronics. The use of the program in function of some base parameters like crystal thickness,
applied voltage, mobility and so on, permits us to determine their influence upon the detec
tor response. Very important informations can be obtained about the best detecting geome
try to use, on the influence of non-uniform electric fields, trapping and processing of sig-
nals produced. One can thus establish the optimal dimensions of the crystal and all the ne

cessary parameters which might be useful for the realization of the detector,

2. - COMPUTATIONAL MODEL

Simulating program ISIDE, as previously mentioned, utilizes the well-known Monte Car
lo method. Written in FORTRAN, the program is composed of a main part with 40 subrou-
tines with a total of about 1500 statements.

Its running on a VAX 11/780 DIGITAL computer has an average elapsing CPU time from
10 ms for 241Am source with 104 generated photons, to 25 ms, for a 137Cs source with

2x10°

photons. The absence of proportionality between photon number and CPU time is due,
as will be seen later, both to the variable detecting efficiency with the photon energy and
to the number of Compton events.

ISIDE, which is shown in a block diagram in Fig. 1, can be theoretically divided into
four strictly correlated parts: the radiation generation and associated geometry, the energy

transfer, carriers transport, and the signal generation and processing. Now let's examine

each of the most important parts:

a) Source and geometry

The program simulates a X radiation source of zero thickness and circular shape of
which the radius is inserted by the operator with the input data. Cases with a point source
can therefore be analized. The source is aligned to the crystal axis, assumed to be cylin-
drical, and the flight angles of generated photons are randomly chosen within the source-de
tector solid angle(g).

For each source under consideration a maximum of six photon energies can be emitted
taking into account the respective photon percentage with a value between 5 keV and 1.4 MeV,
Every single photon is followed until its complete energy loss or its escape from the cry-
stal. Photons which do not enter the active zone (the zone between the two electrodes) are

considered lost, so the results discussed here all refer to a highly collimated source-detec
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tor system,

b) Energy transfer

Inside the crystal, photons cover the length L= -1nR/u where R is a random number
between 0 and 1, u the linear attenuation coefficient of which the values are tabulat ed(lo).
The interaction with matter goes through the two principal phenomena at this energy level:
the photoelectric and Compton effects.

In case of photoelectric effect the energy transferred to the electron is E = hv, - Bg
where By is the electron bound energy and hv, is incident photon energy. For this pur-
pose, the shells K, L1, L2, L3 and an average value of M shell are considered. Flight
angles 0 for the escaping electron, versus energy, have been computed and tabulated as

differential to total cross-section ratio(ll)

dp _ 3 sin>@
p 4 (l-BcosQ)4

de ,

where f=v/c; v is the electron speed and c the speed of light. The electron is then fol
lowed in the crystal bulk where it loses energy by ionization around its path, The projected

range, in mg/cmz, is determined by the Katz-Penfold formulall2) .

Rp = 412 En, n=1,265-0.0954 InE ,

with E as electron energy in MeV,

The average number of e-h generated pairs is N= E/w where w is pair creation ener
gy. This value undergoes a Gaussian fluctuation with variance o = (Flﬁ)l/2 (with F as the
Fano factor), called pair creation noise,

The electron absence in a shell may induce a radiative transition by an electron of the
external shells. Since in most cases (= 80%) it is the K shell which is affected by photo-
electric effect, the program utilizes the probability Oy that such a shell will again be fil-
(13,14)

led after a photoelectric event

-4
= +
O 1/(1 aKZ )

. o~ 6
with ag = 1.12x10°,
This procedure allows the observation of the escape peaks K, in gamma spectrum.
In regards to the Compton scattering, the application of "rejection sampling techni-

(15)

que" to the Klein-Nishina cross-section allows us to calculate, with an acceptable CPU

time the escaping photon wavelength A' and, consequently, its scattering angle 8¢ :




where mg is the rest mass of the electron, h the Plank's constant and A the incident pho
ton wavelength,

The escaping photon energy is:

hv' = hyg/(1+a(1-cos )

where a= hvo/mocz.

¢) Carriers transport

(16,17,18) has been

To analize the generated carriers transport the subroutine DRIFT
used. The subroutine considers an applied electric field, of a shape chosen by the operator,
which is applied to a crystal of cylindrical shape divided into 50 slabs or "boxes", each

with AX thickness. The created carriers, under the action of such a field, drift towards

the electrodes inducing on them the charge(lg)
AX E(X
AQ = q——v(—)-

with V the detector voltage, AX the slab thickness, E the electric field and q the car-
rier's charge,
The drift current is influences by the presence of trap levels of the crystal under con

sideration, The trapped carrier number passing through a 4X thickness follows a suppo-

sed Gaussian distribution with variance Nl/2 and mean value
. NAX
AN = w7t B(X)

where N is the number of carriers moving in the box, p the mobility, 7 the carrier trap
ping time, The associated fluctuation is called collection noise. The detrapping is not tak-

en into account because it has a high value compared to the signal formation time,

d) Signal generation and processing

The induced charge vs, time makes a pulse that must be properly filtered and ampli-
fied, Time constants of the filters are regulated to maximize the signal noise ratio and
such conditions are obtained for 'vi = Ty with T; and 74 the time constants of the integra

tor and differentiator respectively.

As concerns the electronic noise, it can be obtained from the well-known formula(zo):

2 2, (AET)Z

)Y + (4E

(AEy)? = (4E bE)

NO

where the term AENO is the electronic noise of the preamplifier, Generally that is the
term which determines the worsening of the energy resolution,

The 20d term (AEDE)2 is proportional to the detector leakage current Ip(pA) :



(AEDE)2 =1,18x 103 ID'U; with 7 filters time constant (usec).

The 3¥9 term (AET)2 depends on the temperature T, on FET preamplifier characte-
ristic, on detector capacity CD(pF) and on the capacity C, of the detector-preamplifier
2 2

= 0.10rg T/7 (C
In the program we have chosen to insert the electronic noise AEN as input data, This

connector:(AET) + 2CDCO), where r_ is equivalence series resistance,

S
allows us to make optimization tests of such a parameter, The AEN value, inserted by
the operator, influences every signal height in a random way according to a Gaussian di-
stribution with variance ¢ = AEy/2.355,

In conclusion, the signal amplitude is analized and stored in an array which has 121

elements,

3. - COMPUTED RESULTS

In the present study the results are obtained for an HgI2 crystal. The characteristic of

the semiconductor, the source and the detecting system geometry are in Table I,

HD (detector thickness) = 5x1072 cm
RD (detector radius) = 2,56x1071 cm
RE (electrodes radius) = 2,561x107! em
H (source-detector distance) = 10 cm

RS (source radius) = 1073 em
FANO (Fano factor) = 5x10-1

KEVP (pair creation energy) = 4,15x 10'3 keV
UE (electron mobility) = 102 cm?2/V-SEC
TE (electron Trapping Time) = 5x10°% sSEC
UH (hole mobility) = 4 em?/V-SEC
TH (hole Trapping Time) = 7.5x10°7 SEC
DENS (density) = 6.4 g/cm?

TCI (integration time constant) = 4x10-8 sEC
TCD (differentiation time constant) = 4x 10-6 sEC

V (total detector voltage) = 1500 VOLTS

PS(1) - PS(6) (gamma probabilities
ES(1) - ES(6) (gamma energies

P(8,9) (photoelectric flight angles cumulated probabilities)
TABLE I - Input data of

program ISIDE, If not

" ENOISE (electronic noise) differently specified,
these values were used

BE(2, 4) (electron binding energy in K and L shell)

in the program.



The obtained detector efficiency for a crystal of 500 um thickness and defined as (inter
acting photons number)/(incident photons number) is shown in Fig, 2. It can be noted that
it strongly diminishes for energy greater than 60 keV reaching the 1% value at 1 MeV, Fig,
3 shows the photopeak efficiency i, e. (number of photons that undergo photoelectric effect)/
/(number of incident photons), versus energy., The simulation program can consider photons
incident on cathode (direct bias) and incident on anode (reverse bias). In both cases, we
may obtain the collection efficiency reported in Fig, 4 and defined as (number of carriers

collected on the electrodes)/(number of generated carriers in the crystal), It can be seen
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that the collection efficiency, with an applied voltage of 1500 volts in the case of direct bias,
energy increase diminishes and is stabilized after only 100 keV, thus becoming independent
of the energy of incident photons, This occurs because the holes are generated in the proxi
mity of the negative electrode and are immediately collected, contributing actively to the
formation of output pulses. At high energy values, on the contrary, these are created in the
proximity of the positive electrode and must therefore cross the crystal to reach the catho-
de, while the electrons are collected instantaneously. The second curve has been obtained
in a case of reverse bias of 50 volts. Thus, as we expected, the collection efficiency im-
proves with the energy increase, for the same reasons discussed before.

Figs, 5, 6 and 7 present the simulated spectra of a source 137Cs for three different
valuesof (u7), product (47 for electrons is kept constant and equal to 5x10-% cmZV'l).
The (yﬂv)h value closest to the experimental spectrum(lo) (see Fig, 8) is about 2-5x10°6
em2v-1, Note that the second peak is a K (Hg) escape peak, while the tail at lower ener-
gies is due to Compton effect.

In Fig, 9 we find a simulated spectrum of 241pm source, Compton effect is nearly ab
sent, thus permitting a clear view of the peaks, There is no background because, as has

already been stated, the electronic noise is considered to be only the fluctuation of the
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signals emerging from the detector. To the left of the photoelectric peak, we can clearly

see a tail which is due to the trapping of the carriers., The resolution at 60 keV is =2,7

keV (4.4 %).

In Figs., 10 and 11 on the other part, simulated spectra of 241pAm and 137Cs sources

are reported, which are obtained through reversal of the voltage polarity on the crystal,

The reverse bias, by lowering the hole collection efficiency, influences more strongly the

241Am spectrum than the 137¢cs spectrum, which is affected only by the low value of the

bias.
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The spectra of Figs, 12, 13, 14 and 15 were obtained with a source of 57Co with a var
iable applied voltage and, therefore, a variable trapping length of the carriers, It has been
seen that the tails to the left of the photoelectric peaks diminish when voltage is increased

with a notable improvement in the resolution of the peaks themselves,
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Fig, 16 shows the energy resolution (FWHM) of the detector as a function of gamma

energy; a sharp increase in FWHM above 300 keV is clearly evident, The agreement with

50 average data quoted in the literature in
this field(21) is reasonable, taking into
40 account likely differences in crystal qua
— lity.
% Y
h 30 I~
S’
§ 20 [
(85
10 -
1 1 gl i lTlllTlJ
2 ' FIG. 16 - Energy resolution of the
10 Am 10 Ba Cs 10 Jotector

detector expressed as full width at
halh maximum (FWHM) as a func-

E(KeV) tion of radiation energy.

Finally, Fig. 17 reports a representation in a Gaussian scale of 241Am and 57¢co pho

toelectric peaks, The absence of linearity in the low energy side is clearly due to trapping

(21)

effects, Also in this case, the similarity with experimental behaviours is rather strong.
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4, - CONCLUSIONS

This study shows that the Monte Carlo method is a reliable and powerful technique
which allows us to forecast detector performances very quickly and in great detail,

The agreement with experimental data indicates that the various phenomena occuring
in the crystal are taken into account in the right way. The part relative to signal genera-
tion and treatment can be adapted to the various possible experimental conditions, Future
studies will investigate in detail the possibilities of the Monte Carlo method used for a
detector optimization and various physical effects which are at present not completely un

derstood or neglected (polarization, dependnece of T on the electrical field, etc. ).

(x) The program in FORTRAN IV version for a VAX 11/780 DEC computer is available,
Please contact Dr. U. Nastasi, Istituto di Fisica Superiore, Torino (Italy).
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