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The main advantages of using silicon semiconductor detectors in dosimetry in comparison with traditional detectors
are considered. The shortcomings are analyzed and possible methods for their elimination are proposed. One of
the proposed methods makes it possible to increase the efficiency of detecting gamma quantum in the energy range
0.1...10 MeV. The requirements are formulated to optimize the design of detectors operating in a wide range of dose
rates and gamma radiation energies by computer simulation. Mathematical calculations and computer simulations

determine the dosimeter design, materials and thicknesses «-converter. The mechanisms of modeling the absorbed

dose in air and ambient dose in silicon detectors with a thickness of 300 um, sizes (5 x 5) mm? and (1.8 x 1.8) mm?,

2

in the range of incident ~-ray energies from 5 keV to 10 MeV are presented.

PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk

1. INTRODUCTION

Modern industry produces a large number of gamma
radiation dosimeters, however, their error reaches
tens of percent, and the working interval of ener-
gies, as a rule, does not go beyond the range of
50keV ...3 MeV. Based on the experience [1, 2], it
is possible to expand this range to some of keV. This
expansion is in particular associated with the study of
secondary radiation, which tends to be redistributed
to extremely low energies [3]. Improving the accu-
racy of dosimeteric measurements and expanding the
reduced interval continues to be a fairly urgent task.
To detect a y-quantum, it is necessary to register its
interaction with the medium. Gamma radiation is
characterized by a large penetrating and weak ion-
izing ability. Gamma-ionization of the medium is
carried out by means of secondary electrons (photo-
electric effect, Compton-effect, pair production). The
charge released in is an electric impulse, the ampli-
tude of which is proportional to the energy lost by the
photon. The use of semiconductor detectors for mea-
suring absorbed and exposure doses is limited by the
absence of a direct dependence of dose sensitivity on
the energy of incident radiation. The results of com-
puter simulation of the assembly, as well as a change
in the level of discrimination of incoming pulses show
possible ways to create “flat response” for the wide
energy range. The requirement for modern dosime-
ters is to be universal in work in any radiation field.
Such requirements, in fact, do not imply the deter-
mination of absorbed energy, but the restoration of
the primary flux entering the detector. But the natu-

ral requirement could be equalization of the response
to equal energy flows, which actually determine the
degree of impact on the object, in particular on the
biological one. From another hand the transmitted
part of the energy directly depends on the energy of
the primary particle. In the extremely case of com-
plete absorption, the response for any energy flow
will be the same. With a decrease in the thickness of
the detector, part of the energy left in the detector
will decrease more with increasing energy of gamma-
quantum due to a decrease in the cross section for en-
ergy transfer to matter and an increase in the yield of
delta electrons (see Fig.7). Due to this, it is precisely
possible to equalize the response of the detectors in
a wide range of gamma-ray energies with identical
primary flows.

2. EXPOSURE DOSES

The characteristic of the exposure dose is exhaus-
tively expressed by the number of ion pairs in the
air, under normal conditions, corresponding to either
1C/kg or the most affordable 1R, corresponding to
87.3erg/gram or 2.08-10° ion pairs in em?. For
photon energy of 100 keV, this corresponds to a
flux of 1.97 - 10'° per em? or 4.2 - 10! for energy of
gamma-rays of 10 MeV. As a rule, recalculation of
detector readings is traditionally given in units of
the exposure dose, which can create additional dif-
ficulties when working in the counting mode. Fig.1
shows the results of modeling the absorbed energy
in the energy range 30keV ...10 MeV for air and
silicon. Fig.1 shows good agreement in the energy
range 100keV ...2 MeV. For low energies, there is
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an excess due to large cross sections of the photo-
electric effect in silicon. For high energies, a decrease
in absorption in air is observed due to the escape of
secondary particles from the energy deposited region.
Thus, equalization of the sensitivity of the simulated
detector for energies above 2 MeV will lead to the
accumulation of error when using the exposure dose
as standard. In the future, it is supposed to evaluate
this error depending on the thickness of the detector
and filters, leading to additional scattering and a de-
crease in the primary energy of the quantum. When
the detector operates in an energy range of less than
100 keV, it is proposed to apply additional technical
solutions. For the energies above 2 MeV, conversion
to exposure dose units leads to the accumulation
of errors associated with the different nature of the
interaction of gamma quanta with silicon and the
formation of ion pairs in air. In particular, the expo-
sure dose may correspond to much higher than these
values at the same flows, the absorption of energy in
silicon.
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Fig.1. The dependence of the absorbed energy in

silicon and air on the primary radiation energy

Silicon detectors developed and created at the NSC
KIPT are widely used in nuclear physics experiments
[1, 2] , in medical diagnostic studies, and in the field
of radiation safety [3, 4]. The development of the
detector in a universal sealed enclosure is presented
in [5, 6]

3. ENERGY DEPOSITION
CALCULATION DEPENDS ON GAMMA
QUANTUM PRIMERY ENERGY

According to definition of the absorbed dose, this is
the energy transferred to a unit mass of a substance,
i.e. D = E.s/m. The absorbed dose is measured
in Gy. 1Gy = 100rad = 6.24 - 10° MeV/g. The ab-
sorbed dose created by the flux of monochromatic
~v-quanta is determined by the formula:

D =O,E, pient, (1)
where ®., — is the radiation flux density, cm™2; E, —
is the energy of the y-quantum, erg; e, — is the mass
coefficient of energy absorption, cm?/g. The formula

is valid to the extent that the thickness of the detector
is much less than the mean free path of the particle.
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Fig.2. Comparison of analytical calculations (1)

with simulation results. The red curve is the calcula-
tion for silicon; the blue curve is the calculation for
air. Green curve — sensitivity modeling in silicon.
Brown — simulation of the exposure dose

Fig.2 shows the distributions of sensitivities in the
energy range of 30keV...10 MeV, calculated by the
formula (1), and also modeled by the computer model
"Dozex”, developed using the Geant.4.9.1 software
module based on taking to account of real geome-
try and secondary particles balance. Calculations
and simulations give good agreement in the energy
range up to 2MeV. The accuracy of determining
the absorbed energy according to (1) is usually the
greater then greater the ratio of primary energy /
thickness of the sensitive layer, but it is in the high
energy range that a significant discrepancy is ob-
served. This is primarily due to the fact that the
greater the energy of primary radiation creates the
correspondingly secondary particles with greater the
energy too. In particular, due to the departure of
delta electrons and high-energy secondary gamma-
rays primary deposited energy are removing from the
volume under study. On the other hand, the scat-
terer with the bigger 7 is absorbing more secondary
radiation. In order to analyze the differences in ab-
sorption in different media at maximum energies, the
detector responses to the primary gamma-ray energy
of 10 MeV were modeled. Fig.3 presents the results
of modeling by the ”Dozex” program the energy
release (Energy Deposition) of transmitted radiation
with a primary energy of 10 MeV.

At high primary radiation energies or correspond-
ingly small target thicknesses, small energy losses of
the order of several keV are most likely (see Fig.3).
Differences of energy losses distributions in silicon
and in air are determined by the difference in Z,
which creates a wider range of energy losses. The
second maximum in the loss distribution is located
in the case of silicon in the range up to 100 keV
(see Fig.3,a). For air, such a maximum is limited
to a range of 40keV. In the range of more than
60 keV, there is a monotonous decrease in energy
losses, which generally extend to units of MeV for
silicon and almost completely disappears to 1 MeV
for air. (see Figs.3,a,b). It can be assumed that



this effect determines the behavior of the sensitiv-
ity curves for these media in the high-energy range.
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Fig.3. Modeling the response of a silicon detector
with the "Dozex” program in the form of the
spectral distribution of absorbed energy during the
passage of high-energy gamma-rays through silicon

(a) and air (6)

4. OPTIMIZATION OF DETECTOR
GEOMETRY

Thus, the requirement of matching the detector sen-
sitivity with air (i.e., matching with exposure dose)
is confronted with various types of energy deposition,
in particular at high energies. And if the requirement
for absorption in a gram of dry air is unchanged, then,
by varying the thickness of the detector, a change,
alignment of the sensitivity of the silicon detector is
possible.

In Fig.4 shows the distribution of the dependence
of sensitivity on energy for a silicon detector with
different thicknesses of the sensitive layer. Fig.4
shows that at low energies, the sensitivity weakly
depends on the thickness. As the primary energy of
the gamma quantum increases, the influence of the
detector thickness on the response flatness increases.
So, if for curve corresponding to 500 pm, in the en-
ergy range above 100 keV', the sensitivity deviation
is 35% (brown curve), then for a thickness of 300 pm
this is already reduced to 25%(orange curve). Thus,
for certain silicon thickness, it is possible to optimize
the correspondence of the detector response to the
exposure dose over wide energy range.
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Fig.4. Dependence of sensitive layer thickness on
detector sensitivity, calculated in the direction of
radiation propagation

Reducing the thickness of the detector decreases
the overall efficiency of recording the radiation flux.
To increase (align) the response, it is also possible
to use a substrate with a high reflection scatter-
ing coeflicient, especially for secondary radiation.
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Fig.5. Detector design influence on the distribution
of dose sensitivity. Red curve — with screen C
10mm, blue — without screen

Fig.5 shows various effects of optimizing the environ-
ment of the detector sensitive layer. The red curve
shows the case when, with the same thickness of the
silicon detector — 300 pm, an increase in sensitivity
in the high energy range is possible due to the ad-
dition of a diffuser screen made of light materials of
the CH type. Thus, choosing the appropriate screen
thickness, it is possible to equalize the sensitivity
in a wide energy range from 200keV to 10 MeV.
However, the main problem of the “broadband” de-
tector is the response matching in the range up to
100keV. As can be seen in Fig.5 (red curve), a
significant decrease in sensitivity occurs in this en-
ergy range due to absorption of the attenuation of
gamma radiation by the screen. Adding a reflec-
tor — the blue curve, increases the sensitivity of the
detectors in the range of 30...300keV (see Fig.5).
The inverse leveling is to add a substrate under the
sensitive layer, with the corresponding material and
the corresponding thickness. The use of a diffuser
screen increases the sensitivity of thin span detec-
tors in the high energy range, however, due to the
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attenuation of low energies, it reduces the response
in this area (see Fig.5). To compensate for this
effect, special reflecting scattered are used, which im-
prove the response in the energy range up to 1 MeV.
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Fig.6. The effect of the substrate on the sensitivity
distribution of a silicon detector. Red curve without
substrate, blue curve — with a substrate

Using a substrate significantly increases the effi-
ciency in the range up to 1MeV (Fig.6), while
the efficiency remains practically unchanged for
higher energies. It should be noted the effect of
the invariance of the response for minimum energies
(Ey = 30keV, see Fig.6). While the response forma-
tion in these cases have slightly different mechanisms:
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Fig.7. Scattering of E, = 60keV passing through a
filter (CsHsg) of 10mm — red curve

The coincidence of the response of the unshielded
and the detector using a screen up to 10mm thick
(Fig.7) explains a weak dependence of the sensitivity
in this energy range on the change in the constructs.
For energy of 60 keV, in particular, this is due to the
absorption peak, in the absence of a screen, to the
redistribution of the primary energy in the range of
Compton scattering.

5. CALCULATION OF AN AMBIENT
DOSE

The spatial distribution of the absorbed energy in
the studied object determines the degree of the effect
of radiation, the most dangerous places, which, as a
rule, correspond to the maximum energy release. To
analyze all these factors, the ambient dose equivalent
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of H(d) is introduced, which simulates the real effect
of radiation on the body. The developed " Dozex”
model allows one to obtain the distribution of ab-
sorbed energy in an extended object of arbitrary
shape. Fig.8 shows the results of modeling the distri-
bution of absorbed energy in silicon 1c¢m thickness.
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Fig.8. Distribution of absorbed energy in silicon,
depending on the primary energy of the gamma-
quantum

In Fig.8, it can be seen that up to an energy of 2 MeV
(blue curve), that the distribution of absorbed energy
is almost uniform, starting with gamma quanta en-
ergy of 100 keV (red curve). For energy of 50 keV
(green curve) at a thickness of 1¢m, the flow attenu-
ates less than twice, but for thicknesses up to 3mm
the spatial uniformity of energy release is preserved.
But if in the energy range 100...500 keV the distri-
bution of absorbed energy over a thickness of up to
1 em is almost uniform, then already for the energy of
500 keV (brown curve) a certain surface effect begins
to play a role, which is associated with a decrease in
the probability of gamma-quantum interaction with
the medium at the beginning of the target so and with
the transfer of energy by delta electrons by means of
increasing their runs. Nevertheless, up to energy of
2 MeV, uniformity of absorption over the thickness
is maintained with a simultaneous decrease in the
probability of the interaction of a gamma quantum
in thin layers (surface effect). Finally, for energies
above 2 MeV, the uniformity of energy absorption at
silicon thicknesses of the order of 1c¢m is no longer
observed, but a maximum appears in the absorption
distribution. So for energy of 5 MeV, it is observed at
a thickness of 8.5 mm from the surface, for 10 MeV at
a thickness of 9.7mm from the surface. Finally, the
curve for 30 keV shows full absorption in a thickness
of 1 cm, as well as the formation of a ”surface dose”,
which is not typical for high energies. It should also
be noted that the correlation given in Fig.8 with the
distribution of sensitivity in silicon versus the energy
for 1 em of silicon shown in Fig.1.

6. CONCLUSIONS

An important characteristic of dosimeters is their sen-
sitivity, which in the general case has a direct depen-



dence on the primary particle energy; in the case of
spectral distribution, this dependence can be more
complex.

The sensitivity of the dosimeter designed to mea-
sure the exposure dose rate is determined by the
number of pulses (counts) per uR/h. When devel-
oping a new generation of detectors, adaptation to
specific application conditions is necessary. When
used in nuclear power plants, the following factors
must be considered: prompt ~- radiation, y-radiation
of short-lived fission products, capture vy radiation.
It is well known that during fission of uranium and
plutonium nuclei,7...8 MeV is released in the form
of instant gamma radiation and 6...7 MeV in the
form of a delayed one. Thus, gamma rays emit-
ted by fission fragments should make a significant
contribution to radiation energy release. When a
thermal neutron is captured by an atomic nucleus
of an absorbing medium, the following reaction oc-
curs A X, +n =411 X, the so-called radiation cap-
ture, followed by the emission of a photon. In this
case, the photon energy can reach 11 MeV [9] and
must be taken into account in the formation of the
radiation environment. For a water coolant, as a
result of interaction in the active zone of fast neu-
tron fluxes with oxygen nuclei, the 10 (n, p)'*N re-
action occurs. In this case, the formed radionu-
clide N, (T2 = 7.355) decays, emitting gamma-
rays with energies of 6.14 MeV (68.8%), 7.11 MeV
(4.99%), 8.87 MeV (0.062%) [9]. Also, when char-
acterizing and recording the radiation background,
it is necessary to take into account the rescattering
of secondary radiation generated during the capture
of thermal neutrons in hydrogen-containing protec-
tion elements. The developed dosimeter model al-
lows adapting the constructs to the diagnostic re-
quirements of a new generation of dosimeter equip-
ment based on a silicon sensitive element. A possible
direction for realizing the task is to use spectrometer
mode for determining the absorbed energy by inte-
grating the detector readings taking into account the
real spectral distribution of primary flow. The model
allows one to take into account the finite dimensions
of the detector and thus take into account both the
real energy escape by the secondary particles and the
effect of backscattering, which allows one to take into
account the return of reflected radiation to the de-
tection region, transformation of the primary spec-
trum transmitted both through the detector’s main
body and through special transforming screens that
allow increasing detector sensitivity in certain energy
ranges. It is supposed to solve the task of optimizing
the sensitivity of the detector in a wide energy range
by taking into account the real absorption spectrum,
space energy deposition and determining errors when
working in different energy ranges and linking the re-
sponse to the exposure dose.
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MOJIEJINPOBAHUE OTKJIMKA IIJIAHAPHOTO KPEMHUEBOT'O JETEKTOPA
PV N3MEPEHUN MOIITHOCTU SKCIIO3UIITMOHHOM J03bI B INAIIA30HE
DHEPI'UM OT 5 k3B no 10 MsB

B. H. /Iy6una, H. . Macaos, U. H. ITasxos

PaccMoTpeHbr OCHOBHBIE TTPEMMYIIIECTBA MPUMEHEHNsT KPEMHUEBBIX TIOJIYITPOBOIHUKOBBIX JTETEKTOPOB B 33,14~
Jax JO3UMETPUH [0 CPABHEHWIO C TPAJAUIMOHHBIME fAeTeKTopaMu. 1IpoaHain3npoBaHbl HEOCTATKY U TPEII0-
2KEHBI BO3MOXKHbBIE METObI X ycTpaHnenusi. ONUH W3 MPEJIOKEHHBIX METOI0B MO3BOJISEeT YBEINIUTDb 3¢ dhek-
THUBHOCTb PErUCTPAIME FaMMa-KBaHTOB B aupanaszone suepruii 0,1...10 MsB. Cdopmynuposansl TpeboOBaHuA,
HEOOXOAUMBbIE JIJIsT ONTUMUBAIINN KOHCTPYKITUH JIETEKTOPOB, PAbOTAIOININX B IITMPOKOM JIMATIA30HE MOITHOCTEH
J103 ¥ SHEPIUHU FAMMAa-U3J1y YeHU s, METOIOM KOMIIBIOTEPHOI0 MOeinpoBanus. [IpoBeIeHHbIE MATEMATUYCCKHAE
pacUeTsl ¥ KOMIBIOTEPHOE MOIETUPOBAHNE OIPEIEIAI0T KOHCTPYKIIUIO TO3UMETPA, MATEPUANBI U TOJIIUHY
y-kKOHBepTepa. [IpuBomsATCs MeXaHU3MbI MOIEIUPOBAHNS TOTJIOMEHHON 1036l B BO3AYXe U aMOMEHTHOM J103bI
B KPeMHHEBBIX JeTeKTopax ToamuHoi ot 300 MM, pazmepamu (5 x 5)Mm? 1 (1,8 x 1,8) MM?, B anamasone
SHEPru#l Mamaromero y-u3aydenna ot 5 k3B g0 10 M»sB.

MOAEJIFOBAHHSA BIATYKY IIJIAHAPHOTO KPEMHI€EBOT'O AETEKTOPA ITPU
BUMIPIOBAHHI ITOTY>KHOCTI EKCIIO3UIIINHOI JTO3U V JIAIIA30HI EHEPTIN
BII 5 xkeB mo 10 MeB

B. M. Iy6una, M. I. Macaos, I. M. Illasxose

Po3rngaayTo ocHOBHI mepeBarm 3acCTOCYBaHHS KPEMHIEBUX HAMiBIPOBIIHUKOBUX JETEKTOPIB ¥ 3ajadax Jo-
3UMeTpii B TOPIBHAHHI 3 Tpagumitanmu aerektopamu. [IpoaHamizoBaHO HENOMIKH Ta 3aTPOITOHOBAHI MOK-
JiBi meronu Tx ycynenusi. QquH i3 3aMPONOHOBAHUX METOMIB [IO3BOJISIE€ 30LIBIMNTH €(PEeKTUBHICTD PEeCcTpa-
il raMMa-kBaHTIB y miamazoni enepriit 0,1...10 MeB. CdopmynboBano BumMoru, HeoOXimHi Jjid onTuMiza-
il KOHCTPYKIII JAeTeKTOpiB, AKI MPAIOITh y IITUPOKOMY [1alla30Hi MOTYXHOCTEN /103 i eHepril ramma-
BHUIIPOMIHIOBAHHSI, METO/IOM KOMII FOTEDHOIO MOJETIOBaHHsI. IIpoBeneHi MaTreMaTwudHi pO3PaXyHKH 1 KOMII'-
IOTepHE MOJETIOBAHHS BU3HAYAIOTH KOHCTPYKINIO NO3UMETpa, MaTepiaju 1 TOBIIUHY ~y-KOoHBepTepa. Haso-
JATHCA MEXaHI3MH MOIENIOBAHHs TIOTJIMHEHOI 03K B MOBITpi 1 aMOI€HTHOI M03M B KPEMHIEBUX ITETEKTO-
pax TopmmuHo0 Bim 300 MM, posmipavu (5 x 5)mm? i (1,8 x 1,8)mm?, y diamasoni emepriif magaodoro
~y-BunpominoBanusg Big b keB mo 10 MeB.
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