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The present paper addresses the problem of charge creation by x rays in amorphous sal&elrand the
subsequent transport and recombination of these charges. X-ray detectors bas&e ane under study in
medical imaging for diagnostic purposg®V energy rangeand for the verification of radiotherapy treatments
(MeV energy range A quantitative theory is developed that includes collective and single electron-hole pair
excitations by the passing electron. This theory is incorporated into a Monte Carlo code to calculate track
structures ira-Se. The initial positions of the electron-hole pairs along the track structures are used to study the
kinetics of recombination versus incident x-ray energy and applied electric field. The experimentally observed
energy dependence of recombination is attributed to a spur size that is dependent on the velocity of the ionizing
electrons. Our theory and simulations agree with available experimental data in the energy range from 20 keV

to 10 MeV.
DOI: 10.1103/PhysRevB.63.195204 PACS nuni®er71.55.Jv, 71.45-d, 87.15.Aa
[. INTRODUCTION understood:® A qualitative description has been offered by

: : Mah et al? in terms of a simple microdosimetric mechanism.
There has recen_tly been renewed mteres’F n thE_} usi’hey suggest that the high-energy electrons generated by the
of amorphogs se_lenluma(Se) based detectors in the field jhcident photons deposit their energy in discrefurs a
of medical |ma_g|ngl. In these detectors, x-rays are con- concept first introduced in radiation chemisthThe spurs
verted directly into charges that are collected at &8e  consist of charge clouds created by inelastic collisions with
surface through the use of an applied electric field. Variouguter atomic shells, which typically occur at the resonant
techniques have been developed to collect the charges thergies of these shells, which has been estimated to lie be-
form a two-dimensional image? the most promising being tween 20 eV and 80 e¥In this simple model the spur size
active matrix flat-panel imagef&\MFPI's). is assumed to be independent of the energy of the ionizing
Current research ia-Se-based detectors has involved x electron. At low photon energies, the mean free path between
rays in the keV energy range for diagnostic purposes and ispurs is assumed to be smaller than the spur size, so that the
the MeV range for the verification of radiotherapy pairs are formed in a column surrounding the ionizing elec-
treatment$:® The latter modality requires the use of a metaltron track, resulting in a large amount of recombination. As
plate above the detector equivalent to about 1 mm of coppdhe energy increases, the spurs are formed farther apart re-
to preferentially attenuate scattered radiation originatingsulting in decreased recombination. At megavoltage ener-

from the patient, which is typically of lower energy than the 9i€s. the spurs are assume_d to be_isolated from each other so
primary beam. Since high-energy photons have a small inthat the amount of recombination is no longer dependent on

teraction probability with the thia-Se layers used, the metal € incident energy, a fact which has been observed experi-

: ; - mentally.
plate is also used to increase the detector efficiency by con-" " .
verting high-energy photons into ionizing electrons that sub- I_t is clear from the model of Makt al. that the recombi-
sequently deposit their energy in theSe layer. nation depends on the electron track structura-Be. Track

The average energy required to create an electron-ho tructures are of interest in other fields such as radiation
: -~ ; ; 13
pair by ionizing radiation ira-Se, W,, has been calculated to chemistry and radiation biology.In a previous work”**we

be approximately 4—7 eV.Experimentally, however, the have developed cross sections for use in a Monte Carlo
quantity that is measured W, the energy required to cre- simulation code to produce track structures in the energy

ate adetectablepair. The latter differs from the former due to range from 40 keV to 140 keV. We have subsequently stud-

. : : ied the kinetics of electron-hole pairs produced along the
recombination and trapping of charges and is related by tracks to quantitatively predict the escape efficiencyOur

W, results have shown good agreement within the energy range
W, =—, (1) studied. In this work, to study the signal formation over a

g wider range of energies, we reexamine the theory of the el-
where theescape efficiency is defined as the fraction of ementary processes that occur during the interaction of the
electron-hole pairs that escape recombination or trappingshoton/electron shower with-Se. Specifically, we include
AlthoughWj is not expected to vary with either electric field the plasma wave excitation and its subsequent decay into
or incident photon energy, experimentally measured valuemultiple electron-hole pairs. We also address the question of
of W.. are dependent on both quantities. The electric fieldspur size and the number of charges in a spur as a function of
dependence is due to the fact that more pairs will escapphoton energy. We include these effects into the transport
recombination as the electric field is increased. The depereode to investigate the dependenc&\bf on both the photon
dence on photon energy, on the other hand, is not welknergy and the applied electric field.

0163-1829/2001/639)/1952048)/$20.00 63 195204-1 ©2001 The American Physical Society



E. FOURKAL, M. LACHAINE, AND B. G. FALLONE PHYSICAL REVIEW B 63 195204

Il. THEORETICAL DESCRIPTION OF CHARGE 4 d T T T T T
FORMATION IN a-Se

As an electron traverses a medium, it may undergo elas-
tic, radiative(bremsstrahlung and inelastic interactions. We
focus on the latter since it is the main mechanism for the sl .
creation of electron-hole pairs. Inner-shell electrons are Q\\Q
tightly bound to the ion core and thus inner collisions with é)@o
these electrons can be reasonably approximated by known &“’Q '
cross sections for isolated atoms. Inelastic collisions with [}
outer-shell electrons, on the other hand, typically involve T |
low-energy transfers and are strongly influenced by the struc- [
ture of the medium. The cross sections can be calculated in

the first Born approximation by the equatfén‘®

S
£

1 E_I,ec':tfon-hole
) L pair domain

€(g,0)

do 2e?  (ha;dq
f —Im

dfiw h?Nuv?e,

hq_ q

whereN is the neutral atom density, is the velocity of the

incoming electron,7q is the momentum transfer, and %

e(q,w) is the dielectric response function of the medium 0 : L

under investigation. Equatiof2) can be used at relativistic ! 2 3 4
energies as long d@g/mc<1. In generale may be a tensor q/9;

that depends on the direction @f In this paper it is assumed FIG. 1. Spect f ol ; itations in the bulk elect
that the medium is homogeneous and isotropic so that -+ Spectium of elementary excitations in the bulk electron

e(q, ) is a scalar quantity that depends only on the magni—gas' The plasmon dispersion line is shown as well as the electron-

tude ofg. The quantitiediq_ and#Aq, are the minimum and hole pair domain.
maximum momentum transfers determined from the energy,
momentum conservation equations, which ignoring terms o
the orderkw/mc?, are given by

lectron-hole domain in theg(w) plane.
Another possible mechanism that may occur is that the
energy transferred by the passing electron may induce col-

el e T lective oscillations of electrons in the medium, i.e., plasma
_ = X X - v .
hq 2m E(1+E/2mc) waves. The dispersion relation for these waves is giveh by

—VE(1+E2mP)—hw(1+E/mA)] (3)

. a)g(q)=wge+ aQ?+ -, (6)
an
where wpe= Jn€?/e,m is a plasma frequency ang=2v2.
hq.=V2m[VE(1+E/2mc?) This dispersion line is shown in Fig. 1. It intersects the
electron-hole domain atq., which is determined by the
+\/E(1+E/2mc2)—ﬁw(1+E/mc2)], (4) relation
where E is the incident electron kinetic energfw is the #2q? %2q.9
energy transferred to the medium, ands the mass of a free fiwg(Qe) =Eg+ —— + i (7)
electron. The expressions féig.. assume that the energy- 2m m

momentum transfer relation for the electron moving in the

medium is the same as that for a free electron in vacuum Forg>g, the plasmon decays into a single-particle ex-
A . . . X citation state. This implies that in this case, a plasmon lives
which is consistent with the formalism used to derive Eg.

(2).16 Equations(3) and (4) determine the plane of all pos- for a limited time = after it has been created. If this time is

sible momentum and energy transfers to the system. The smaller than the characteristic oscillation time of a plasmon

e X
energy and momentum transfers go into excitation of differ—? 2ml wpe), then the plasmon cannot exist as a coherent

ent degrees of freedom of the medium determined by th motion of all the electrons in the charge cloud and it will no

o ; : onger be an observable entity. On the other hand, for the
spectrum of elementary excitations. There is a certain prob-

o . . <(. regime, the arguments presented above would predict
ability that the energy transfer goes into the creation of a?hatqulasgmons are u?wdampedi.) But experiments indicapte that

single electron-hole pair. This type of excitation can only his is not always so, and therefore sources of damping dif-
occur for energy and momentum transfers bound by the tw '

parabola¥’ erent from the single pair excitations must be invoked in
order to explain the observations. Figure 2 shows the experi-
#2q? #2qoe mentally measured opticalqt-0) energy loss function
hw(q)— EQZWiT, (5  Im[—1/e(0,0)] for a-Se(the data have been taken from the

paper by Bell and Lian§). One can see that the energy loss
whereEg is the energy gap, which fa-Se is about 2.3 eV, function is not in the formé(w— w,e) as it is for media in
and7qg is the Fermi momentum. Figure 1 shows the singlewhich plasma waves are undamped once cre&ttcexhib-
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(m[-1/e(0,m)]
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FIG. 2. Optical energy loss function, i.e., the inverse imaginary gig. 3. Then-particle excitation domains. Regions from= 1
part of the dielectric function, versus energy transfer. to 4 are explicitly shown on the graph whereas the other regions
(n>4) are grouped together for clarity.
its a spread about its peak, indicating a finite damping rate
(y~wpd2) and a finite lifetime ¢~2/w,e) for plasma regions can be found by considering the relation between the
waves in this material. This indicates that @aSe energy energy and momentum transfer to the system for the case
transfers to collective excitations are not constrained to exisivhen n electrons are excited from the Fermi surface to the
along a single plasmon dispersion line. conduction band. For a givem the region of allowed exci-
One of the sources of plasma damping is the simultaneougtions is bound by the lines
excitation of several electron-hole pairs. These multiparticle
excitations are no longer confined to lie in the strip of the
(g,w) plane defined by Eq5). The possibility that plasma
waves decay into sever@hore than ongelectron-hole pairs
has also been qualitatively discussed by other autfidfs.
Another source of damping is the interaction of the electron

with the lattice periodic potentialelectron-phonon interac- . band | he Fermi " h b
tion), resulting in the decay of plasmons into phonons. In thd!On band are close to the Fermi momentiny: (the number

present paper we will concentrate on the effect of plasmor?f the excited particles is much smaller than the number of

decay into several electron-hole pairs and its manifestation iHTe electrons in _the Fermi surfa_)céquation (8.’) together
the studies of charge formation and transporgie. Our with Eqg. (3) constitutes the domains of tlmeparticle excita-

goal is to obtain ther-particle excitation inelastic cross sec- tions allowed in the system. Figure 3 shows the dispersion

tions and implement them in a Monte Carlo code to study théelat'on diagram _for then—part}cle excnat|on_ domains. In.
charge transport. general, there exists overlapping between different domains,

i.e., the single electron-hole domain contains part of the two-
particle excitation domain, the two-particle excitation do-

lIl. PLASMA WAVE DECAY AND  n-PARTICLE main contains part of the three-particle excitation, etc. As a
EXCITATION INELASTIC CROSS SECTIONS first approximation we shall neglect the effect of overlapping

In the physical model presented in this paper, energyn the calculation of the cross sections.
transferred in inelastic collisions with outer-shell electrons Having identified the integration regions we can proceed
goes into either the creation of a single electron-hole pair of° calculate ther-particle excitation cross sections. Equation
into the excitation of plasma waves. The plasma waved2) contains the energy loss function [Im1/e(q,»)]. The
quickly decay ¢~ 2/w,e) into n electron-hole pairs. Since OPfical data, shown in Fig. 2, only gives us the long-
the lifetime of the plasmon is short, the whole picture looksWavelength response of the medium. The extension of the
as if the ionizing electron createtelectron-hole pairs in the €N€rgy loss function tg>0 from the optical limit is made
vicinity of the interaction point. These pairs constitute a spurthrough the Ashley approximatiéh

The numbern of electron-hole pairs in a given spur is a

ﬁZ 2 ﬁZ
d +ﬂ)_ ®)

ﬁw—nEg=n< m T m
In Eq. (8) we have assumed that the density of electron states
g';n the Fermi surface is large, so that the initial momenta of
the electrons that are subsequently excited into the conduc-

stochastic quantity which can be determined from the Im — _ fxdw’w—,lm -1

n-particle excitation inelastic cross sections. To calculate €(q,w) 0 () e(0,w")

these cross sections one needs to determine the regions of 5

integration in the ,w) plane for each individuah and in- < 5(w_ P ﬁi)) 9)
tegrate Eq.2) over the regions of interest. The integration 2m/ )
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FIG. 4. Then-particle excitation states in thd(T) plane, for EeY)

n=1 (single particl¢ and n=2 (double particle The solid line
represents the energy-momentum conservation equgiigs. (3)
and(4)]. The incident electron energy /' Eg=100.

FIG. 5. The calculated-particle inelastic cross sections versus
electron energy.

In this approach, the energy loss functior] HrL/e(q, )] is .nth-pa.rticle excitatipn statgs. .Figure .5 shows thparticle
treated as being composed of multimodes of a localized pladi€lastic cross sections. With increasing electron energy, the
mon. Theq dependence is introduced by extrapolating theP0SSibility of creatingr>1 electron-hole pairs increases. For
optical data for the energy loss function along plasmon disthis réason, since an ionizing electron loses kinetic energy
persion relations. along its path, it has a greater probability of creating more

To simplify the integration in Eq(2) we map the §, w) electron-hole pairs in a given spur at the beginning of its
plane into the B,T) plane, using the transformation track than at the end of its track. The normalized cumulative

#2g2/2m=T—B and T=%w. The n-particle cumulative in- n-particle cross section¥,(E,T) versus energy transfer,

elastic cross section for all energy transfers ufte-T can  defined as
be found by substituting Eq9) into Eq. (2), leading to (E.T)
_—rs Yo(ET)= T (14
0 0
whereo,(E) is the total integrated-particle cross-section,
wherey=27r2mc g2, B=vlc, are shown in Fig. 6 for some representative values, @nd

for an incident electron energy of 10 keV. We have found

Voo 1 that these distributions are relatively insensitive to the elec-

9(T".B)= T/(T'-B) ' (12) tron energy.
andf(B) is the dipole oscillator strength distribution, which LI B B R B A L
is related to the energy loss function by 1.0 E,=10keV .

f(B)= Bim———|. (12) 08 o

h?N(e?/4mey) €(0B) I ’
The dipole oscillator strength for energies above the optical 06
data(40 eV) were calculated in Ref. 11. The integration re- E

gions forn-particle excitation states in the neB,T) plane
are shown in Fig. 4 and for a givem are defined by the
equation

— n=1 (single e-h pair)

o2t /| T -
- das-p o
Bn_ 2a ! (13) 1 1 1 1 1 1 1

0.0
0 10 20 30 40 50 60 70 80 90 100

where a=n?, B=2n[n(2E;—E4—T)+T], and §=[T(1 T (V)
—n)—nEy]*—4nE¢T.
The domain above the single-particle excitation state FIG. 6. The calculated-particle cumulative cross sections as a

(plasmon domain is split into subdomains for the function of energy transfer. The electron energfis 10 keV.
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A question that needs to be addressed is the initial size o

a spur. Obviously, energy transferred to the system is noi150000
concentrated at one point. One way to approach this problen
is as follows?® From the viewpoint of the outer atomic elec-
trons, a passing charged particle constitutes an electrical im
pulse. The duration of the impulse increases with distance
from the particle trajectory as/v, wherev is the charged
particle velocity. When the pulse duration becomes much
longer than the response time of the bound outer-shell elec
trons (~1/wye), then these electrons follow the electrical E
field adiabatically. In this case the medium merely polarizes~ o000

100000

under the influence of the charged particle with negligible 4000
energy absorption. The resonant conditienu/w, Bohr's 2000
adiabatic criterion®® determines the distance of maximum 0 E
energy deposition from the path of the ionizing particle. This >
region constitutes thepur core which increases with in- -80000 0 2000
creasing velocity of the ionizing electréh.Qualitatively, X (nm) 40000 89000

this effect would lead to an escape efficiengyhat increases

with the energy of the ionizing electron. FIG. 7. Typical electron track structurerfa 1 MeV electron in

Electron-hole pairs created in the spur core lose their ini&-Se. The electron trajectory begins at the bottom of the figure and

tial kinetic energy in a thermalization process, after whichends at the top.

they are separated by a finite distamge This distance can _ _ o _
be estimated for a given initial kinetic energy using the'ived in the first Born approximation. We found that this
Knights-Davis equatiof} which assumes that the pair loses Particular energy was a threshold value above which the
its kinetic energy to phonons during a diffusion-dominatedSimulation results did not vary much. Another reason for
thermalization process. We define thpur sizeas the spur introducing the cutoff energy is the possible inelastic colli-
core size plus the thermalization distance In the next Sions of low-energy electrons with phonons, the physics of
section we model the physics described in this section usiny/hich is not well understood for amorphous materials. As
Monte Carlo techniques to calculate the escape efficiepncy e electron’s kinetic energy falls beyond the cutoff energy it

and the pair creation energy.. . is removed from the simulation. N
For each inelastic outer-shell collision we record the en-

ergy deposited ., and the number of pairs createdand
IV. MONTE CARLO SIMULATIONS calculateW,= Eqep/N. After averaging over many histories
OF CHARGED-PARTICLE KINETICS the simulated energy required to create an electron-hole pair

We have previously developed a Monte Carlo code td@S found to b&Vy~4.8 eV, which lies within the range of

7 .
calculate track structures @-Sel® The code simulates the 2CCePted values of 4W,<7 eV for a-Se. Note that in

following interactions: photoelectric, coherent, and incoher-R€f- 12Wo was taken as a parameter, whereas in this work it
s determined directly from the simulations. Figure 7 shows a

ent interactions for photons, and elastic and inelastic interad® @ : K o I . h
tions for electrons. To extend the code to higher energies, wiyP!cal track structure foa 1 MeV electron traversing the

have recently included electron-positron pair production fod~S€ detector. The spur core size, averaged over the track
photons and in-flight annihilation for positrons. In addition, StUctures, is plotted versus incident photon energy in Fig. 8
we have incorporated the physics described in the previou@' @n @-Se thickness of 15Qum. As the photon energy
section to include the effects of multiparticle excitation. This!Ncreases, the average size of the core is seen to increase due
is implemented as follows. When an inelastic collision with 0 the higher kinetic energies of the secondary ionizing elec-
the outer shell occurs, we sample the cross sections fdfons Produced by the primary photons. As shown in Fig. 9,
n-particle excitation for the given electron eneiyo deter-  the number of pairs in a spur, averaged over the track struc-
mine the number of electron-hole pairs generated at the irfureS. increases only mildly with the incident photon energy

teraction site. We subsequently sample the endrgsans-  CVe the range of energies shown.
ferred to the medium from the cumulative cross sections. ©nce the track structures were calculated, the subsequent

This kinetic energy is assumed to be equally distributedynamics of electron-hole pairs were modeled according to
among then electron-hole pairs. The thermalization distanceth® many-body Smoluchowski equation
is calculated using the Knights-Davis equation. For the spur

; L X X . ﬁP-i(r,t) . .
core, we assume a Gaussian distribution with a full width at [ — L B VPRI 4 DiVZPi—(r,t), (15

half maximum given by = yv/w,., Wherey is a parameter ot
we have introduced to obtain agreement with experimental
data. In our simulations, we use a valueyof 1.6. whereP;"(r,t) denotes the probability that théh carrier is

We follow all photons, electrons, and positrons until theyfound at the positionr at time t, E; is the total (self-
reach a cutoff energyE.,,. We use a value ofE.,; consistent plus appligeelectric field at the position of thigh
=50 eV since Eq(2) for the inelastic cross section is de- particle, andw.. andD .. are the mobility and the diffusion
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Applied Electric Field (V/um)
10umaSe
EE— o FIG. 10. The dependence ®¥. on the applied electric field
1’ 10° 1° 10 along with experimental values measured by Blatisl. (Ref. 26
Photon energy (6V) and Mabhet al. (Ref. 9. The thickness of tha-Se layer is 150um

for the 40 and 140 keV photons, and %0m for the 1.25 MeV
FIG. 8. Average spur core size versus photon energy.afe  (°°Co) photons.

thickness is 150um.

fact that more particles will escape recombination with in-
coefficients of the given carrier, respectively. This equationcreased electric field, which will lead to highgrand lower
was solved using Monte Carlo techniques, by following theW... The scaling with electric field, however, depends on
motion of the carriers through discrete time steps. The simuboth the number of electron-hole pairs and their spatial dis-
lation code has been described elsewH2r€éhe electron- tribution within a spur.
hole mobilities incorporate the effect of shallow traps present The dependence &/.. on electron energy, for an applied
in a-Se. For electric fields above approximately 1,  electric field of 10 Vjum, is shown in Fig. 11W.. is seen
the effect of deep traps is believed to be unimportantd we  to decrease with increasing energy and to reach a plateau at
ignored this effect in our simulations. For a given photonapproximately 600 keV. The energy dependence is due to the
energy, the fraction of pairs that escape recombinatiae  fact that the spur size is proportional to the electron velocity
calculated for each track structure and averaged over many. As the spur size increases, electron-hole pairs are farther
histories. Subsequently the energyy. =W, /7 required to  apart on average resulting in less recombination and a corre-

create a detectable electron-hole pair was calculated. spondingly lowerW... The plateau arises becausesatu-
Figure 10 shows the electric field dependenc&\of for  rates at relativistic energies.
three photon energie0 keV, 140 keV, and 1.25 MeV In Fig. 11, we also show the dependencé/f on pho-

along with the experimental data points measured by Malton energy. The trend is similar to that of electrons, except
et al® (°°Co) and by Bleviset al?® (40 and 140 keY. As  thatW. is higher and the plateau is reached at about 1 MeV
one can see there is a good agreement between the theoretistead of 600 keV. This occurs because the ionizing second-
cal and experimental values within uncertainties. As previary electrons are of lower energy than their parent photons.
ously discussed, the electric field dependence is due to th&lso shown in Fig. 11 are experimental values measured by

7 T T 80 rrr :
~~~~~~~~~ Simulations (electrons)
5 701 Simulations (photons) 1
? 6r T ol o Experimental values (photons) ]
= S
8 4F _ 2 40
S z 30}
é 3r 1 20}
E oL i 10F 10 V/um Applied electric field |
[0 150 um a-Se
o 0 L L 1
S [ 150umaSe ' 10* 10° 10° 107
2 Hma . . Energy (eV)
3 6 7 .
10 10° 10 10 FIG. 11. The energy dependence Wf. for photons (solid
Photon energy (eV) curve and electrongdashed curve Also shown are experimental

measurements by Blevist al. (Ref. 2§ and Mahet al. (Ref. 9.
FIG. 9. Average number of electron-hole pairs in a spur versushe thickness of tha-Se layer is 150um, and the applied electric
photon energy. Tha-Se thickness is 15Qum. field is 10 Vium.
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' ' ' ' ' creases by more than a factor of 2 between 200 and 300 K,

350.' ] while recent measurements by Haugetral?® have shown
300 - that there is no temperature dependence in the range 260—
€ i 300 K. We have run simulations for various temperatures
£ 50l with our code and have found no significant dependence
§ I (less than 5%within 200—300 K. Further experimental evi-
§ 200+ dence must be acquired before the temperature dependence
= - can be properly understood.
® 150+
a - V. CONCLUSIONS
2 100
2 A The signal generated by x rays in the photoconductor
- s0f a-Se is not well understood. It is primarily governed by re-
- combination, which is very sensitive to the positions of the
(:02 electron-hole pairs generated along the photon/electron/

positron track structures. In this work, we develop a theoret-
E (eV) ical description of the charge formation i@-Se. In our
model, high-energy electrons created by the interacting x
FIG. 12. The interspur separation distanceNd{uer) Plotted  rays undergo interactions with atomic electrons, exciting col-
versus electron energy. lective (plasma oscillations as well as single electron-hole
pairs. We develop cross sections for the decay of plasma
oscillations into the creation af electron-hole pairs. These
cross sections are integrated into a Monte Carlo code that
by various authors for quite some tifé2” The two main simulates the stochastic track structuresiie. From these

competing models have been the Onsager model of geminaEeaCks’ we determine the initial positions of electrons and

recombination and the Jaffe model of columnar recombina: oles in the medium. We subsequently follow their time evo-

tion. In the Jaffe model, it is assumed that the ionizing eIec—IUt'on using a simulaiion code that effectively solves the

trons produced by x rays create electron-hole pairs contianany'lbo?yt S\/(/noluchhor\:vzm eC{LijatIOI’]. bFr?rll”nﬂt]hese IS|muIatt.|ons
ously in a column surrounding their tracks. For this to holgVe caicuiateVy.. which depends on bo € pair creation

the separation between spurs would have to be smaller th Iergly\tlv%\?nd the ?scatpe efflfc!en%y Utsmg our mogel,l W?.
the spur size. The interspur separation, calculated from th alculate\.. :as a tunction of incident energy and €electric

total outer inelastic cross sections, is plotted in Fig. 12. As—Ield for both electrons and photons. We compare to avail-

suming that on average the spur size is 5—6 nm, the overlaﬁ£b|e experimental data and show good agreemaft.de-

ping only becomes important when the electron energy jcreases with electric field because a higher fraction of par-

less than 5 keV. The columnar model is therefore too simiCcl€S escapeh .recomtl)lnatlr?n, thus mcreasm;tg) W
plistic a model to describe recombination over a wide rang&l€creases with increasing photon energy up to about 1 MeV,

of incident energies. In the Onsager model, on the othef"fFer which it reaches_ a CO”Star?‘ pIateau.. In another Bape'r
hand, it is assumed that charges can only recombine witfhis has been qualitatively described by a interspur recombi-

their geminatg(original) pair. This model leads to a depen- nation meghanlsm. In our WOd.e" th_e energy dependence is
dence ofW. on electric field, albeit not with the proper not due to interspur recombination since spurs are only close

slope, but does not predict a dependence on x-ray energ nough to affect each other at energies less than about 5 keV.
The reason for the failure of this model is twofold: first, it nstead, the energy dependgnce is attributed to an energy-
takes into account only a single electron-hole pair Wh”edependent spur size. This arises because energy is deposited

there are on average about 4-5 pairs in a spur, and secon\ﬁi,thin_ a sphere_ W_h(_)se size_ is proportional o th? incid_ent
the distance between pairs does not vary with energy of thi€/0City Of the ionizing particle. The escape efficiency in-

ionizing electron since only thermalization is taken into ac-Creases with increasing spur size because electron-hole pairs

count, which only depends on enerrgnsfer in the spur are farther apart, resulting in a greater probability
Our model can perhaps be seen as an extension of t escaping recombination. This mechanism seems to ex-

Onsager theory. The model is extended to include multiplep ain the observeq energy dependence/bf in a-Se. The
electron-hole pairs in a spur. The energy dependend¥.of results presented in this paper can be used to calculate the

comes from the velocity-dependent spur size. Our result§idnal ina-Se based x-ray detectors for applications in diag-
suggest that although interspur separation can influence tHiStic radiology and portal imaging. Better understanding of

energy dependence, it does not play as significant a role 4 e_signa} generation in these d(_atectors may 'e‘.id to further
the size of the spur. optimization of both deteptor QeS|gr_1 and the choice of x-ray
On a minor note, the temperature dependencé&/ofhas energy spectra used for imaging with these detectors.

sometimes been used to distinguish between recombination
models. The Onsager model predicts a temperature depen-
dence while the columnar model does not. Experimental evi- This research is partly supported by a Natural Science and
dence about the temperature dependend¥ of however, is  Engineering Research Council of Cand88ERQ Univer-
contradictory. Hirsch and Jahakh&iave found thaty in- sity Industry Gran{CRD 215792-98

Mah et al® and by Bleviset al?® The simulations agree with
the measurements within experimental uncertainties.
The energy dependence\Wf. in a-Se have been debated
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