JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 2 15 JANUARY 1999

Signals induced in semiconductor gamma-ray imaging detectors
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The signal induced in a readout circuit connected to a pixel electrode in a semiconductor gamma-ray
imaging array is calculated by solving the Laplace equation. Two approaches are presented that use
Green functions in solving the boundary value problem: decomposition into basis functions, and
construction of an infinite series of image charges. Another approach is developed based on the
Ramo-Shockley theorem, which makes use of weighting potentials. These potentials may be readily
calculated in three dimensions using a Fourier-transform propagation technique. An analytic
solution is found for the special two-dimensional case of a strip detector. Experiments on CdZnTe
square-pixel test structures using alpha radiation confirm the expected trends in pulse shape as a
function of pixel size. Signals observed simultaneously on adjacent pixels also follow the predicted
division of currents. Trends with pixel size are also confirmed in the shape of pulse-height spectra
taken using &°"Tc source. ©1999 American Institute of Physid$S0021-8979)03302-3

I. INTRODUCTION eliminated, with no loss in detection efficiency. However,
even an infinitesimal pixel would not have the best transport
Gamma-ray imaging detectors based on compound semproperties. Electron-only transport does involve some varia-
conductors such as C&h,_,Te are poised to become im- tion in signal with depth of interaction, and some component
portant tools in nuclear medicirteastrophysic$;® and other  of hole transport can serve to balance out this trend. Another
fields, providing higher spatial resolution and higher-energyaspect of small pixels is that they are prone to degradation of
resolution than can be obtained with scintillator-basedhe energy resolution by a variety of mechanisms such as
gamma cameras. These detector arrays are made from sladscape ofK-shell x rays, straggle of energetic electrons,
of single-crystal semiconductor material with individual pix- Compton scattering, and diffusion of charge carriers. In prac-
els defined either by square regions patterned into the eletice, these processes of nonlocal charge deposition set a
trode on one side of the slab, or by a crossed-stripe pattedower bound on pixel size, unless steps are taken in the
formed on opposing sides. The detector volume is a region dfmage-acquisition system to recover a signal that has spread
intrinsic material or a fully depleted—i—n structure which  to neighbor pixelé. For a given set of material parameters
operates under a bias voltage in photoconductive modeind energy of incident radiation, there is an optimal pixel
Gamma rays absorbed in a photoelectric interaction producaspect ratio, which may be determined by modeling both the
mobile electron—hole pairs, which move under the appliednduced signals and the scattering processes.
field, inducing a current in nearby pixel electrodes. A readout In Sec. Il we derive expressions for the induced signal
circuit connected to each detector element responds to tHey solving the three-dimensional Laplace equation. In Sec.
integrated current resulting from a single gamma interactionlll two forms of a Green function are developed: an expan-
The integrated signal corresponds to the energy of theion into basis functions, and a summation of a series of
gamma ray, and this pulse height is used in spectroscopignage charges. In Sec. IV approaches using the Ramo-
analysis to screen out events of interest for imaging. Shockley theorem are presented. The three approaches to
In single-element semiconductor detectors, the inducegalculating the induced signal produce equivalent results, but
signal is proportional to the distance the charge carrierone may have a computational advantage over another when
move. Strong trapping of holes relative to electrons results iiinalyzing a given detector geometry. Section V discusses the
signals that vary with depth of interaction and a pulse-heighgffect of carrier trapping and methods for calculating the
spectrum having a characteristic trapping tag discussed in induced signal from the charge distribution. Section VI pre-
more detail later in the articleln multielement detectors, the Sents an analysis of the effect of pixel size on the detected
induced current no longer depends only on the distance th&ignal. Section VII presents experimental results that confirm
carriers travel, but also on their proximity to the sensingthe predicted trends in temporal pulse shapes and pulse-
electrode. This “near-field” effect can be exploited by height spectra.
choosing the pixel plane to be the anode and making the
pixel dimensions small in comparison with the detector!l- INDUCED CURRENTS IN MULTIELEMENT
thickness. In this situation, the signal is due almost entirel)PErECTORS
to electron transport, and the hole trapping tail is largely  \We consider the detector array geometry shown in cross
section in Fig. 1. The continuous top electrode is held at a

dcurrently with Panoptic Vision, Inc., Boulder, CO 80303; electronic mail: (negaﬁve bias potentialvb, Wh”? the bOttom. pier elec-
josh@pancam.com trodes are kept at ground potential by a transimpedance am-
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Y electrode. As the packet of carriers moves close to the elec-

Vo G( trode, the surface charge becomes more concentrated around
the point closest to the packet. The temporal change in sur-

z face charge, integrated over the electrode area, manifests as a
current flowing through the electrode. When the charge
LIl Moo z, packet drifts all the way to an electrode, the mobile charges
recombine with the surface charges of the opposite sign. The
current pulse that should result from the sudden change in

‘ X surface charge is exactly balanced by the transfer of mobile
L\ / v Vv carriers into the electrode material. The net result is that
A% Y% there is no associated pulse of current when a charge packet

reaches the electrode.

FIG. 1. Detector in cross section. The continuous top electrode is connected, Single and multielement detectors
to a bias voltag®/,, . Pixel electrodes on the bottom plane are held at ground
potential by the input node of a charge-sensitive preamplifier. In semi-insulating media, therefore, the electrode cur-

rents may be calculated by observing the change in surface
charges as carriers move inside the detector volume. How-
plifier connected to each pixel. When a gamma ray is abever, in the case of single-element detectors, which have a
sorbed in a photoelectric interaction, a cloud of manycontinuous electrode on either side, the form of the induced
thousand electron—hole pairs is created. Under the influenacgurrents may be found by a much simpler calculation.
of the bias field, the holes will drift upward toward the con- The power required to move a packet of chargat a
tinuous (cathod¢ electrode while the electrons will drift velocity » in the direction of a field# is P=q#v. This
downward toward the more positivanode pixel electrodes. power must be drawn from the power supply, which keeps
The volume of the detector consists of an intrin@c well-  the bias voltage/=#L constant across the detector thick-
compensatedsemiconductor or a depletion region having nessL. This power may be factored into a current and a
very high resistivity, and it is assumed to be free of chargevoltage,P=iV. The currentj=qv/L, flows as long as there
carriers except for those liberated in an interaction with aare mobile charges in the medium, regardless of their posi-
gamma ray. Thermally generated charges do exist in the volion. We separate the charge packet into electreresiNg(t),
ume and result in a low-level dark current, which can beand holesgN(t), each of which moves at its own velocity
considered to be independent of the pulse of current resultingn opposite directionsand whose number may change in
from a gamma-ray interaction. time. The electrode current for a single-element detector is
In doped semiconductors, or in ionic materials, compenthen
sating charges move to surround mobile charges, effectively e
screening their fields from being sensed at macroscopic dis- i(t)= — [Ng(t) ve+ Np(t) vp]. )
tances. Since charge neutrality is maintained at all points in L
the detector volume, no electrode currents are observed until The electronic circuits that sense the current pulses in
moving carriers actually reach the electrodes. By contrast, igamma detectors are typically configured as integrators,
an insulating medium, currents resulting from introduction ofyielding a signal proportional to the charge stored on an
mobile carriers into the medium are due entirely to induc-integrating capacitor. If the integration time is long enough
tion. Unlike the case of doped semiconductors or conductivghat all carriers have drifted to their respective electrodes, or
Ohmic media, there is no reservoir of free carriers availablthave become trapped along the way, the net charge is a func-
to surround drifting carriers and maintain local charge neution of interaction deptlz;
trality, at least not on the time scale of interest. The charac-

teristic relaxation time of a medium is given bg=pe, Q(z)= eNeA 1—exp<—i”

wherep is the resistivity, ance= ¢, ¢q is the dielectric con- L e

stant of the material. For a typical slab of detector-grade eN-A L—z

CdznTe having a resistivity of 10'° Q cm and a relative E n 1—exp( ~ ') , 2
h

dielectric constant of 11, the relaxation time is 49 ms, which
is long compared to typical hole drift times for these detec-where\, and\,, are the mean-drift lengths for electrons and
tors of one or two microseconds. On the other hand, thdoles. Equatiori2), which is known as the Hecht relatidrs
charges do not move so fast (1€m/s is the terminal veloc- usually sufficient to describe the behavior of single-element
ity at room temperatujethat electromagnetic forces need to detectors.
be taken into account, so the system can be treated quasi- The position-independent model of current flow from
statically. Eqg. (1) cannot be applied to multiple-element detectors as
When a charge packet is introduced into the medium ithere are several paths the current can take, and the current
will induce a surface charge on any nearby electrodes. As thihrough each electrode depends on the position of the carri-
charge packet drifts under the influence of the bias voltagesrs. We can develop a more general theory of induced cur-
the surface charge density will change in form, starting outents by first considering a point charge created within the
as nearly uniform when the charge packet is far from thedetector volume at the three-dimensional position vegtor
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In the absence of boundary conditions, the potential fromll. SOLUTIONS USING GREEN FUNCTIONS

this point charge follows d— ~1 falloff. At the pixel ) o

plane, where all electrodes are held at ground potential, a 1 ne Potential distributiord throughout the detector vol-
surface charge will develop to offset the discontinuity in po-UMe due to a charge distributignsatisfies the inhomoge-
tentials. By Gauss’s law, the surface charge on the electrod&€0Us Poisson equation

IS —p(nt
Ve ()= 2ol @)
AP (1) €
o(rt)=e ; 3 _ , , _
Iz |, The potential can be found with the aid of a Green function

G(~,~), which represents the potential adue to a point

wherer is the two-dimensional position vector on the elec-Charge at,. The functionG must satisfy

trode surface® is the potential within the volume, anel
= €q¢€, is the permittivity of the semiconductor material. The V2G(simg) = — 47 8(r—rp), (8

current flowing through the pixel electrode at a given time is

the time derivative of the surface charge density, integratet/ithin the volumeV as well as surface boundary conditions
over the pixel area on the top and bottom electrodes,

. B , 90(r,b) G(x,y,L)=G(x,y,0)=0. (9)
pin 1) = fpixd ' at @ We apply Green'’s theorem over the detector volue
whosex andy dimensions extend to infinity. The surfage
Often we are not interested in the details of the currentgnsists of the top and bottom electrodes. The outward-
flow, but need only to know the integrated charge stored ORjirected normal derivative/Jn points in the+z direction
the feedback capacitor in the readout preamplifier after aljy; the top surface ar=L and the—z direction for the
carriers have had time to drift across the detedtbmot  potiom surface, where=0. The small spaces that must, in
trapped along the way This charge signal depends on the practice, separate a pixel electrode from the surrounding sur-
initial and final surface charge densities, face region are ignored for the moment, but will be treated in
the next section. When the surface boundary conditions,

W= | dr[o(r,tya) — o(r,0)]. 5

Qi fpix Lo(Ftma) = (1.0)] ® d(x,y,L)=Vg and ®(x,y,00=0, (10

Here, t,a is the maximum time for carriers of either sign to are applied, the potential is given by

drift from the interaction point; to the electrodes. As men- Vv IG

tioned above, there is a change in surface charge as each @, t)=— 4_B f dr,, 9Glrir0)
T Joo

carrier that was not trapped along the way recombines at the 92 |,_,

electrode, but no net current results. The integrated charge

signaI_QpiX gene_rally(but not alway} _rises mo_notonically 2 f d3G () plrg)t). (11)
from time O to timet,, then stays fixed until reset elec- TEQEr JV

Frr](ztn;?zglI):f;(lrefgrr]t:reremrc:)ea;(;d gg dre;;arr)ﬁg:jgtg%?eggethe The first term in Eq(11) represents the potential due to the

Nl Iel ellcjactrode ol?a (e,h; i ybee& reget by its rezado't C.rliixed bias voltage while the second term gives the potential
PIX ae vottag ving v JOUL ClIg 16 to the mobile distribution of charges produced in a
cuit. Even immediately after a gamma-ray absorption, the

. ) o amma-ray interaction. To calculate the signal induced on a
electrons and holes created will be in close proximity to eac

ther. and there will be no effective charae distribution in th ixel by a charge distribution within the detector volume, we
other, arl ere will be no etlective charge distributio €substitute the second term in E4.1) into Eq. (6) to obtain
bulk until the carriers start to separate. The net signal may

then be expressed using HE) as
Qpix:4_ f d?r 9z fds"OG(/’;/’o)P(/’o:tmax)} . (12
2 ’Qq)(/’vtmax) ™ Jpix v z=0
Qpix: _d re 7 . (6) ] ) .
pix z=0 A. Eigenfunction solution

The key to finding the final integrated charge isto find a  We present two techniques for finding the form of the
potential due to a single point charge which satisfies th&reen function. One method involves constructing the Green
inhomogeneous Poisson equation with the appropriatéunction from an orthonormal set of basis functions that sat-
boundary conditions. Such a potential is a Green functionisfy the boundary conditions. A second technique is to con-
and methods for finding the form of this function are dis- struct an infinite series of image charges, alternating positive
cussed in the next section. From the known potential thend negative, arrayed in a way that the potential adds up to
surface charge can be found from E8), and the integrated zero on both the top and bottom electrodes. The image-
charge from Eq(5). The solution for a general initial distri- charge form of a Green function will be shown in the next
bution of chargep(~t) can be found by superimposing the section.
solutions for a distribution of point charges, under the ap- The needed Green function can be constructed from a
proximation that the point charges do not interact with eactcomplete, orthonormal set of eigenfunctiofis,}, that sat-
other. isfy the same Dirichlet boundary conditions as E%),
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1 e 2kL+z
G 770) = — 4 — Uu(~ U* 79) - 13 L= — 2 3/, 0
( 0) ; )\n n( ) n( 0) ( ) Qplx k;x A fpixd rfvd 0{[(2kL+Zo)2+r2]3/2
To find the form of the basis functions we observe that the _ 2kL—2z, t 18
detector volume is assumed infinite xnandy, so complex [(2kL—2z,)2+12]3R P tma)- (18)

exponentials indexed by the continuous varialilesd  can N ) )
be used in these dimensions. In thalirection. the finite We will find it useful to calculate the induced signal when

extent and boundary conditions at the surfaces dictate a sé1€ charge distribution is restricted to a thin vertical line
ries of sines, indexed by the integer variabieThe form of which is centered over a circular pixel of radi&s In this

the basis functions is then case, the expression reduces to
“ efL 2kL+z
2 mmz . . — i _ 0
umén(x,yyz): \/E sin T) eZm§xe2m77y_ (14) QPIX k;x Zfo dZO{Z [(2kL+Zo)2+ R2]1/2
2kL—z
The constants ir_1 front were found by normalizing. The ei- T [(2kL—2 )szz]yz]P(Zo,tmax)- (19
genvalues are given by 0

) From this form for the induced signal, the signal for arbitrary
mar ; et i
An(€7)= _( i ) — A2+ 7P). (15) Ellxgl shapes and charge distributions can be faiRef. 8, p.

Applying a formula from integral tables and substituting in

the rest of the expression f@, we obtain(Ref. 6, p. 13},
IV. SOLUTIONS USING WEIGHTING POTENTIALS

G(,,,,O)zi > Ko<mﬂlr_r°|)sin<mwz> Sin(mwzo)7 Ramo proved a theorefnjntroduced by Shockle}’

L m=1 L L L which provides a convenient way to calculate the current

(16)  flowing through an electrode due to motion of a charge car-

. . . rier. The Ramo—Shockley theorem concerns a volume within
whgre ,KO is the zero—ordqr modified Begsel _funct|on. Thewhich an arbitrary number of electrodes are held at fixed
cylindrical symmetry ofG is reasqnable in thls geometry. potentials, and a point charge of strengtimoves along a
WE.E would expect .th?t the potential at Iocatlerdue_ to a velocity vectorv. The forces that cause the charge to move
pom'F source ak, within the detectqr would depend !N SOME are not considered here, only the fact that the charge is mov-
det‘?‘"ed way on the vertical coordinateandz,, but n the ._ing. The current flowing through a given electrode can be
honzon@al plane would depend only on the relative rad|alfound by calculating aveighting field &,,, which is the
separatior},—q|. electric field appearing within the volume if the electrode of
B. Image-charge solution interest is raised to unit potential and all other electrodes
kept at ground potential. Then, the electrode current due to a

gharge at poink is%10

The solution forG derived above is difficult to evaluate
in practice. The series is an alternating one that must b
coerced into convergence by means of apodizing functions. i=ev(») &, (). (20)
An expression foiG as an infinite series of image charges )
converges monotonically, although not rapidly, and has theimilarly, the mt_egrz_;\I of the e_Iectrode current can be found
advantage of being easy to visualize as a series of real poiffty méans of aveighting potentiald,, . The right side of Eq.
charges. We write the Green function with positive and nega(20 is the time derivative of-ed,(-), so as the point
tive charges balanced in pafrsyhich serves to speed con- charge moves from position to »,, the net charge built up

vergence of the series, on an integrating capacitor connected to the electrode will be
= 1 Q=e[Py(r2) — Pylr)]. (21)
G(’“;’“O):k;w [(2KL—z+z5)2+r2]17 Here, we give a brief derivation of the Ramo—Shockley
theorem. LetS, represent the pixel of interes$g represent
1 the union of all other electrodes in the region, é&depre-
 [(2kL—z—zg)2+ 127 (170 sent a small surface surrounding a test chag&'e wish to

answer the questions: how much chafg is induced on

This image charge solution can be shown to be equivalent telectrodeA due to the presence ef and how much current
the eigenfunction version derived above using the Poisson, flows in electrodeA when the charge moves? First, we
summation formuld. consider the case in which all electrodes are held at ground

With an expression for the Green function in hand, thepotential. An electrostatic potentidh exists throughout the
induced signal may be calculated using Ekp). The expres- volume due to the test charge but is forced to zero at the
sion can be simplified by evaluating the derivative with re-electrodes. The potential satisfies the Laplace equation,
spect toz at z=0, V2d =0, in the charge-free region between electrodes. When
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a small spheré, is drawn around poing, the potential on the technique of conformal transformations can be ued.
this sphere isb,. Gauss’s law gives the relation between A Powerful method suitable to modeling many electrode ge-

this potential and the enclosed charge, ometries involves calculating the solid angle subtended by an
infinite series of images of the electrotfeArbitrarily com-
f d2r ﬁq)e:__e 22) plex three-dimensional geometries can be evaluated using
Se an €’ finite-element techniqué$. The planar detector geometries

considered here are particularly suited to a method of finding
the potential distribution from the value on one surface of the
detector using a Fourier-transform propagation technique.

Now, we consider the case in which the chaggkas been
removed and electrodd has been raised to unit potential.
The potential now on the surfa& is labeledd/. We use
Green’s theorem to obtain a relation betwe®nand &',
which reduces to

Py A. Fourier-transform propagation method

B , IP . , 0P 5 Hion mefo |
0= s dr WHDEL d*r E_(DGL d’r on - From the known potential distribution on the pixel plane
g ° ° (23 (at z=0) and on the continuous top electrode=(), it is
. i possible to find the potential distributich(x,y,z) through-
By Gauss's law, these three surface integrals yield the eryyt the detector volume. Here, we follow the derivation used

closed charge, as in Eq22). The first integral gives the py Kavadiaset all® Starting with a potential distribution that
induced charge on electrod® —Qa/€). The second term  gagisfies the Laplace equation,

gives —®e/e. The third integral is zero since there is no

charge present whed' is applied. The result is L L
—2 T o3t —— | P(Xy,2)=0, (29
Qa=—ed,. (24) gxs - dy" 9z
Generalizing from a point charge to a distribution of we apply atwo-dimensionalFourier transform inx andy
chargep(r) (and dropping the minus sigrnwe have only,
2 2
Qa= f d%D,(Ap(-), (25 f T ~ilkpctkyy)
wdxd ax2+ Y. d(x,y,2)e y
where®/ has be renamed aB,,. To obtain an expression 7
for the current flowing through electrod& as the charge +f dxdy — & e-ilkxtky) — 30
moves, we take the time derivative of E@4), XYz (x.y:2) ’ ' (30
d dd, d- ; ;
= Qa — e _eVd' —, (26) which reduces to the transformed Laplace equation,
dt dt dt .
] 9 ~ ~
We define theweighting field ¢#,,= - V®,,, and the veloc- -2 D (ky, Ky 2)=k2D (K, Ky ,2), (31)

ity of the chargev=d./t, which results in Eq(20). Or, if

the field and velocity point in the same direction, ~ ) ) .
where @ (k, k,,z) is the two-dimensional transform of

ia=evidy, (27 ®(x,y,2), andk?=kZ+kJ. Equation(31) has the general
which is the usual statement of the Ramo—Shockley theoren$0!ution

Note that a weighting potential is not a true, dimension-  _ v ks
ally correct potential. Rather, it is a normalized quantity rep- ~ P(kx.Ky,2) =A(ky ky)e™**+ Bk ky)e"™, (32

resenting the charge induced on an electrode resulting fro . .
the introduction of a point charge into the detector volume% which we apply the boundary conditions on the bottom

There are many ways to find the form of the weighting po_and top electrodes specific to solving the weighting potential,
tential, one of which is to use the same Green functions ~ ~
derived above. The relationship between the two expres- D (ky Ky, 00 =Po(ky ky),

sions, for the case in which the electrode of interest lies in (33
the x—y plane, can be found by evaluating the general ex- P (Kx.ky,L)=0.

pression for the pixel signal, E¢L2), for the case where the
charge distribution consists of a single-carreefocated at
positionry. Comparison with Eq(24) yields

-1 IG(r,r0)
_ 2
e

Here, dy(X,y) represents the potential distribution on the

pixel plane with one pixel electrode held at unit potential and
the rest held at ground potential. The boundary conditions
impose constraints,

(28

z=0 =
A(ky ,ky) +B(Kky ,ky) = Do(ky Ky ),
The usefulness of the weighting-potential approach lies (kaky o oy (34)

in the variety of other techniques for finding potential distri- Ak, ,ky)e""-+ B(k, ,ky)e*k'-=0,
butions that can be applied to finding the formdaf(~). For
two-dimensional problems and simple electrode geometrywhich are readily solved foA andB,
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1500 1500 B. Analytic solution for a strip electrode geometry
1000 1000 In practice, the Fourier-transform steps described in the
500 500 previous section must be done numerically for most prob-
. o lems of interest. For the two-dimensional case of a strip de-
2000  -1000 0 1000 2000 500 0 500 tector with no gaps between strips, a simple closed-form ex-

pression for the weighting potential can be found. In this
case, the weighting potential at the pixel plane is a one-
FIG. 2. Weighting potentials shown in cross section through the pixel cendimensional function,

ter. (a) Pixel with 1:1 aspect ratio)V=1500 um. (b) Pixel with 1:4 aspect
ratio, W=375 um.

(2) (W]

Do(x)= rec< Viv) , (37)

Bk Koetk whereW is the strip width. Rather than transforming, multi-
Ak, k)= o(ky, y)_e plying, and inverse transforming, we instead use the convo-
T e lution theorem for Fourier transforms and convolve with the
(35 transform of the propagation function, which8s

— Do(ky ky)e K-

B(kxyky): +KL_ o—kL7 - i W_Z
[e""—e ] sinhk(L—2)] 1 sin-
o ; 7 sinh k,L 20 X 7wz (38)
Substitution into Eq(32) yields X coshT— cos—
- _ kLesz_ ekaeJrkz ) .
D (ky,ky,2)=D(ky,ky) s The convolution yields
. 1 T W T2
= sinhk(L—2) ®,,(x z)=—‘tanl coth—(x—— tan—
=Po(kky) —gomi (36) ™ 2 2 L
1 T W Tz
This equation provides a convenient way to find the potential —tan 7| coth | X+ —-Jtan——| . (39

at any planez given the value at the pixel plane=0, and
the constraint tha®® =0 atz=L. The method is to find the This weighting potential is plotted in Fig. 3 for strip elec-
Fourier transform ofb,, multiply by the propagation func- trodes of two different widths.

tion sinhk(L—2)/sinhkL, and take the inverse transform to
obtain the weighting-potentia®y(x,y,z). Figure 2 shows
examples of weighting potentials for the case of two pixel

s . I : .
with different aspect ratiogpixel width W as compared to C. Numerical solution in three dimensions

detector thicknes&). The three-dimensional weighting po- No closed-form solution will represent the weighting po-
tentials are displayed in a cross section running through theential for an arbitrary pixel shape, but we can find a general
center of a row of pixels. expression that may be evaluated numerically for any pixel

The expression in Eq36) is similar to that derived by geometry of interest. As was done for the two-dimensional
He using an expansion into basis functidh&Ve also note case above, we will convolve the pixel area with the Fourier
that the technique employed here is equivalent to thdransform of the propagation function. The propagation func-
angular-spectrum method used in optics for computing diftion, Eq. (36), is radially symmetric in(two-dimensional k
fraction patterns when taken to the electrostatic limit of space, and its Fourier transform is a zero-order Hankel trans-
zero frequency. form. The series solution for this transforntds

FIG. 3. Weighting potential for strip
detectors. For reference, the strips
are rendered on the back surface of
the plots.(a) Strip width of 5.25 mm
for an aspect ratio ofV/L=23.5. (b)
Strip width of 0.375 mm for an as-
pect ratio ofW/L=0.25.
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1 jwdkk « sinhk(L—2) - el el o
- ry ——— [
27 Jo bikr) sinhkz \ /WK
: z=0.9
1 i fmnz| (mnr 20
= n sin — - 2
LZ = L 0 L ( ) B 05 —
wherer?=x?+y?. We wish to convolve Eq(40) with the w0
pixel-plane potential functionby(r), which takes on unit \J
value inside the pixel boundaries and zero outside. Two- (a) (b) (©)
dimensional convolution with the propagation function is
written as FIG. 4. Final charge distribution in the detector volume, shown for three
interaction depths. The number of carriers that have drifted to the electrodes
o, , is represented in the figure by the length of the horizontal aydnterac-
q)w(r,Z) = . dr'h(r—r’,2) tion near pixel plane a/L =0.1. Nearly all electrons have reached the pixel
pix plane, while nearly all holes are trapped in the medidn).Interaction in

o , middle, atz/L =0.5. Most electrons reach the pixel plane and most holes are
1 2, . [ mNnz an|r—r’| trapped.(c) Interaction near the top, afL =0.9. Most electrons still reach
=z d?r’ >, n sinl 0 .
pix

= L L the pixel plane, while a fraction of the holes have reached the top electrode.

(41)
If, on the other hand, we try to calculate the weighting

potential in terms of Green functions using E88) and the
Green function of Eq(16), we obtain exactly the same form.

carriers move in opposite directions under the applied bias

field, some charge is left behind in deep traps. We assume a

simple trapping model with one characteristic trap time for

each carrier type and no detrapping. More realistic models of

V. EFFECT OF CARRIER TRAPPING charge distributions include the effects of carrier diffusion
If no carriers were trapped as they drifted across theand Coulomb repulsion between like charges. After all car-

detector, a pixel detector would always register the full-riers have had time to drift across the detector, the charge

strength signal, proportional to the number of electron—holelistribution in the detector volume is given by

pairs created in the gamma-ray absorption. There would be

no variation with interaction depth, and no variation with

lateral position within the boundary of a pixel. Interactions

outside the pixel boundary would produce no sigf@sisum- a 'l 2

ing there are no spreading effects, such as diffusion, that éﬁ 0.8 §§ 08

would cause carriers to move laterallyn the real world, % 06 % 06

CdznTe and other compound semiconductor materials that 2 -

are used as gamma-ray detectors have always been plagued g 0.4 é’ 04

with carrier traps. Even though material quality has steadily § 02 §’ 0.2

improved over the last decade, trapping, especially of holes, k
remains a major impediment to attainment of good energy 085 02 04 06 08 10 98002 04 06 08 1.0
resolution in planar detectors. Typical values of the mean- o z/L z/L

drift length, A=u7# at a nominal field strength oft 0.4

=1000 V/cm(u is the carrier mobility and-is the trapping g os g o

time) are 2 cm for electrons and 0.02 cm for holes. In this g o6 g

instance, electrons traveling acsoa 2 mmthick detector s 2 00

will lose less than 10% of their population. When holes are £ °* g _02_//

made to travel the same distance only one in 22 000 will < 02 £

make it to the other side. In single-element detectors, where o -04

the signal depends only on the total distance that carriers of 0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
both signs travel, it is the difference in drift lengths that a/t alt
causes the tail in the pulse-height spectrum. If electrons had (@) (b)

the same drift length as holes, the average signal would be

weak, but all the pulses would be the same height. FIG. 5. Weighting potential and expected signal as a function of interaction

In multipixel detectors, the signal can be calculated us¥epth.(a) Weighting potentialtop) and final signal strengtkbottom for

. . . . . . interactions in the center of a 37&m pixel. Dots in the lower plot corre-
ing the weighting potential as in E@1). The signal at any spond to the interaction depths nf=0.1, 0.5, and 0.9 whose charge distri-

give_n time is the sum of signals due tq the presence of ?—ll!)utions are plotted in Fig. 4b) Weighting potentialtop) and final signal
carriers in the detector volume, whether in motion, trapped irstrength(bottom for interactions just outside the pixel boundary. A negative
the bulk. or recombined at the electrodes. At first. when gulse results for most interaction depths except those very near the front

s : electrode. The electric field across the- 1500 wm thick detector is 1000
small cloud of electron—hole pairs 1S created at location V/em with the continuous electrode biased negative with respect to the pixel

=(X;,Yi,Z), positive and ﬁegatiye C.Elrl’ierS cancel each othepjane. The electron drift length ig.7.#=2.3 cm, and hole drift length is
out, and the net charge distribution is zero. As the packets of,,,#=0.018 cm.
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p(z;z) 10 Interaction atz/L=0 . _Interaction at /L=1
1 8t 08}
— e @ DNetg7siNes(z), 0<z<z), o8
_ e 06 U 06
1 —(z—2z)I\y —(L=z)/\p — 7= = 0.4r- 04}
—)\—e M —e M"h(z—L), z=z<L. g
h ® 02t 02}
(42)
0.0 - SR DO SO - oot —-rdob—
The exponential terms in Eq42) represent the trail of 02} ﬂ F 02}
trapped charges, and the delta functions represent the re- 10 05 00 05 10 -10 05 00 05 10
maining untrapped charges that drifted to the electrodes. In Lateral position x/L Lateral position x/L
the negative-bias configuration we are considering, the elec-
tron distribution is given positive value and the hole distri- (a) (b)
bution is assigned negative value. These charge distributions S _ _ _ _
are illustrated in Fig. 4 for three interaction depths. FIG. 6. Lateral variation in the induced signéh) Interaction at the pixel

. X . . _glane.(b) Interaction at the top electrode. The experiment being simulated is
The net charge S|gnal sensed in the readout circuit i thin beam alpha particle being scanned across au88pixel, along thex

obtained by multiplying the weighting potential by the axis. There is no gap between the pixel pad and surrounding pixels. Material
charge distribution(both polarity carriers and integrating Parameters used are the same as in Fig. 5.

over the detector volume. Since we have assumed that

charges move only in thedirection, the integral reduces to

one dimension, VI. THE NEAR-FIELD EFFECT

. A consequence of the theory of charge transport in mul-
Qpix(zi):f dzd(2)p(2,Z). (43) fuelem_ent detectors is the _reallzat|0n that the S|gnz_il induced
0 in a pixel electrode is not independent of the location of the
carriers, nor is it constant in tinf8.A strong signal is in-
Figure 5 demonstrates the method of calculating the sigduced in a pixel electrode only when carriers move within a
nal Qix from the weighting-potentiad,, using the charge hemispherical region, roughly the size of the lateral pixel
distribution plots of Fig. 4. On the top row of Fig. 5 are dimensions, where the weighting potential is strong. This
plotted weighting potentials for interaction positions in theso-called near-field region is apparent in the weighting-
center of a pixela) and just outside the edge of the pixb)  potential plots of Fig. 2, and in the upper graph of Fia)5
as a function of the interaction depthi.. On the bottom row  Outside of this region, motion of charge carriers induces
the resulting signal strengths are plotted. Each point on théttle signal.
lower graphs is found by calculating the final profile of The near-field concept provides a convenient framework
trapped and untrapped charge from E4R), multiplying by  for explaining charge-transport effects in pixel detectors. For
the weighting-potential curve, and integrating the result. Theexample, the temporal form of the developing signal pulse
three points marked on the lower graphs correspond to thean be deduced from the shape of the weighting-potential
example charge distribution of Fig. 4. When the interactioncurve. The signal at any time is found from E43), with the
position is within the pixel boundaries, as in Figap the  moving charge distributionp(z,z) evaluated at the given
weighting potential has unit strength on the pixel plane, atime. If only electron transport is considered, where trapping
z=0, which is where most of the electrons end up. Thecan be neglected, the packet of electrons can be approxi-
negative-valued distribution of trapped holes causes sommated as the moving delta functign.(z,z) = 6(z;+ vet).
lowering of the signal for interactions near the pixel elec-The (normalized signal at timet takes the value of the
trode but, in this example, has little effect abayéL=0.2.  weighting potential at poirg;— v.t. A small-pixel, electron-
When the interaction falls just outside the pixel boundary, a®nly signal should follow the shape of the weighting-
in Fig. 5b), the weighting potential is zero at tke-0 plane, potential curve, rising very slowly until the electrons are
and the electron distribution, still largely clustered at theclose to the pixel electrode; then sweeping upwards sharply.
pixel plane, counts for nothing. At interaction depths near thdf the electrons are caused to move away from the pixel
pixel plane, the distribution of trapped holes, scaled by alectrode by reversing the polarity of the bias voltage, the
small weighting potential, results in a ne¢gativesignal in  signal should look like the previous case in reverse, rising
the readout circuit. steeply at first, then tapering off as the electrons move out of
Figure 6 shows the variation of the sigr@),;, with lat-  the near-field region. On the other hand, if we consider a
eral position for two interaction depths: at the pixel plane large pixel whose near-field region extends across the detec-
=0 (a), and at the top electrode plares L (b). In the latter  tor, we would expect the signal to rise more gradually.
case, the signal is strong inside the pixel boundaries, and The limiting case of an infinite-size pixel is equivalent to
nearly zero outside the boundaries. In the case shown in Fig single-element detector. The traditional way to think about
6(a), the variation in signal within the pixel and the negative signals from single-element detectors is to assume that the
signal outside the pixel are due largely to the contribution ofcurrent flow is proportional to the number and speed of the
the trapped holes. carriers, regardless of their position, as in Eq. The charge
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building up across an integrating capacitor in the readout
circuit grows linearly with time, or where trapping is signifi- 4
cant, rounds over according to the Hecht relafias in Eq. ; R

Z
S 2 257
0 S AL

(2) with z/\ terms replaced with/7]. This same equation TR
arises from the infinite-pixel model, where the weighting po-
tential follows a straight line extending from the pixel to the  Signal 06
front electrode. The resulting signal from electron transport
rises linearly, except for some rounding over due to trapping.
In the infinite-pixel case, the signal should follow the same
curve in time whether the carriers are moving toward the
pixel or away from it. Pixel size WIL 3
When the motion of holes is considered, trapping effects
become as important as near-field effects. In the case wheFG. 7. Induced signaertical axi$ as a function of pixel size and depth of
holes are starting at the pixel pIane and moving away frorﬁnteract@on. For large pixe_ls, the varia‘tion of signal with i_nt(_eracti(_)n erth is
the pixel, small pixels will give the strongest signal Since?early linear. For small plxel_s, there is only a small variation with interac-
ion depth except near the pixel electrode.

most of the holes will pass through the near-field region

before they are trapped. Larger pixels will end up with lower

signals since holes are being trapped as they move through

ngar fields of larger extent. %f thgpbias voltaée is reverse%vhen the el_ectrons have the farthest to_ travel. On the other
from the usual situation and holes are made to move towar nd of the p|er-S|z_e scale, the puls_e helght depeﬁds only on
a small pixel, the signal will be very weak since few of them the number of carriers that come within the near field of the

are left by the time the charges move to within the near fieldpixel. In the small-pixel limit, the curve is also nearly linear,
In this situation, signals will be higher for larger pixels,

but the incline is much shallower and slopes in the opposite
where the near field extends farther into the detector, ang

irection. In this case, the signal strength depends only on
more untrapped holes are available to induce signal. In th ow many electrons are trapped before making it to the pixel
infinite-pixel case, the signal will again be exactly the same

electrode.
regardless of the direction of hole travel.

Figure 8 shows an overhead view of the pulse-height
Differences in pulse shapes between CdZnTe strip dete(P-IOt of Fig. 7. The central line plots the interaction depth that
tors of differing widths were first reported by Harretl al

21 results in the maximum pulse height for a given pixel size.
Simulations of temporal pulse shapes and corres ondin e)‘(l'_his peak value falls at the point where the optimal balance
P P P b 9 Is struck between the distance the electrons travel and the

perimental observations are discussed in Sec. VII A. o

. Another effect pred|cteq by the charge-transport theor)& the peak line are lines that delineate a region of interaction
is the appearance of negative pulses, which represent current

o B . . depths that result in a pulse height within 2% of the peak.
flowing “the wrong way” out of a pixel, as mentioned at the _ : . L .

. : This region gives a qualitative view of the part of the detec-

end of Sec. V. This should occur when a gamma ray is ab: : . :

. . : tor that contributes to the photopeak in a pulse-height spec-

sorbed just outside the pixel boundary, at a depth near th . . )

el plane. The phenomenon can be described b referencrum' For the material parameters used, the pixel with aspect

Pixel p ' P sen y %8tio of W/L=0.25 has the largest “good” region. It is in-

to the form of the weighting potentials, as is shown pICtorI'teresting to note that pixels can be too small as well as too

ally in Fig. S(b)'_ Ar_10ther way to view this effect is in terms arge. Experimental pulse-height spectra are presented in
of current continuity between the front electrode plane an

. . ec. VIl C.
the pixel electrode plane. The experiments presented Sec.

VII B confirm that current not sunk by the pixel electrode is
taken up by the surround electrode.

The near-field effect has interesting implications for the
quality of pulse-height spectra. In most applications the only
guantity that is measured for each gamma absorption is the
pulse height, and large numbers of pulse-height measure-
ments are histogrammed to form a pulse-height spectrum.
Ideally, a monoenergetic beam of gammas would produce a
delta-function pulse-height spectrum in which all the counts

=y

o
o]

<o
n

Interaction depth z/L
o
()]

0.2
fall within a single bin of a multichannel analyzer. This
would happen if the pulse heights were the same for all in- 0 0.4 0.8 1.2 1.6 2
teraction depthgand all lateral interaction locationsFigure Pixel size W/L

7 shows the_ relat'_onSh'p between pu_lse he'ght' 'nteraC.t'OBIG. 8. Optimal interaction depth vs pixel size. The central line shows the
depth, and pixel size. In the largest pixels, the pulse heighhteraction depth that gives the peak signal for a given pixel size. The region
varies nearly linearly with interaction depth. In this regime, between the outer lines delineates the range of depths that result in signals

; ; vithin 2% of the peak value. Gamma rays absorbed within this “sweet
the pUIse hEIght depends Only on the distance that the Carll;i,vpot” region will all have pulse heights falling under the photopeak. For the

ers travel. Since holes are str'ongly trapped, the si.gnal IS gehaterial parameters used in the simulation, a pixel of width-to-length ratio
erated almost entirely by motion of electrons and is strongesif 0.25 gives the largest photopeak fraction.
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FIG. 9. Point probe test setup. The samples are edge pieces from CdzZnTe Time [ms] Time [ms]
wafers patterned with test pixel structures ranging in size from 3o 2 (@ (b)
mm on a side. A 25um gap separates the pixels from the common sur-

rounding electrode. The test pieces are 1.5 mm thick and have a continuotﬁG 10. Averaging of multiple tracesa) Wave forms as captured by a

“front” electrode on the opposite side. Bias voltage is applied to the frontdi ital oscilloscope show differences in base-line voltage and start time, as
electrode through a conductive rubber pad, which has a hole in it to let alpha 9 P 9 !

radiation through. The pixel and surround electrodes are contacted withWell as variations in pl_JIse he|gh§ due t_o the range of energies in the alpha
; h - source.(b) After base-line correction, alignment on the time axis, and nor-
point probes with short leads to a preamplifier.

malization to final pulse height, successive pulses show the same underlying
shape and may be averaged to improve the signal-to-noise ratio.

VII. EXPERIMENTAL RESULTS except for occasional rogue pulses arising from hits near the

A series of experiments was performed to confirm thepixel edge. In the pulse shape studies plotted in Figs. 11 and
predicted pulse shapes for pixels of various sfZe.test- 12, the traces shown are usually averages of four successive
pixel pattern was fabricated on a series of,g&h, ;Te slabs, pulses. After averaging, the wave forms were rescaled again
each 1.5 mm thick. The test pattern consisted of seven squaie match the pulse height in the corresponding theoretical
pixel pads ranging in size from 125 to 20@®n, with a 25  plot.
um gap between the pixel and the surrounding electrode. The four combinations of electron/hole transport and
The test pixels could be operated as detectors by contactirfgpnt/back irradiation were studied. In each case, the trend of
the pixel pad and the surround electrode with tungsten opulse shape as a function of pixel size follows the expected
gold point probes, as shown in Fig. 9. In the experimentstheoretical result. The theoretical plots shown on the right
both the pixel and surround were held at ground potentiaside of Figs. 11 and 12 were generated using the image
either directly or through the summing node of a chargecharge formulation of Eq(18), but evaluated at time
sensitive preamplifier. In the following, the patterned side of<tma«. In the model, the alpha particles were assumed to
the detector will be referred to as tlhack electrode, while interact in the center of a circular pixel. This approximation
the continuous electrode, to which the bias voltage is apis generally valid, as pulse shapes do not vary significantly if
plied, will be called theront. the interaction point varies laterally within the pixel bound-
aries. In the theoretical curves only signal induction effects
are included. Several other phenomena would tend to slow

Alpha radiation was used to observe separately the tranglown and smooth the theoretical curves if taken into ac-
port of electrons and holes. A 5.1 MeV alpha fréfPu is  count. Chief among these effects are scattering of the sec-
absorbed within the first 2@m in CdZnTe. At this shallow ondary particles from the point of initial interaction, diffu-
depth, the carriers of the sign that drift to the near electrodsion, and Coulomb repulsion of the liberated charges, and
do so within a few nanoseconds; the observed current flow idetrapping of trapped charges.
then due almost entirely to motion of those carriers that drift  In Fig. 11 the induced signal from motion of electrons is
toward the opposite electrode. Pulses from the chargeshown. Since few electrons are trapped during transit across
sensitive preamplifier were captured by a digitizing oscillo-the detector, the signals show the near-field effect clearly,
scope at sampling intervals as short as 5 ns. The range inith little interference from trapping. A small variation in
energies of the alpha particles incident on the detector wafinal pulse height is due to electron trapping. For electrons
rather broad, resulting in significant variation in the observednoving toward the pixel plane in Fig. (&, the smaller
pulse heights. Since we were interested in observing thpixels have a lower final pulse height because the moving
shape of the pulses rather than the absolute pulse height, thacket of electrons has lost a few percent of its charge before
digitized wave forms were renormalized to unit height. Thisinducing the signal when the packet nears the pixel elec-
process, shown in Fig. 10, facilitated averaging of successivigode. When electrons are moving away from the pixel plane
wave forms to reduce electronic noise. A base-line periodhs in Fig. 11b), smaller pixels have a higher pulse height, as
before the pulse and a saturation period after the pulse wetbe signal has been generated early, before any trapping has
identified. The mean value within these regions determinedaken place.
the overall pulse height, and all pulses were rescaled in am- In the case of an infinite pixdbr a single elementthe
plitude and were also shifted horizontally so that the mid-signal follows the Hecht formula, rounding over slightly. As
points matched. When superimposed on a graph, wave formexpected from symmetry, the shape of this curve is exactly
processed this way generally lay right on top of one anothethe same whether electrons are moving back to front in Fig.

A. Temporal pulse shapes
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FIG. 11. Experimentalleft) and theoreticalright) pulse shapes for electron FIG. 12. Experimentalleft) and theoreticalright) pulse shapes for hole
transport as sensed through pixel electrodes of various @zdlpha ra-  transport as sensed through pixel electrodes of various @eélpha ra-
diation is incident on the front electrode; a bias voltage-df00 V moves  diation is incident on the pixel electrode; a bias-6800 V applied to the
electrons toward the pixel electrod) Alpha radiation is incident on the ~ front electrode moves holes away from the pixel. The rise time is fastest and
pixel electrode, a bias 0f100 V on the front electrode moves electrons Pulse height strongest for the smaller pixels, where holes have a chance to
away from the pixel. No experimental trace appears for the smallest pixemove within the near field before they are trapped. No experimental curve
because the probe tip used to make electrical contact blocked the incidegPpears for the smallest pixel as incident alpha particles were blocked by the
radiation. In both(a) and (b) rise times are faster for smaller pixels, but the Probe tip.(b) Alpha radiation is incident on the front electrode:+800 V
final pulse heights vary only slightly due to the minimal trapping of bias moves holes away from the front electrode. Note the smaller vertical
electrons. scale than the other plots. No experimental curves are shown for the two
smallest pixels as the signal was too weak to be captured.

11(a), or front to back in Fig. 1). In pixels of finite size  he signal before they are trapped, and this effect also is
the signal is strongest and rise time fastest when the eIectro%ongest in the smallest pixels. This means that the final

are near the pixel eIe_ctrode. The curves bend concave up f‘fbrulse height for back-to-front hole transport is higher for
the front-to-back motion and concave down for the back-togm gl pixels and is the main reason why the pulse-height
front motion, with the pulse shapes for a given pixel beingspectrum is much improved in the small-pixel case.

nearly symmetrical in time. In Fig. 12 there is a disparity in time scale between the
_ Figure 12 shows the case of hole transport. Here, trapmeoretical and experimental curves. Observed motion of
ping dominates over pixel-size effects. Whether movingnoles was significantly slower than predicted by the model,
back to front in Fig 12a) or front to back in Fig 1), all  hich used values ofi, and =, extracted from measure-
curves round over due to trapping, with only a small upwardments of pulse height versus bias voltage. At this time we do

swing for the smaller pixels in Fig. 18), which was 100 ot have a satisfactory explanation for the observed slow rise
subtle to observe in practice. The main feature of the holgjyes.

transport curves is the difference in final pulse height. When

holes travel front to back, most are trapped before they reacE Signals | di el

the near field of the pixel. This effect is most prominent for 'gnas in surrounding pixets

the smallest pixels. When holes start out at the pixel surface The principle of current continuity requires that, at any
and move away from it, many can contribute significantly tomoment in time, the current flowing into the detector through
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FIG. 13. Continuity of electron currents: measured signals on the left, simu- 0 500 1000 © S0 1000 0O 500 1000

lation on the right. The signal from an alpha particle incident on the front Channels Channels Channels

electrode opposite a 50@m pixel is sensed simultaneously in the front ) o

electrode, the pixel, and the surround. T@ symbols plot the mathemati- FIG. 15. Pulse-height spectra of 140 ke\_/ gamma rays figfic incident

cal subtraction of the pixel signal from the front signal, which lies, as ex-on the front electr'o_de. Bias is150 V applied to the front eIectrode. Pu_Ises

pected, right on top of the surround signal plot. from the_ preempllfler Were_processed by‘a spectroscopy amplifier with a 2
us shaping time, then digitized by a multichannel analyzer. The plots have
been scaled vertically to contain equal counts in a window above 30 keV.
Spectral quality is best for the midsize pixels. Larger pixels suffer from

the front electrode must equal the sum of currents flowingrapping of holes, while smaller pixels show the effect of charge sharing

out of the detector through all of the pixel electrodes. In FigsPeteen the pixel and the surrounding area.

13 and 14 this effect is demonstrated for electron and hole

currents on e_SOQLm pixel._ _In this set of experiments, three Pulse-height spectra

charge-sensitive preamplifiers were used to simultaneously ) o _
measure the signal in the pixel, the surround, and the front ~Figure 15 shows pulse-height spectra for six pixel sizes.
electrode. The preamplifiers were calibrated to the same ré-N€ Spectra were taken with 140 keV gammas froPic
sponsivity and time delay. The traces shown are from 4lood source impinging on the front electrode, which was
single alpha absorption; no averaging of curves was per?€ld at—150 V. Since gamma rays interact at all depths
formed. In the case of electron flow from front to back, theWithin the detector, a range of pulse heights will result.
integrated current through the front electrode is alwaysVhen a histogram of a large number of pulse heights is
higher than the pixel signal, with the final pulse height end-Plotted as a pulse-height spectrum, some qualitative observa-
ing up only slightly higher than the pixel pulse height, the tions can be made about the spectral and spatial _resolut|on of
difference being due to trapping of electrons. The measureH!® detector. Two general trends are apparent in the plots.
surround signal faithfully follows the difference between the The highest quality spectra—those showing well-defined
front and pixel signals, as can be seen by the plot of thi®hotopeaks and the largest photopeak fractions—lie in the
difference signal which falls on top of the measured curve. Iniddle range of pixel sizes. Larger pixels show the tail char-
Fig. 14 signals due to hole transport from back to front areaCteristic of hole trapping. In the smaller pixels, charge
illustrated. In this case, the pixel signal is stronger than théPreading becomes significant, which causes two features in
front signal, and the difference measured in the surround i€ Spectrum. Gamma rays initially absorbed within the pixel

negative. boundary, but whose interactions lead to charge being depos-
ited in surrounding regions, cause a tail in the spectrum to
the left of the photopeak. Escape Kfshell x rays is the
farthest ranging of the mechanisms of nonlocal charge depo-
06r 061 ol sition. A characteristic escape peak shows up in the larger
oal o) pixels but is overwhelmed by other types of scatter for the
Front smaller pixels. Absorption events that take place outside the
5 o2} 0.2 pixel boundary, but which result in charge spreading into the
£ pixel region, account for the appearance of a large of number
g oo 0.0 of low-energy counts, whose number tapers off toward the
? ool 0] higher energies.
Surround Surround
-0.4} -0.4 VIIl. CONCLUSIONS

Time [us]

0.0

05 10
Time [us]

The induced currents in multielement gamma-ray
detectors are seen to arise from changes in surface charge

FIG. 14. Continuity of hole currents: measured signals on the left, simuladensity at the pixel plane, which are due to changes in the

tion on the right. The signal from an alpha particle incident on the &80
pixel electrode is sensed simultaneously in the front electrode, the pixel, an.
the surround. Theé®) symbols plot the mathematical subtraction of the

potential distribution within the detector volume. This poten-
flal is found by solving the Laplace equation with the aid of

pixel signal from the front signal, which lies, as expected, right on top of theGr€€N functions. Two versions of the Green function ap-
surround signal plot.

proach, one using an expansion into basis functions and an-
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