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The charge and current pulses in a planar and a coaxial Ge-(Li) detector,
due to a gamma guantum entering the detector, are calculated from a common
theoretical approach. The pulse shapes and rise times of these pulses are
also calculated and discussed for a special case in which the (e—, k)-pairs are
produced throughout the sensitive volume of the detector.

INTRODUCTION

To attain high efficiency of y-ray detection large volume coaxial Ge-(Li)
detectors (as much as 40 c.c.) are being used these days with promising
results. A gamma gquantum entering the Ge-(Li} detector releases a Compton
or photoelectron of energy, say £’, which while traversing the detector pro-
duces (e, k)-pairs over its range A in the medium. Under the applied potential
difference between the electrodes, the (¢, k)-motion gives rise to charge and
current pulses in the external circuit of the detector. Pigneret ef al. (1966),
Balland ef al. (1967) and Zanio et al. (1968) have calculated the induced charge
pulse due to all the {e~, A)-pairs produced in a planar detector. Charge and
current pulses in coaxial detectors have been calculated by Poenaru (1967)
and Sakai (1968) taking into account the non-uniform distribution of the
applied electric field in the detector and on the basis that all the (e, &)-pairs
in each event are released at a single point. This assumption is very nearly
true for low energy y-rays (~ 500 keV). At higher energies (~ a few MeV)
the range of Compton or photoelectrons in germanium is quite appreciable
(a few mm) and the assumption becomes doubtful. We have, therefore,
calculated in the following the charge and the current pulses in a planar and
in & coaxial Ge-(Li) detector on a common principle taking into account a
uniform density distribution of the (e”, k)-pairs over the whole range of the
compton or photoelectrons and evaluating the integrated effect. The pulses
and pulse rise times are also numerically computed for a special case.

PrAaNAR DETECTOR

Consider a reversed biased (V,) planar Ge-(Li) detector (cooled at liquid
nitrogen temp., Fig. 1). The Compton or photoelectron of energy B’ created
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between the electrodes P and @ at x = x, at t = 0 produce (¢~, &)-pairs over its
range X. The uniform electric field between the detectors is £ = V,/W, where
W is depletion depth of the detector.
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Fia. 1. Model used for calculating the charge and current
pulses in planar detector.

The electrons will move towards the --ve electrode @ while holes will
move towards —ve electrode P, the motion of electrons as well as holes contri-
butes to the charge pulse separately. So we shall consider the collection of
electrons and holes separately.

(@) Collection of Electrons

If £, and ¢, be the time taken by the nearest and the farthest electron to
reach the positive electrode
— W —(xo+2)

pell

where g, is the electron mobility.

The charge and current pulse due to electrons can be divided into three
distinet time regions:

(i) 0 <t<t.: None of the electrons can reach the positive electrode
and only the induced pulse appears. In this case we get the following ex-
pression for charge pulse ‘

W——.’EO

0 1
te o (1

and {p, =

Qe(t)=i—l%ﬂﬂt O )]

where ¢ is the energy required to produce single (e, h)-pair.
(ii) t. <t < tm,: The pulse will consist of induced as well as collected
portions. In this case we have

B’ W —(zg+2 A =t
Qc(’)=%l‘eE [-——%°———~)(t-—t¢)+W—mE'-§v-i7-‘. .. .. 3
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(iii) ¢ > ¢m,: Only the collected portion of the pulse appears
EH
Qult) =2 [W——(xo+g)]. L@

The corresponding current pulse in three regions can be easily obtained
by differentiating each equation w.r.t. time

. B’ B
O Lo="5-5%
eE’ W—xq B
(i) L(t) = o HeE ["'HT‘O - ;V ]

(iit) I,(t) = 0.
(b) Collection of Holes
The hole motion can be treated exactly in the same way as electron

motion. Let ¢, and &, be the time taken by the holes situated at 4 and B
respectively to reach the negative electrode. Then

= %o = YotA 5
tp = B and  tm, = ok .. .. .. (B)
where p, is the hole mobility.
Then corresponding to the three time regions as above we get the following
expressions for the charge pulses due to holes:

(i) n(t) = ? 19 %7 for0 <t <ty . .. . .. (8)
12 —t2
(it) @ult) = ﬁv Pnks [W( th)+% — L’Wh] for b <t <t .. (7)),
(iii) @n(t) = ‘EE (r0+2) fort > ty,. .. .. .. .. .. (8

The current pulses in three regions can be calculated by differentiating each
equation w.r.t. time

B w B
) Int) = - 55

E |z E
(i) Int) = E“/\‘ [____fo;/\ -~ #’;,V t]

(iti) In(t) = 0.
The above expressions are similar to those obtained by Balland ef al. (1967).

4 Special Case
In order to see the nature of the charge and the current pulses graphically
we consider the case in which (e~, A)-pairs are produced throughout the sen-
sitive region of the detector so that @, = 0 and A = W. Furthermore now
3



104 SATINDER KUMAR & R. K. GARG

te =1tp=0. Writing 7, = /TZV—E and assuming that at moderate field
b

strengths pe = pp, we get the following expressions for the total charge pulses,
in the two regions:

e,

+ 2
(i) Qelt) = @nlt) = 5‘? [;t; - %(Tie) ] for 0 <t< 71 . 9)
(i) Qut) = Qult) = ’22 fort > ren.  er . e .. (10)

The total charge pulse will be given by
Q) = Q) +@Qud). .. .. .. .. (1)
The corresponding current pulses are given by the expressions
1) = In(t) = %[1— ;’;] for O < b < 76,
L) =It) =0 fort>r, ;.
Above equations are numerically computed and plotted for various

values of ¢/r, (Fig. 2). Here the charge is expressed in units of K = eF'/e.
The pulse duration ¢; = 7. would increase proportional to the thickness W of
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F1e. 2. Theoretical plots of charge pulses (Fig. A) and current pulses (Fig. B) for the special
case A = W in the planar detector.

the detector at a constant electric field. The current is expressed in units of

K' = eE'jer, and is independent of W, assuming linearity of electron range-

energy relation which may be approximately true for germanium. For a

given W, the current pulse duration will be same as the charge pulse duration.
3B
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Coaxiar DETECTOR

Fig. 3 shows the model used for calculating the charge and current pulses
in a coaxial Ge-(Li) detector (cooled at liquid nitrogen temp.). The (e~, A)-
pairs are created between r = r; and r = r,. Again the total charge and
current pulse is contributed by motion of electrons as well as holes.

{
N- r=W
¢,
I o
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o1+
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+
P orrrmeemm e e Iri —"-VO

Fra. 3. Model used for caloulating the charge and current
pulses in coaxial detector.

(@) Collection of Electrons

Considering the usual potential and electric field distributions in a co-
axial geometry, and an electron to be situated at any point r = rg (r; <17 <73)
at t = 0 and at r = r(t) at any instant ¢, one derives the following relations

for the drift velocity :% towards the outer electrode and an electron collection

time 74,
dr — ri T Vo PN
(Tt.—M’Emr-{-n’ bm—' ’ . (1..)
rg In=<
L
1 T
b7 = ;? Urdr)2—(ro+r)2l, 7Te= 27;;%—"1 . (13)
and
Tie _ Ti—(7‘0+7’t)2 (14)

Te 1‘3

where 7, and r; are the external and internal radii of the coaxial cylinders,
e = r¢+W. &, and t,, the collection times for electrons initially in the positions



106 SATINDER KUMAR & R. K. GARG
ry and r,, can be obtained from eqn. (14). As in the case of planar detector,
the charge and current pulses can be divided into three time regions,
(i) 0 < ¢ < ty: The induced charge pulse is given by

(1+72)2+t,7 1+7'2
' L— 1Te . =
Qelt) = :ZE L (rg4ri) In v—i—-——~+2ri\/t/re tan~1—_'t
2€A r 7 )2 t"T
In -2 1+_§ iTe
ri ( "3
¥ 2 7y
1+7 +i/Te o 1+7
~(ry+r;) In —*'—i—'*—z‘— —2r\/t/7e tan-1 —=L | . .. (15)
(1 +7:l ’\/t/'fe
7

(i) t; < ¢t < ¢;: The pulse will consist of induced as well as collected
portions :

()
£ i) [ire\i_, ri
QA!):% lre %jJ(%) ~t7e ln( d

r\2
(“0) —t7e
W oyt N
Te
h’l;;: k ——) —t/’Te

Ve
7
7‘12 /- 71
T RV e
(148w A _on/Tr, tan1 AT
A VO T
i

—
+ (rz-i-ri—rz‘A/(:—,:) —t/"e) In :Tj —(ratre) (ln (H-%)_l)

+7‘iA/ (%)2—-1/% (an(%)z—t/fe—l)

(16)

(iii) ¢ > ¢;: Only the electron collection pulse appears.
=2 L

.TG Te 7'1
A | Te [(rg-—rl) In o —-(rz+r¢)(ln (1"‘5)‘1)“’1'*‘”)(11‘ (1_;.;;),__1)]‘
Ti

We have

(17)
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The current pulse is obtained by differentiating each equation w.r.t. time
1 + 1 +
(i) Ielt) == v — tan—1 ! —tan-1

Te 26/\ r,, '\/t/re Vtjre \/1/7,,

(iii) T (f) =

Collection of Holes

Let the hole be situated initially at any point 7y (r; <7y < 1) and #;
and fy be the collection times for holes created at r; and r, respectively. The
expressions for the charge pulses in the three time regions are as follows:

0 an="%| [t lng”%)“/%_ln (142) v

1+}j)+\/%' (1+%)+\/Fh '

9'22 , 7”12 ;
r 1+; —t"Th ’ 1+;— —t/’Th]
—-(1+—2)]n———————, ¢ +(1+ 1)ln S 7A— —
1
(“f;;) ]
foro<e<ty .. (18)
)i, (142) 0
(+r¢ Vi 1(1+;-2)ln +o) Thm
i

'\/f/r,, In St — 5 3
(1+7)

mﬁz (1+2)+-vim,

— L /7 m ‘\;ii"z’”;vz/’” %\/1-1-1/” In (141/7,)
Th Th

A/ T¥tfrp— (1+’—1) - (1+ﬁ) In (1+ﬁ) for t; < t <ty
4 7 Ty
(19)

i @ =5 2 [(1472) (o (1+2) 1)~ (172) (1 1472) )
T3

fort >ty .. (194)
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The corresponding current pulses are obtained by differentiating each

equation w.r.t. time
1B 1 (]+?)“‘/5F" (1+f—})-~\/t/T,,
W) Inlt)=— 55 ! Vi In ¢ —In i
P g e VI (1+’~2)+\/t772 (1+5%)+\/f/7h
1 L Ty 3
, [ VIRV (142 -V
(i) Ipt) = -l~ f—E— L -——L_: — In +In Te

24 — —
™o 21n?‘/‘/” vV IFim++/ T, (1+:—:)+'\/t/1h

(i) In(t) =
Special Case

Consider a special case with

ry=0, ro=W and A=vryg—r; =W o oo (20)
so that
re=2r¢, W = re—r; =1

Then the maximum collection times for electrons and holes are given by

o~

‘max.
== 3.
Te, b

The charge pulses are given by

Qe(t)=;’el-§,—2|:'\/t_/'r_¢ tan-1 ‘/é/t/“ 3 In (14t/7)—/t/7, tan-1 T
+2—\/4—t/n] O 1)

and

I Y-
) = 1 [\/t/n In s In ~—= =24/ T/,

V1+tm, =il
VTV
Also the total charge pulse is

Q(t) = Qe(t) +@nlt)

Qe(t)=fE[—1——1] e e e (23

+2—14/t/7, In ] for 0 Kt <tmay. .. (22)

and

€ |In2
Qult) = E[ J—Q] Y

Q=0 +@O =L fort>tu .. (29)
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The current pulses can be similarly obtained by differentiating each
equation w.r.t. time

B 11 Va—t/r [
L) = — —— —— {tan"1 X" L7 _ an-1
8( ) €T, hl 4 '\/t/-re { n Vt/Te n \/ t“"'rej]
L= 1 1 [ W2V VIt =/ 1
2¢rp, In 4 '\/t‘ k9 2+\/t7:); '\/m/;e‘*"\/im

] for 0 <1 < fmag.
and
Lt) =I4t) =0 fort > loue

Using the above equations, numerical plots of the charge and current pulses
as a fonetion of ¢/r, , are shown in Fig. 4.
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Fia. 4. Theoretical plots of charge pulses (Fig. A) and current pulses (Fig. B) for the special
case A = W in the coaxial detector.

DiscussioNn

The general expressions for the charge and the current pulses in the
region #, < t < t, for the coaxial detector depend on the geometrical factors
1, Ty, 74, 7e and V, (through =, ,) as well as on the energy factors E', e and A.
Similarly for the planar detector, the pulses are determined by the geometrical
factors x,, W and V, and the energy factor E’, ¢ and A. Observations have
shown that ¢ o 2-98 eV for germanium (approximately three times the energy
gap E,) and there may be an approximately linear range-energy relation for
electron in germanium. This would make the pulse forms almost independant
of the energy factor and dependant on the geometrical factors only.

The pulse rise time ‘#.° can be roughly taken as the maximum time re-
quired for the (e~, k)-charge collection. For the planar detector #; = fug,.
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=7, or 7, whichever is greater. The time constants depend on the mo-
bility of the carriers which, in practice, may vary within wide limits in low
electric fields due to the effects of trapping and recombination during the
(e”, h) drifts. Neglecting the effects for rough computation we may assume
generally a constant mobility

Pe = pp = 10% em2/volt sec.

Then in low fields £ = 150 volt/ecm, W = 5 mm, we have ¢, = W/u.E=333
nanosec. At high electric fields E > 1000 volt/ecm, the electron and hole
acquire practically a limiting drift velocity v, = 15X 107 cm/sec varying
little with increasing electric field. So the shortest pulse rise time is

(tr)min, == L4 = 33 nanosec.
(2 4

For a coaxial detector a similar computation can be done only very roughly
neglecting the variation of electron-hole mobilities in the non-uniform electric
field. Assuming again p. = pp = 10t cm?2/volt sec and r, = W = 5 mm,
:1 = 2 we get: in low fields, Vy = 50 volt, E, = 145 volt/em
€
ty = 37¢, » = 516 nanosec

in higher fields; V, - 700 volt, Eyp =~ 1000 volt/em

vy = 1:6 X 107 cm/sec
w
(tp)min. = — =33 nanosec.
(374

It may be of interest to consider another special case where the production
of (¢, h)-pairs is highly localized, i.6. A = 0. This may be encountered while
detecting very low energy gamma quanta in germanium detectors. In the
planar detector the fastest pulse rise time would correspond to xz, = W/2,
giving in a strong field

-

w

) min, = m = 16 nanosec

in the detector geometry assumed earlier. :
In the coaxial detector, the corresponding point r, is given by
2 2
To = A/rt-t,re —_7
V2
which comes out to be = 0-58 W and taking W = 5 mm

(tr)min. = 5,‘? = 16 nanosec in the strong field,
M
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Theoretically these are the shortest pulse rise times that can be obtained
from such detectors. The shape of the charge and the current pulses is deter-
mined by multiplying the pulse shape for a single pair by the total number of
(e7, h)-pairs, i.e. by E'fe.

Strauss ef al. (1966) have made elaborate measurements on the pulse shape
distribution for 662 KeV y-rays in a 10-6 mm thick planar Ge-(Li) detector.
The results on the pulse rise time at two different electric field strengths
2300 volt/em and 500 volt/em appear qualitatively to be consistent with our
conclusions, at least in the order of magnitude. It may be noted that the
effects of (e”, A)-trapping and recombination (neglected in this calculation)
will strongly affect the pulse forms and will in general lengthen the actual
observed pulse rise time,
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