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fbstriact

&omethod 15 presented whereby the intrinsic
cfficleacy of Ge ts utilized to calculate the expecled
peak efftcioncy of detectors having a wide range of
slres,. The intrinste officiency of Go, which (s the
probability for total absorpiion, was measured at 122
and 136 kel n Ge(l) coaxtal deteetors and HPGe
planar detectors having an effective thickness ranging
from 5 to 5u mm. AU 136 ke 1t ts 4 - for a thickness
of 10 mm oand 82 ¢ for 22 mm, ofter which it fcveis off
reacking 8%. at 30 mmm, It iz shown that the peak of-
{ictency of & detector §n o product of only the {ntrinsic
cffictency and the solid angle, once losses due to edge
escape and detector mperfections (surface ~hannels
and hich diglocation densitics) are deterinined, The
absclute and relattve [to Nal(Th] peak efficlency of a
sample detector, calculated on the basis of intrinsic
clliciency, are in good agreement with measured values,
This method should {ind applications ia the design of
acw detector systeme particularly those for diagnostic
trautnsg wlith Te (140 keV) .,

I, Intreduction

Detector efficlency §s a key parameter in the
design of Y-ray spectrometers and imaging devices
such as cameras and scanners, Unlike NallT) detec-
tors, Ge detectors are not fabricated in standard sizes
and shapes {or which the absolute peak efficiency can
be locked up in published tables,. lience, until now
without claliorate calculations only crude cstimates of
clficlency could be made when conslidering a new Ge
detector system., We propose the use of a new method
to dotermine the expacted peak cfftciency of Ge detec~
tors, This method utilizes a basic material property,
namely, intrinsic efficlency. intrinsic cfificiency is
defined as the prebablility that o ¥ ray incident on an
infinite-arca {luwless crystal is reglstered ia the full-
¢nergy peak. At a glven energy this probablifty s a
function only of detector thickness and {t approaches
unity as the thickness increases. ilsing the Intrinsic
cificiency and correcting for detector losscs, the ab-
solute and relative [to Nal(Th} peak etficiency can
casily be calculated, To {llustrate the application of
this moethod, values obtained by this calculation are
compared with results obtained by direct measurement,

i1 this paper we present measurements of the fn-
trinsic efficiency of Ge at 122 ant 136 keV as a func-
tion of crystal thickness, Detectors whose diameter (s
large compared with the mean free path of the ¥ rays of
intercst and whose cffective thickness (in the {orward

¢ Werk performed under the auspices of the U, S,
Lnergy Rescarch and Development Administration.

directjon) ranges {rom S mm to S0 mm were measured,
including high purity {(HPGe) planar and jithium-drifted
[CGelld)] rue coaxial devices. Although Monte Carlo
calculations of total-absorption probabilily as a func-
tion of detector thickness for severa)l energies have
boen made by Parker,! experimental measurements have
not heen reported herctofore,

1. Intrinsic Efficiency Measurement

Intrinsic cfficiency, a material property, pertains
to an infinite-arca detector. An arrangement that
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Fig. 1 Amrrangement for measuring fntrinsic offi~

ciency of planar detectors, For coaxial
detectors additionai lead disk covered core,
L.cad mask minimizes cdge cffects thereby
simulating infinite-area detectoras necessary
{or the determination of bulk material property.
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intrinsic efficiency vs. cffective detector thickness. Intrinsic
eificiency s delined as probability that 7 ray incident on infinite-
arca flavwless crystal is registered in full-onergy peak, As antict-
pated, for equal thickness, high purity (HIPGe) planar and lithium-
drifted [Ge (L] coaxial detectors have same efficloncy.

simulates such a geometry was made by covering the
detector perimoter with a 3 mm thick lead mask thercby
minimizing edge effects, The arrangement used for
planar detectors I shown In Flg. 1. For coaxtal detec~
tors an additicnal lead disk was used to cover the core.,
To substantiate that no appreciable losses occurred at
the gdge, the mecasurements were repeated with o mask
having a smaller aporture, The masks used extended
4+10 mm over the detecter cdee.,

The cfficiency measurement was made vith a ¥Co
point source placed a full 25 cm from the detector face
50 that the incident radiation was essentially perpendi-
cular to the detector face., The source activity, as
measured by Amersham/Scarie, was 10,92 « 0,16uCH,
The activity was corrected for the source decay (a pe-
riod less than a year) using a hali-life of 271 days. A
bronching intensity?of 85,2 « 0.4 photons per 100 dis-
integrations was used for the 122 ke transition and
11.1 ¢+ 0.3 for the 136 keV transition,

The HPGe planar detectors, 30-34 mm {n diameter,
were made at Lawreace Berkeley Laboratory. The Gedli)
rue coaxial detectors, 45-48 mm in dlameter, were

made by ORTEC, Sufficiently hich blas was always ap= :
plicd to the detectors so that further increa.se had in- :
significant effcct on the cfficiency. (in the casc of the
#PGe detectors the overvoltage was typically 30-40

For the Gelld) detectors a blas of 3.5-4.8 kV was used,
Stmilarly, the amplificr time constant was adequately
long {Z«4 usec peaking time) to assure complote charse
collection.,

Counting rates were always low to keep the
losses to 17 or less. Counting losses were measured?
by injocting a known number of pulser signals into the
preamplifier. The difference between the number injec-
ted and those n the pulser peak accounts for losses
due to deadtime in the analog and digital circuits as
woell as due to pileup.

mounting material (atervening between the window and
the crystal face were ta the rance of 1=4%, This was

determined by observing the attenuatlon in an external
layer of the same material and thickness.,

Detectnrs in which the efticiency {s not uniform
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over the face of the crystal have been observed,*’ Un-
less comrected for, this nonuniformity would result in a
measured Intrinsic value which {s too low, To deter~
mine the cofrection factor the detectors were scanned
with a 122 keV collimated Y-ray beam from *’Co. In the
case of the HPGe planar detectors, 2 reduced efficlency
was observed near the perimeter, By covering the de-
tector with a lead mask (Fig. 1) having an aperture dia~
meter of 12,7 mm, the outer region was excluded from
the measurement, In the Ge(L1l) ccaxial detectors the
regions having the highest number of counts as ob-
served in the scan were assumed fo have a number cor-
responding to the intrinsic efficiency, The cumulative
differences between this number and those in the rest
of the exposed area were then used to correct the mea-
sured cfficiency to obtain the intrinsic value for the en-
tire arca. This correction was 6-9%,

The intrinsic efticleacy NGe* defined as the prob-
abllity that a ¥ ray incident on an Infinite-area flaw-
less detector is registered in the fufl-energy peak,
was calculated from the measured data as follows:

T (m

Moo~ Toms

Qg
{5 the number of counts in the peak after
ackground subrraction

S W - )

where My

N, i5 the source activity corrected for decay
and multiplied by the branching intensity

Qm i5 the fractional solid angie subtended
about the polat source by the detector
area exposed by the lead mask aperture

L¢ 15 the fractional counting loss

L« 15 the fractional Inss in the cryostat win-
dow and intervening detector-mounting
material

Lty is the fractional loss due to local effi~

clency nonunifornity,

IiI. Intrinsic Lfficiency Values

The values obtained for intrinsic efficiency at
122 and 136 keV as o function of detector thickness are
presented In Fig. 2. At 9-10 mm several detectors,
some of which are from the same {ngot, were measured,
Several »of the values obtained were ncarly fdentical.
The dato points shown represent the spread in values,
All othei detectors were from different ingots. At 19-
20 mm an i#PCGe planar detector and a Ge(fl) coaxial
detector were measured. As anticipated, the values
obtalned in the two cases are cssentially the same
since for a given energy the intrinsic c«diclency should
vary only with material thickness, The intrinsic offi-
clency at 122 kcV¥ for 20 mm thickness is 917 and for
50 mm thickness {t Is 95¥, Backscatter from the front
surface is estimated to be no more than 17 aud hence
docs not account for the fact that the efficiency 1s not
higher, Although much higher efficlency cannot be ex-
pected, this near-complete leveling off suggests that
thickness is no longer the principal factor which limits
the measured efficlency, As detectors become thicker,
the probability that Compton-scattered photons escape
through the side surface rather than the back arca in-
creases and the mask is not effective in preventing
thts increase, Therefore, the intrinsic etficiency ob-
serverd at 50 mm is perhaps a few percent too low,

The intrinsic cfficiency at 122 and 136 keV {nter-
polated from Parker's' calculated values {given only up

to 20 mm thickness)} is in good agreement with those
presented in Fig, 2.

IV. Losses

The total-absorption probability in a finite~area
detector s fundamentally lower than the intrinsic effi-
ciency (which s that of an infinite-area detector).
This reduction {s due to losses at the detector edge.
The two main mechanisms by which these occur are i}~
lustrated in Fig. 3. Loss due to direct penetration
through the detector edge is represented by ¥, and loss
due to escape of Compton-scattered photons is repre~
sented by ¥,. For detectors of 35-45 mm diameter and
a source-to~detector distance of 25 cm, an effictency
reduction of 2-5¥ was measured at 122 keV due to
these effects.

n
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Fig. 3 Two main meckanisms that produce losses
at detector edge. These are responsible
for fact that total-absorption probability in
finite-area detector is fundamentally lower
than intrinsic efficlency /which is that of
infinite-area detector).

Gnnerally there are also losses due to crystal
imperfections. / layer of increased impurity
concentration ¢ :encding from the p-contact or the n-
contact along the exposed surface of the cryeiai has
commonly been observed in Ge(li) and HPGe, planar
and coaxial detectors. These channel-like layers
{usually formed during the final surface treatment) dis-
tort the electric field near the detector edce so as to
divert the charge carriers into the channcl. Therefore
photons which interact near the edge have an increased
probability of suffering amplitude cdegradation due to
trapping and/or recombination in the channel, CQur
measurements have shown that this loss results in an
cfficiency reduction of 3-8+,

Crystals pulled on the 111 axis often have a hich
dislocation density aiong the intersection of the 111}
planes and the front surface. When Ge{Ll} true cosxial
detectors, fabricated from these crystals, arc scanned
with a y-ray beam, losses due to trapping and or re-
combination are commonly observed’ at the hich
dislocation-density sites. Scans of several detectars
at 122 keV have shown an overall reduction in cffi-
clency due to this cffect of 3-67,

In the intrinsic efficiency measurements, losses
due to edac effects have been largely eliminated by the
use of the mask. The residual loss as well as losses
due to surface channels and crysta! dislocations arc
responsible for the nonuniform efficiency discussed
above and have been accounted for within the mask
aperture by the termt, 'n Eq. (1),
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Fig. 4 Efficiency nonuniformity due to surface

channels and crystal imperfections,
Center shows face of Ge(Li) coaxlal de-
tector with shading that indicates effi~
ciency reduction (note 111 planes spaced
1207 apart), Bottom shows reiative cffi-
ciency obtained from scan along dlameter
A-B. Dlffercnce between dot-dash line
and solid {or dashed) line is due to losses,
On right losses are due only to surface
channels and on left due to high disloca~-
tion density along crystal plane and
channeling., Top shows equlvalent dead
layer of Ge at detector front calculated
{rom bottom plot., Note that effect of
channeling (right) is greatly reduced
when bias is high (4800 V).

The effect of nonuniform efficiency tn a Ge(l.{)
coaxial detector resulting from losses due to channeling
and high dislocation density is shown in I'ig. 4, The
center illustration represents the front face of the detec~
tor, The stylized shading chows reduction in efficiency
as obtained from circular scans of the entire detector
area, The response to a line scan along diameter A-§
is shown at the bottom. A uniform detector would cxhi-
bit an ideal efficiency (dot-dash line}. On the right the
difference between the ideal and the observed respon:c
is believed to be due to surface channels only, and un
the left it is due to high dislocation density along the
crystal plane as well as due to surface channcls.

The lcsses observed due to these etfects are
higher at 60 keV than at 122 keV, whlch sugyests an ef-
fect similar to that of a dead layer at the entrance win-
dow of the detector. Using the relative efficiency plot-
ted on the bottom of 'ig, 4, we calculated the thickness
of an equivalent dead layer of Ge and plotted it on the
top, Along the crystal plane (left side) near the core,
the apparent dead layer extends 4 mm deep. The dead
layer due to channeling (right side) {s less pronounced
when the blas is as high as 4800 V ({solid {ine}, but at
3000 V (dashed line) it is virtually the same as on ihe
teft side. Although the detector profile at the top of
Fig. 4 was obtained from a scan at 60 keV, the calcu~
lated thickness of the apparer: dead layer is energy in-
dependent, Since in this detector the bulk of the decad
layer 1s near the center, it covers only a smail fraction
of the detector area and hence produces only a small re-
duction in the overall efficiency. At 122 keV it meca-
sured 9% with 4800 V btas.

V. Detector Efficiency Calculations

The absolute peak efficiency E of a detector is
defined as the number of counts in the full-energy peak
expressed as a fraction of the total number of these ¥
rays emitted by the source. It can be expressed as the
product of the fractional solid angle Q subtended Ly the
detector and its total-absorption probability n. Thus

£E=2n. (21

The total-absorption probability i is determined for the
full detector (without mask) in a way slmllar to that in
which ng, is determined (with mask), The expression
for calculating n is the samc as Eq. (1) except that the
loss term due to nonuniformity 1 -¢,) is omitted and
the fractional solid angle § subtended ty the detector is
substituted for the fractional solid angle 2m subtended
by the mask aperture.

Due to the iosses discussed above the total-
absorption probability n is less than (the intrinsic
efffciency). The ratio n/fg, is the measure of the total-
absorption probability of the detector relative to the in-
trinsic value of the material and is therefore defincd as
detector effectlveness €. Thus,

€ = ’I/"G. (3)
where € < ). Substituting i in Eq. (2) gives
E = ¢_Q;)G. (€D}

where €2 may be thought of as the fractional solid ancle
subtended by a reduced-arca detector to which the in-
trinsic efficiency Nge NOW applies.

For crystals with diameters of 30-50 mn:, where
the source-to-detector distance {s 25 cm, a detector cf-
fectiveness € of 0.84-0.21 wus measured at 122 keV and
0.84-0.88 at 13€ keV, The spread in values represents
the variation in losses from detector to detector and the
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TABLE I

136 keV EFFICIENCY OF EQUAL SIZE
NaI(Ti) AND Ge(Li) DETECTORS

DIAMETER| LENGTH | AREA E* E*
DETECTOR =
mm mm cm? | percent Not
Ge (L) 2123 449 48 15 0.5 077
NoI{TH LY 3] 15 o.9% | 10

t Afier Marion ond Young

* Absciute pech efficiency with source-1o-daetector distonce of 25 cm

uncertainty in the precise value of th® detector dia-
meter. Moreover, chanaeling losses decrease with
Increased bias {Fig, 4) and hence depend on the bias
voitage at which the detectors are operated. Two co-
axial Ge(l.i) detectors and more than ten HPGe planar
detectors were involved in these measurements, The
detector effectiveness of all of these s in the above
range.

Qne object of determining the intrinsic efficiency
of Ge was to provide a simple method for calculating
the expected efficiency of detectors when new systems
are being considered or for comparing with measure--
ments of existing detectors. To illustrate the applica-
tion of this method, the absolute efficiency of a Ge(Li)
detector was determined by direct measurement and by
calculation. A Ge{ll) coaxial detector 44 mm diameter
by 48 mm long was n.zasured at 136 keV with a source~
ro-detector distance of 25 cm, The full-energy peak
registered 0,140% of the photons emitted by the source.
With an average value (from above) for detector effec-
tiveness € = 0,86, and an intrinsic efflciency for a
48 mm thickness (Fig. 2) of ng, = 897, the absolute
peak efficiency as calculated by using £q. (4) is
0.147% ., The 5 difference between the calcusated and
measured values is mostly due 10 window losses in=-
c:red in the measurement,

It is often desirable to express the efficlency of
Ge detectors relative to that of NaI(Tl). The calculated
intrinsic efficlency? at 150 keV of Nal(Tl} crystals
thicker than 2.5 cm is virtually 100%, Thus from
Egq. (4}, for equal-~area detectors the relative efficlency
of a Ge device is

€Ge ENal = ENG, (S

For crystals 30-50 mm in diameter at 136 keV the aver-
age value of € {s 0.86, When the detector areas are
not equal, Eq. (5) must of course be multiplied by the
ratio of the detector areas Ag,/Ap,e AS 8 cross-check,
we compared the peak efflcle')cy at 136 keV of the
Gel(l.i} coaxial detector in the above illustration, to
the efficiency® of a Nal{T]) detector which is virtually
of the same size (1-3/4" diameter x 2" long). The
dimensions and efficiencies of these two detectors

are listed in Table 1. The measured efficiency of the
Gel(L1) detector relative to an equal-size Nal(Tl) detec-
tor is 77%. Tor the same detector Eq, (3) gives iden-
tical results.

V1, Conclusion

It has heen demonstrated that the Intrinsic effi-
ciency of Ge can readily be used to determine the ex-
pected detector peak efficiency. This efficiency is the
product of the intrinsic efficiency, the fractional solid
angle of the detector and the detector effectiveness,
The intrinsic efficiency has been determined at 122 and
136 keV for detectors having an effective thickness of
S to S0 mm, For a 20 mm thickness at 136 keV it is

2% after which it jevels off reaching 89% at 50 mm.
Hence for diagnostic imaging with Tc (140 keV},
detectors thicker than 27 mm are hardly warranted.

The method can be extended to higher enersies
but with somewhat reduced accuracy. The mean ircc
path of 500 keV photons is 23 mm which is e¢qual to tre
radius of the coaxial detectors used in this work. 7Tu
reduce edge losses when measuring the intrinsic effi-
ciency, small-aperture lead masks (Fig, 1) would he
required and even then the edge losses ma, bhe signifj-
cant. This difficulty can be circumvented by calcule-
ting the intrinsic efficiercy instead of measuring it. -
computer program has been developed?® for use =t titer
energies and with a wide range of detector thicknesses.
At 122 and 136 keV there is good agreement hetweer. tre
calculated and the measured values (Tig, 2), icsses
at higher energies are dominated by edge effects wi.ici,
are also amenable to calculations thus permitting th.c
determination of detector effectiveness. Therefore -
the basis of the measurements presented in this repor:
we expect to extend this method to higher eneraies. It
remains to be seen {f at the higher energies one or at
most several values for € can be found which will be
applicable to a range of detectes sizes, Althouch de-
tector efficiency calculated by this method is likely to
be somewhat jess accurate at energies above '“O ke
this method may still be useful up to 500 ke for de:
considerations of new Ge detector systems.
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