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ABSTRACT

Seven bigh resolution, high-purity planar german-
ium and two lithium-drifted germanium detectors have
been exposed to fluences of monocenergetic fast neutroms
of 1,4, 5,5 and 16,4 MeV to study radiation damage ef-
fects, Seven of the exposures were made at 5,5 MeV
using detectors made from both LBL and General Electric
Company material, Initial degradation of 60co energy
resolution was generally observed after fluences
of 3 x 10%2 n/em?, after fluences of 1010 nfem?, the
detector resolutions were all affected, and replace-
ment would be required in most gamma ray spectrometry;
these results are consistent with previous damage
studies on germanium detectors, Considerable variabil-
ity in neutron damage threshold between detectors was
observed within this fluence range which must be at-
tributable to a material parameter that is not yet
fully determined, This is the major finding in this
study.

After irradiaction, a significant increase in

material resistivity was observed as a series resistance

in the diodes undepleted region at low biases, The
observations were made by capacitance effects and
lengthened pulse rise time,

Annealing of damage was observed during storage
at LNz ctemperature after irradiation; resulting, in
some cases, in improvement of resolution and in others,
further degradation, Drastic resolution degradation
was observed on cycling detectors to dry ice tempera-
tures, (2000 K) with the loss of the high series re-
sistance and an increase in acceptor concentration,
Furcher cycling to room temperature for periods of
hours resulted in improvement of the energy resolution
compared with the 2000 K value, Nearly complete re-
covery of initial charge collection and energy resolu-
tion was achieved by 1000 C anneals for periods of
hours indicating the possibility of in situ anneals,

No difference was found for the fast neutron
damage susceptability between planar high-purity and
lithium-drifted germanium detectors,

Introduction

Several studies of the radiation damage effects
of fast neutrons on germanium spectrometers have
developed a great deal of empirical informationls2,3,4,
Both Ge(L1) and high-purity germanium detectors have
been studied; observable degradation of spectrometer

performance is generally similar, but no direct com-
parison has been made prior to this report,

The individual and specific observable damage re-
sult in a given detector is not particularly different
in this study from those previously reported, Tailing
and resolution degradation occurs due primarily to
hole trapping and the detector performance can be re-
covered by a certain temperature amneal, This study
was undertaken to address several outstanding
questions:

(1) What is the best estimate of the neutron
fluence for "threshold" of damage in
high quality gamma-ray spectrometers?
Units to be studies should possess a full
width at half maximum energy resolution
of the 1332 keV 90Co v-ray of € 2 keV and
be at least 1 cm in thickness ir &
planar geometry,

(2) What is the variability or range of this
threshold in spectrometers made from
different crystals of high purity ger-
manium., Three detectors made from General
Electric Co, material and four detectors
made from LBL material were used, 1In
addition, two Ge(Li) detectors made from
LBL material were exposed,

(3) What can we learn about relatively low
temperature annealing of damage even to
the extent of allowing in situ anneals
of spectrometers, (100° C would be a
practical value to aim for,)

Unfortunately, little physical interpretation of
the electronic effects can be given in terms of micro-
scopic detail due to the limited knowledge of the dy-
namics of collision produced vacancies and their co-
agulation and recombination, The details of the va-
cancy production mechanisms are to be found_in the
literature of charged particle interactions? and are
generally better understood, Fast neutrons (E = 5 MeV,
for example) produce germanium atom recoils primarily
by elastic scattering wherein the recoil atom receives
at most 4/73 of the neutron energy which results in a
280 keV Ge ion recoil and a vacarcy, Other reactions
such as (n,) and (n,T) account for relatively little
energy lossl;6, The Ge ion suffers both ionizing and

*
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direct nuclear svacancy producing) collision fa slowiag
down with ~ 200°., The ratio between the fractivnal
energy loss in ionizing and auclear colllsians has
been computed by Lindhard? and {t is shewn chat the
fraction of energy loss to nuclear collistons in-
creases as the fon slows down unti{l it dominates the
energy loss process below ~ 200 keV®, More vacancies
are therefore produced by secondary collistons of
neutron-produced germanium fons as they appreach the
end of their range, It can be remarked, then, that
the proportionality of damage effect (or number of
vacancies per neutron) to fast neutron cmergy is
mitigated by this "end-of-range” non-linearity, This
situation has been observed! and helped to de-cmphasis
the need to include fast neutron energy as a parameter
in this study, Primarily, then, to conceatrate the
effort, most irradiations were performed at a stagle,
intermediate cnergy, approximately 3.5 MeV,

Experimental Arrangement

Fast neutrons were obtained using scveral welt
known low energy re&ctions at the Brookhaven 3,5 v
Electrostatic Research Accelerator, One detector was
exposed to 1,4 MeV neutrons using the ‘Li(p,n} TBe
reaction from a ~ 1 mg/em? LiF target, Another de-
tector was exposed to 16,4 MeV neutrons from the
D(T,n} 4He reaction with a 1 MeV deuterun bombardment
of a ~ 2 mgfem® tritiated titanium target, All other
detectors were exposed to 5,5 MeV neutrons from the
D(D,n) “He reaction; ovne using a 1} mp/em? deuterated
titanium target and four using a much thicker 6 mb/ca
target, As is indicated, all targets were not strictly
“thin" and thus did not produce highly monencrgetic
neutrous; the energies quoted {or each neutron encrgy
are the maximum encrgy with spreads downwards of at
most 300 keV, All targets were deposited on flac-
tened copper tubing through which a thin sheeth of
cooling water flowed,

Flux measurements were made with a Harwell-type
long counter? placed approximately 1 meter from the
target at about 200 +89 from the forward dircction,
The detectors to be exposed were placed at lesser
distances (~ 10 cm} to increase the available flux and
also at 20°+80 to the beam direction in the ad}acent
quadrant; errors caused by an angular distributios are
thus minimized, The experimental arca is floured
with an iron grating and {s physically a large opza
area which minimizes scattering and the possibly large
uncertainties in flux determination, The active
center of the long tounter was found to 12 =2 e¢n from
the face at all energies used, Absclute flux calg-
bration was made bg comparison with a standard PuBe
source of 9,5 x 10° n/sec, Because the PuBe neutron
spectrum is centered at approximately 5 MeV, no cors
rection for reiative long counter cificiency is made
to the standardization at 5,5 MeV, The long counter
c[“ciem:y9 is gredter in the 1-Z MeV range by only
a few percent than that at 5 MeV and no correction was
made to [lux measuremeuts for the 1,6 MeV rum, How-
ever, a drop of cfficlency of approximately 127 at
16,4 MeV compared to 5 MeV is noted, Which was applied
to the flux measurement at 16,4 MeV, Duc to scat-
tering, possible relative efficiency anomalies of the
particular long counter and pesitioning uncertainty,
errors of at least 25% must be assigned to these
flux measurements, Count rate effects due to dead
time losses were found to be unimportant,

Because most of the detectors exposed used cooled
F.E,T, first amplication stages within the cryostat
aad both detector terminals were not avaflable, de-

tector capacitance could not be cearured dlgecthy it
standard tochniquos, svel ar o keldpe, The capacity
was doterniocd as o funclion of dotectoar blan aficy
gach neutyon vxpodure by {nserting & squarc-wads pulae
of known anplitude theouph the detector .83 the hiah
voltage bias fapuf and abterviog the foduced chatae
relative to that of a kaown S<ray, Thin =wtbud pre-
sumis that the dotector L2 a setwoerk docdaated by oals
the depleted volwse capasilance and that oilter rlemenis
such an serles reslstances ate miadeal, Yuriher tee
marks on cthis methad will be made., Scrien resizfancos
wuere, in face, olhscrvcd which affecied this zeasute-
ment end also the preampliffar setput pulag whapez, the
oscillographs of which were plrtegranied, Delectoy
{cakage currents were cunif{uvred sz (ke voliage doyors
the preamplificr focdback yusictor,

Spectra of®%Co and a caltaratisn puise wore dc-
cumulated after vach exposure Lo zmonitor the enerss
resolution degradetbeon, The 13)2 WtV (uppers 290
line is used to deseribo Chy dolectar Forafefien] the
detector contvibution in distinguished {ren the sysier
(pulser) rosclution, & standard KBS 2isc *Po esirec
wvag placed on the detector cap o an offert to achievr
reproducible solative offfclency dats ovnr the Comvsr
of the total dxposute, For the runs at 3.5 amd o .
MeV, a lead brick had to be fpscorted bolwecen lhe fav-
get and the detoctor te teduce the jagpe activation
baghgrounds svep in tho targel,

sgurroen Uscege Thresheld

Approxinately 10 =in runs on 9%Ce sure cado atter
cach exposure: the 1332 MoV line was ahgorved toe
gether with the pulser faseried thraugh tie Xigh vol-
tage bias of the deteetor, The deleCtor rokpufing was
found to buth hroaden in PWiIB! and Lecoew "1ailed” ax
carrier :rupgtpg bocanme proponderant as proviousis
ahsorvedisd, % Resolution cffects are reperfed
for the same detector bias used fn thc preirradfagy oo
condition and using the inttlal coorpy dispoenian de-
rived fcom the cnergy differcace of the two &9%e aca
at 1172 and 1332 keV', The tailing 4n wly reportod
descriptively,

After damage, detector No, 210,00, tvradiated a1
1.% teV, wvas scanncd with a coilimated 2*das suurcc
to determine the carrivr tvpe predominantiy trapped,
The relative pulse hetght o the 60 ReV eray betueen
source dirccted ncar che PA(p*) contact camparesd with
the source incident ncar the Li(n+) contact slunied
predominant_holc crapplag aa has beeon abusdantly des-
onstratedl,2,3,5

Fig. | 15 a cable-graphk which attempts ta sune
marize the damage threshold results for the nine do-
tectors frradiated, The boxes arc smasuromonts akter
the indicated {luence, Their widths correspond
to the +257 estimated uncercainty in flux det ~~inatiea,
Lower numbers in boxes are measurcments rmade after fhe
aumber of hours indicated in the parecathcestis, Al
detectors were run at biases which assured full deple-
tion or same wer veltage, In some cases the detector
was able to take more hias as irradiation proceeded
and that fncrcasc improved resolutions; that result
ts also indicated in the lowe: part of the box,

All detectors except GEl were nominally 10 =
thick, GEl was & mm thick and might therefore be
expected to be apparently somewhat more radiation re-
sistant due to the shorter carricr transit,

Radiation damage “threshold” may be deftined operas



tiopaily Lo embrace both the Yast acelres tluence for
whjch the dete€tor o -fay eherpy resclution (s aolice-
ably wwrneged and that value for which the onergy fo-
avlulivtt by se wersened o steengly sugpest replacoment,
These cousiduratisvns {sply an eaergy resolution degrada-
then to abil 3 kel (FWHH) for a typleol pamma-vay
spuctrwsoler, Thole are okher n;‘pllcnllu'\al, apue(flcal-
f¥ o The sre An charged particle dotectors, in which
ropiscoment wuld nat be raquired 2t this reselutien,
wyt Yar saie of a auwshor, we will vie J WY,

Sevoral tnitial concluni~ns =ay v dravn {roa che
data of Fig, 1

¥lrst of abl: a ranige of thresholds iroe
10% a/cal to 1000 nres® tn evident Tor the
ouposures at 5.5 WV, Censiderable dif-
ferencs (n nbisrved Betweon and anong the
Biphepurity and Liodrittod units, 1t is
apparant Lhat there cxists ene of fwre
material paracwters which can charactsrize
ratfation dasage rensitivity, This para-
seteriz) b3 ait yet dozerslaed,

(43

(1) A doposdoacy of dazage threshold oy neutren
onergy 15 et ctroaply ovident dvoew the
corpativen of detectors oxposed 8L 1,4

amd 1b, % Bal wieh thoso exposed Lo 3,5 %V
seulyens, Detector 21%-6.9 (1,5 Hsl') was
ol nigaificantly longer lived than soveral
unbls waposed 9 3,5 MoV, althwmgph the

very bew dlas (53V) tolevated by thig
dolettof may have somaxhat veduced den
chzoprable threshold, in e«x—;;mrtmm, thw
thresheld of 285-1,9 (16.% HoV) was ae

Joubt ontemdod by 1ts Biph Mar wnduiun

af 90, Uotecter 285-1.0 (16,4 Mol’) was,
havever, oot 3igaliicant]y mote danspe sensi-
tive than several oxposed at 5,3 Hel', 284.1.2
far enample,

Tie threzhelds for Li-drﬂlrd dotectors lio
1o the rampe Sctwoen 107 and 1010 afen? and
are aet difiorent froe bigh purity ocaterial,
Abthuwugh thiz threshold {5 semowhat less

thas that reported vears age! wo cauticn apsin
1hat theae ape both bigh rosoiutieon and

taick (IO =) Jdeteclors with, thevefore,

@ smuch peeatar seasltivity (o resolution
denvadatian,

(B3]

The raspohise may be grouped (ol (e cate
yEories:

(2} lew dazmage l!\ru feld -
Lag tos, 284-1.2 and
287-1,10

and

(b)  bigher dazage thresholds -
LBL Mo, 214<0,0 and the three
dotectors {rom teo samples of
GE ocoterial,

Attempts to fiad sawe compxm paraseter withe
tn thia grouping «i)t be discussed,

(5) Dbilfercnees were noted hetweern detectors
in chie apparent anncalinp at L2 temperature
{rmwdéacely following dacage and after
several hours of storage, typically wer-
aight, Noticcable worsening of encrgy
sosolution occurred to GE2 40 hours alcer
7 x 107 nfem” as the resolution went from
5.3 ket vo 11,6 ket, This coffect was also
observed on GE3 and GE1, The slight ime

provenent te 28531, 0 cleven hours

after 6 x 109 nfem? may be due to an
ozerall reduction (n count rate as ace
tivatfon products in the system {tsclf
decayed, An improvement with time {5
noted fur 214-6.0 and 287-1,1, It must
be cautioned that this effect s csnecial-
iy noticeable after real damage has oc-
curred. Same changes in the peak shape
fras brusdening to events further dis-
placed lnto a vai) woere noticed, fn vhis
casie it ls not totally descriptive to
characterize the peak by fusc the FWHDM,
This i= also the case in the apparent
{zmprovesent of GEZ immediotely following
{rradiacion of 1 x 1010 njec? compired
with 40 hours after 7 x 107 nfem?,

Following {rradiations, more bias may bc
applivd to the derector;  somewhs! more mas
be required for depietion, Increased bios
die improve the degraded resolution, however
in 8il vases noticeable improvement was .oe
tatned after severe dugradarion had occui -
red, Some cxtension of the useful detesn-
tor lifetime can thus be achleved, which
could be especti=lly uscful in charged part-
tele applicacetons favolving complicated
systets such ax proton telescopes,

(6}

Capacitance and Scries Resistaace

The applicatios of 8 voltage pulse into the high
voltage or bias side of the detector is 8 convenieal
and dceursie seans of measuving the detector capacity,
It is the anly cenvenient means when using an internal
FET first amplifter seage, Howevey, when a stgaificant
serfes resistance thrcupgh the derecror 15 present the
preazpiifier autpu” pulye shape is modified from the
aorcal capacitive-couplad step function response and
she depletcd detoctoar capacity can not be ascertained
by tils technique. lIndeod HallerlOgt al hove used
this effect to study the material resistivity changes
at very low temperazures, Fig, 2 shows the eguivalent
RC circuit of the detector with undepleted region bave-
iag parameters Ry and Cy, Cg (s the depleted region
capacity and the boundary condition ts that the geo-
eatrical capaciiy of the uaits Cp is CuCa/(Cy+Ca) .
The preamplifier outpul voltage i esscatially Q{e)/Cq,
in 3 charge scoditive amplificer; C¢ is the {cedback
capaciror in the vperaticas] loeop, For a volrage step
function applicd to the undepleted side of the detec-
tor, it has beca shown that the preamplificr output
voltage s

\-

]
R X

This response is deseribed ssymptotically as an (nttrtal
quick rise to Cy/Cy, followed by o further sloew rise
to Cg/Cf with the time constant Ry(Cy+ Cq). We notice
that a significant value of Ry will tntroduce €y inte
the capacitive component of the impedance and cause
the capacity to approach the geometrical value of Cg,

Figs, 3, 4, aad 5 {llustrate the change in apparent
detector capacity at several fluences on detectors
284-1,2, 1098-4 and 287-1,1, The capacity does ap-
proach and rcach the yeometrics) value after considera-
ble trradiacion, We note also that in the carly stages
of {rradiation, the detector cspacity as & function of
a bias tende to be very slightly higher than the pre-
frradistfon values, These C(V) measurements are made
directly after che irradiatfon and may represent the
Inttial cffect of frec acancics, Figs, 6, 7 and 8
are oscillographs of the preamplifier output waveforms




vt che detector described by C(V) above, 284-1,2,
1098-4% and 287-1,1, In Figs, 7 and 8 we see the in-
crease in the series resistance as the neutron exposure
proceeded for detectors held ac a particular bias,

Fig, 6 illustrates the change in relative final
traction (Cd/Cg) to the initial step C5/Cf. The pulse
shape described by the formula hds been well fitted to
the observed shape at 10V bias with a time constant,
Ry(Cy+Cd), of 1,0 Jsec, An additional factor, et/72,
was included to account for the preamplifier clipping
time of = 9.4 usec, Using the voltage-depletion depth
relatienships, a time constant of 0,57 usec is derived
for the 30V bias condition and a reasonable fit to this
vbserved pulse shape was also obtained, These values of
- allow the calculation of a bulk resistivity of 120K~
cm for this particular irradfation condition and materi-
a4}, Because of the complicated nature of the defect
levels, both in number and in position in the gap, the
next step in escimating the position of the Fermi level
13 not attempted, It i{s also anticipated that the ir-
radiation may affect the carrier mobilities and further
corplicate the relationship of the resistivity to the
numher of defects,

Az very high values of R, with the apparent capacity
at Cp, the output waveform {s once again fast rising
directly to the value C:/Cf; the very long time compo-
uent is now much longer than preamplifier and main
amplifier clipping times, The bottom oscillograph of
Fig. 8 i{llustrates this wareform which in observable
shape {3 not unlike the preirradiation waveform. (In
this series, there was no relative normalization of the
pulser relative to a 137Cs source also included during
the measurement,) The output waveform at this stage of
irradiation ¢could indeed by confused with the initial
pre:irradiation waveform, except for its amplitude,

Anncaling

When a high-purity germanium spectrometer has been
radiation damaged to the point it no longer is deemed
useful, one i{s faced with the question - can the detector
be casily repaired? Although little basic physical
knowledge of the recovery processes is clearly under-
stood, we can answer the practical question affirma-
tively, To iilustrate the general annealing behavior,
data on severazl detectors will be presented, Their
history is fairly typical although differences between
individual detectors do exist,

The spectrometer performance of detector 214-6,0 as
a function of annealing treatment is outliined in Fig,
9(a) and 9(b) wherc the shape of the 1332 keV 60Co line
at various stages is presented, The peaks have been
displaced and che energy scale varied for clarity of
illustration; peak position is not relevant,

This represents the situation prior to
neutron irradiation, Detector 214-6,0 ranks as one of
the best ever achieved at LBL, 1t was fabrlcated from
a wafer cut from crystal #214 at a position where the
net impurity concentration was only 2 x 109 donors/cm’,
As shown in Fig, 10, depletion was reached around 100V;
the bend in the C-V relacionship probably arises be-
cause this materfal had a p-type periphery.

Stage 1,

The application of only 350V on this 1 cm thick
detector resulted in excellent spectrometer performance;
a nearly perfectly symmetrical 1,8 keV(FWIM) peak from
the 1332 keV 60Co line, All spectra presented in
Figs, 9{a) and 9(b) were obtained at 1000V,

Stage 2, After being irradiated by a fluence of
1010 a/cm? 1.4 MeV neutrons, the detector had remained
at its normal operating temperature, a few degrees
above INa, for 7 days before these measurements were
made, This detector appears to improve slightly dur-
ing LN anneal. However, this is not a characteristic
of all neutron irradiated detectors, As noted in Fig,l
some detectors deteriorated significantly during LN2
anneal,

Stage 1, This represents the situation after the
detector had been annealed at dry ice temperature for
15 h, The material is now p-type, and depletion is
not reached until 1400V. A substantial increase in
acceptor concentration was observed for all the detec-
tors irradiated; similar observations have been re-
ported previously2,3, A scan with collimated 241am
60 keV y-rays from contact to contact revealed severe
hole trapping, The severe degradation caused by the
relatively cold anneal serves as a warning against
warning any high-purity germanium detector that has
been in significant neutron flux even if that detector
has not shown any degradation, Bitter experience has
dramatically proven this point, Several excellent one
ecm thick detectors (1,8 keV FWHM at 1332 keV) that have
been uvsed around accelerators at LBL without exhibiting
measurable degradations have been warmed to room temp-
erature for brief periods, Spectrometers with resolu-
tions of 3 keV at 1332 keV were the result,

Stape 4, At this point the detector has been
annealed at dry ice temperature an additional 32 h
(total of 47 h), Deplction is now reached at 1050V,
thus the acceptor concentration is already decreasing.
Although still very poor, the 60Co spectrum has improved
considerably relative to Stage 3,

Stage 5. An additional 82 h at dry ice temperature
produced negligible chenge in either the spectrometer
performance or acceptor concentration,

Stage 6, The detector had been annealed at room
temperature for 14 h, Although the spectrometer per-
formance impruved somewhat the acceptor concentration
was not measureably lower,

Stage 7. An additional 64 h a8t room temperature
had now transpired, The spectrometer performance is
considerably improved and depletion is now reached at
about 980V,

Stage 8. The detector system was transported
warm from BNL to LBL, and an additional 8 days at
room temperature had elapsed, This lengthy room
temperature anneal produced negligible change in either
the spectrometer performance or dacceptor concentration,

Stage 9. The detector was annealed 100°C for
4 h prior to these measurements, Marked improvement
in spectrometer performance i{s observed and depletion
is now reached at about 850V, For many applications
this detector would now be considered acceptable,
eapecially if significant overvoltsge could be applied,

o Stage 10, An additional 102 h of annealing at
100°C had now transpired. The detector is now ac-
ceptable for nearly all application although the
spectrometer performance is not yet equal to the
initial quality, As expected, the degradation rzja-
tive to initial conditions is seen especially 4t lower
bias, and when one looks carefully at peak symmetry,
However, if a comparison is made when 2500V are applied,



little, if any, difference can be seen, Depletion is

now reached at about €00V,

Stage 11, The detector was stored at room
temperature for 192 h, Neither the spectrometer per-
formance nor the acceptor concentration was affected
measurably,

Stage 12, The detector was stored at room
temperature for an additional 134 days, Although the
depletion voltage has decreased to about 500V the
spectrometer performance has remained essentially the
Bame .

While sntored at room temperature following
sufficient 100 C annealing to largely resotre spectro-
meter petformance, the acceptor concentration decreased
in ali the detectors,

From these data one can conclude that in situ
annealing of high-purity germanium spectrometers is
possible. Although complete recovery may not be ob=
tainable with 100 C annealing the spectrometer per-
formance should be acceptable for nearly all applica-
tions, As an illustration of what can be done in the
field the following case history is presen:edu,

During the testing of a high-purity germanium
detector system at the Los Alamos Meson Physics Facility
(LAMPF) it was exposed to a total neutron dose of about
1 x 102 n/em? (this number was not well determined),
This system, which was fabricated at LBL as part of a
collaborative project with the Carnegie-Mellon group
for use at LAMPF with charged particles and consisted
of two l.5cm thick detectors, The neutron irradiation
degraded the Y-ray resolution of both detectors from
about 2,2 keV to 16 keV at 1332 keV, The system was
first connected to a high vacuum pumping station; the
cold finger was then.removed from the LN, dewar and
placed in a flask of water that was heated gradually
to bolling (91°C at Los Alamos), After a number of
hours the procedure was reversed and the detector
resolution and capacity as a function of voltage were
measured, During the first cycle the detectors were
warmed to only room temperature for 60 h and then
tested, The detectors were then recvcled to 91°C for
60 h, tested, and then cycled again until they had
been 8t YLI'C for a total of 300 h, As cé&n be seen in
Fig. 11, the resolution was dramatically degraded
after the room temperature cycle, but successive
treatments gradually restored the resolution to 4 kev
after 300 b at 91°C,

Due to the limited resolution of presenc beams
at LAMPF there was no need to fully anneal this system ~
in fact when the detectors had only 16 keV resolution
(prior to any annealing) no effects of radiation damage
could be discerned when measuring the high energy
charged particles, However, the system was eventually
returned to LBL for evaluation and full restoration,
After annealing at 150°C for 66 h, both detectors ex-
hibited spectrometer performances and C(V) relation-
ships identical to those obtained originally,

Conclusions

{1) Significant energy resolution degradation
in germanium gamma-ray spectrometers, both lithium-
drifted and high purity, occurs after irradiation by
between 109 and 1010 n/em? of S MeV neutroms

(2) The main finding of thls study is that
there exists a wide range of damage sensitivities
(factor of ten) among high quality germanium spectro-

meters, It is of great interest and importance to
ellucidate the parameter(s) which is/are responsible,
Dislocation density and distribution is an obvious
initial and plausible choice, The two detectors which
degraded at a distinctly low fluence, 284-1,2 and
287-1,1 had somewhat lower dislocation densities as
expressed through etch pit density. Both are from the
vhead" of each crystal at which position full dis-
location patterns may not have fully developed, 1In
fact, a central area of 287-1.1 (as observed on an

ad jacent slice) was found to be dislocation free, and
a dislocation free ring was present in 284-1,2, In
contrast, 214-6,0 being further from the head of the
ingot and the GE materials are known to have higher
EPD, Lithium-drifted detector 40B was fabricated irom
material with somewhat higher EPD than 43C and does
indeed show a slightiy greater damage resistance, It
is plausible that dislocations represent neutral
nucleation sites for neutron-produced vacancies which
compete with clustering for the ultimate sltuation of
the vacancies which retain some mobility ar LNz temp-
erature!?, Dislocation-free material 15 known to pro-
duce of inferior resolution due to several trapping
effectsld, Specific tests of this hypothesis should
be made by comparing detectors from material at the
extremes of dislocation densities and distributlons,
A detector from ingot 2B4 but much further down in the
ingot with a fully developed dislocation pattern will
be irradiated,

(3) Changes in the energy resolution take
place after irradiation while the detector is held at
77°K, This is not inconsistant with the fact that
some vacancy mobility exists at this temperature,
tneveral but not all detectors improved slightly after
periods of hours to days following irradiation, Finite
but necessarily greatly reduced vacancy mobility might
promote recombination during this annealing period, as
opposed to aglomeratjon into trapping clusters, The
annealing at LN, must therefore cause the spectral
degradation resulting from irradiation to exhibit a
dependence on neutron dose-rate as well as fluence,
Although in most situations, this will not be an Im-
portant factor, the possibility should be recognized.

(4) Very complete collapse oi the energy res-
olution occurs when anneals at only 200°K, dry ice
temperature, are carried out, The acceptor concen-
tration is greatly increased after the dry ice anneal
and decreases with further higher temperature anneais.
Energy resolution improves somewhat fn going from the
dry ice anneal to the room temperature anneal,

It is difficult to describe the specific de-
tails and dynamics of vacanecy clustering and aglomera-
tion in between these two temperatures, However, from
a practical viewpoint, it is obvious to instruct chat
if a germanium spectrometer has been even possibly ex-
posed to fast neutrons, it would be imprudent to re-
cycle the unit to higher temperatures,

(5) A very large portion of recovery is
possible from anneals at only 100°C for periods of
hours and, further, complete recovery can be achieved
at somewhat elevated temperatures, up to 150°C, No
solid evidence was found for improved spectrometer
performance following damage recovery (compared to
inttial performance) which may be due in part to the
fact that the spectrometers were of high initial per-
formance,

(6) As noted in previous studies, hole trap-
ping predominates as the degrading effect on energy
reselution, It should be mentioned here that the




potential use of high purlty coaxial detectors offers 11,
the possibility of minimizing hole trapping in charge
collection if the device is configured with the pt

contact (Pd) on the coaxial periphery, Thus, the holes

make only a short traversal from the outer portions of 12,
the detector (where most interactions occur) to the

contact of collection, To establish high fields at the 13,
periphery one would want to use n-type germanium,

(7) An effect of deep levels increasing the bulk
resistance of any undepleted matevrial was observed
by means of the pulser introduced through the detector.
As this resistivity increases, the undepleted region
capacity must be included and the apparent capacity
approaches the geometric value constrained to be the
series combination of Cy and Cy4,

(8) An experiment which in the authors' opinion
has little prospeect of exciting result, should probably
be performed for compleremess in this area., A detector
stould be trradiated and anneaied to the original per-
{ormance through several cycles, This situation may
arise in practice and it could be that some damage
“hardening” may be achieved over several cycles, If
this effect occurs it should be studied in a controlled
situation,
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Figure Captions

Summation of detector response as a function of
fast neutron fluence, Detector resolutions less
the system contributions are shown with the hours
following irradiation in parenthesis, Bias
conditions are also noted, The width of each
measurement box corresponds to the estimated frac-
tional uncertainty in the fluence measurement,
0.25,

Equivalent detector circuit elements for depleted
(d) and undepleted (u) regioms,

C(V) characteristic for detector 284-1,2 at
several neutron fluences as measured by the in-
jected pulser method,

C(V) characteristic for detector 1098-4 at several
neutron fluences as measured by the injected pulser
method,

C(V) characteristic for detector 287-1,1 at
several neutron fluences as measured by the in-
jected pulser method.

Oscillograph of preamplifier output waveforms of
pulser for detector 284-1,2 at several low biases
following irradiation by 3 x 102 n/cm? of 5.5 MeV
neutrons,

Oscillograph of preamplifier output waveforms of
pulser and 137Cs spectrum at 100V bias as a
function of neutron fluence for detector 1098-4,
The amplitude of the pulser is not normalized in
these pictures,

Oscillograph of amplifier output waveforms of
pulser and 137¢s spectra for detector 287-1,1
showing essentially the initial condition at
900V hias after only 3 x 107 n/cm? and the re-
sulting decrease in rise times after 1010 n/cm2
of 5,5 MeV fast neutrons,

The shape of the 1332 keV 60Co peak at various

stages of damage and an.eal for detector 214-6,0,

The number on each curve refers to the stage listed

in the text, No relevance should be attached to

the peak positions since the peaks have been displaced
and the energy scale varied to clarify the observa-
tion of peak shapes,




Fig, 10

Fig, 11

Figure Captions(cont'd)

The capacity~voltage relationship at various stages
for detector 214-6,0, The number on each curve
refers to the stage listed in the text,

The shape of the 1332 keV 60¢o peak from one 1,5 em
thick germanium detector before, during and after
treatment for radiation damage at LAMPF,
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