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APPLICATIONS OF GERMANIUM GAMMA-RAY DETECTORS
. | " D. A. Shirley
Department of Chemistry and -
Lawrence Radiation Laboratory
University of California

Berkeley, California

January 1965

'Just over a yeaxr aéo Ewan andfTavendaie at Chélk River Labofatoriés
ahnounced'that a single crystal of lithium;drifted.germanium,wbuld_sefve, ﬁhen
qpéfated at low‘temperatures and under a modestvbias voltage; as.a high-reso;
1ution,7-ray.aeteétor.l) .TheAnuclear physi;é community responded_répidly to
'this revolutionary dévelbpment:. Within two weekS‘Ffed S: Goulding énd'w; L..
Hansen héd built ouf_first Ge(Li) spgctroméﬁer at Berkele&. .Soon‘after,.be-.
cause of.théir far hiéher resolutién, Ge(Li)_detgctors feplaged NaI(T1l) scin-
tillation crystals for almost e#ery sérious invéstigatibn.in yéray spectfoscop&.
In this article thé applicability of Ge(Li)-detectoré to the vafious-types of
experimentgl investigations in the field-ofly-réy spectroscépy is Briéfiy dis--f'
cussed.and evaiua@gd. IlluStfétive examples ére gi?en from work in progfess
in the author's labofatory. h

. A little hiétorical perspéctivevis'helpful in uﬁderstanding fhe impact‘
of the newvsemiconductor counters. Gamma-féy spectroécopy has long Beéﬁ handi;
capped by the iow reso;ving_powér of the aVailaﬁle spectfometersn‘ Until 1950
most y-ra&'spéctra were studied by'absofption‘teghniques, in Wﬁich absorbers
bf'varying‘thicknesées %efeApiaced betweén the séurée and an.énefgy-insensitive'
counter. The manner in ﬁhich the transmitted inteﬁsity decreased-with'increa;ing‘

" absorber thickness was related to the energies and aBundances of varibus.com- |
ponents af the y-rayISpegtruﬁ. _The analysis ?as rather simiiér"fg the resoiu-

tion of decay curves into components with different half-lives, and the results
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were also quite similar. If the specira were very simple and the energies of
the few components were quite different the technique was applicable, but for
complex spectra it was completely inadequate.

Ih 1947 DuMond announced ‘the completion of a quartz bent-crystal spec-

.trometer.z) This instrument has very high resolution for low-energy y-rays

(vetter than Ge(Li) below about 300 keV), but its application to nuclear spec-

)

troscopy is severely limited by low efficiency and by the fact that it is a

single-channel device, i.e., tHe.y-ray spectrum most be scanned, with only one
small energy interval being studied at a time. .In a multichannei.deviee, by
contrast, signels from 7y rays. of oifferent energies are sorted electronically
after deteetion, end all energies may be‘studied simultsheously.' %or.maﬁ&,
research probleﬁs there is no substitote.for very high.resolution et the
lorest energies,‘and oent;crystal speotrometers can be expected to make ime
portant contributions in such appllcatlons : o

The workhorse in y-ray spectrosc0py for over a decade has been the
thallium-activated sodium iodide crystal, snd it is with'this device that the
new germaniom detectors must.be eompared; Because of its multichannel eﬁarac-
ter and its high efficiency,'the NaI(Tl);spectrometer has enjoyed:universel
adoption in spectroscopy'ieboretories. Its low resolution,'however, has made
it a poor cousin in this respect among spectrometers, and the rush by spec- “
troscop;sts from NaI(Tl) £o Ge(Ll) underscores the long held view that thls

low resolutlon is s1mply 1nadequate for many purposes.

Performance of Ge(Li) Detectors

Because we are interested here mainly in applications, only a minimum

‘ description of the detectors'is presented below. Gouiding and co-workers

have given detailed discussions of the fabrication and operatlon of Ge(Ll)

counters,B) and Eugene Miner has de51gned Ge(Li) cryostats for _many applicatiOns.h)

¢ g r——g
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The detectdrs are as yet small, ranging up to 6 cm2 in aréa and ~1 cm in qepth.
Because capacitaﬁce should be minimized for high-resolgtion perfofmance the |
areaAmust not be too iarge compared to the depth; Increasing the depfh is at
present a major technolbgical problem. .The detectors afe operated at liquid

nitrogen temperature (77° Kelvin) o minimize noise. They are housed in spe-

" clally-designed dewar vessels made in such a way as to minimize_stréy capacitance,

and are operated under a bias of several hundred volts.
A vy ray is detected when it deposits energy in the Ge crystal, creating

many electron-hole pairs. These are swept out by the bias voltage, and a pulse

is aeveloped in a charge-sensitive preamplifier. The ;arge number of électron- |

hole pairs allows dnly’a'small percentage statistical energy spread, and this is

the essence of the high resolution available with Ge(Li). Preamplifier noise

is minimized by usiné an EC lOOd tube as the'first stége. Another,majbr prob-

lem is to lessen this noise still further; it presently accounté-for.over half
the peak width below about 500 keV.

"The spectroscopist is usualiy interested-in three ilmportant properties:

resoiution, efficiency, and speed. Resolutions of the three -y-ray spectrometers

‘are compared in Fig. 1. Sodium iodide is out of the running over the entire

energy range, although in some épplications it may be preferable to Ge(Li) at

vthé very lowest enérgies because of low-energy noise prcpertiés. "Above 500

keV Ge(Li) is about a factor of 20 better than NaI(Tl), a very substantial

_'improvement indeed. For many.applications in nuclear spectroécopy this margin -

can mean the:differénce‘between success and faillure. Above about 3OO keV Ge(Li)
gives bettefAresolution than the bent crystal. Thié_crdésing point should

sooﬁ droplin'eﬁergy as preamplifier noise is reduced, 'but it'fheoretically
cannot drop below about 200 keV. ' For high resolution, then, the bent crystal

will continue to have a definite advantage at Very’lowfenergies.
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The efficiepciés of the two.multichannel'spectrometers are shown plotted
against energy.in Fig; 2. Here thé roles aré reversed, with NaI(T1l) posses-
sing a clear supefiofity to Ge(Li). In applicatioﬁs wheré efficiency is nec—‘

essary (e.g., angular correlations) NaI(Tl) will continue to be used, especially

- for high-energy work. While Ge(Li) can never make up the deficit'of two orders

or magnitude‘in efficiency at 1 MeV, iﬁ should be,noted that thé comparison

made here is hardly fair, beéguse a 5-inch-£hi¢x'NgI(T1) crystal is being compared
with a Ge(Li) crystal df,bnly a few mm thickness. As the experiméntal curves B
éf Ewan and Tavendale show, the efficiency éf Ge(Li) improves wiﬁh-fhickness.s)

There are two reasons for this: +the increase of thickness means that more Ce

atoms are in the path of incoming ‘y-rays and the probability for phbtoelectric

‘ ébsorption of the full <y-ray energy is increased; in addition the probability.

. for full-energy absorption by multiple events‘such as Comptdn.scafterihg and

subsequent photoelectric astrption of the_scattered Y-ray is'also enhénced.
Further improvemenﬁs'can be. expected for future thicker counters. 'Comparison
of the two properties resolution and efficiency shows that while the efficlency

for a full-energy peak may be two orders of magnitude smaller for Ge(Li) than

- for NaI(Tl) the peak may still_be one-fifth as tall‘becaﬁse the-improfement of -

a factor of éO in resolution concentrates therc0uﬁts ﬁear fhe.nominal y-ray .  :11
energy- o

With a rise-time in'the.neighborhood of 30 nsec Ge(Li) detectors sare
about an order of mégﬁitudé faster than NaI(Tl). Thus they are applicable for
fast‘counting and fast coincidence work. E,*Matthiés‘has already obtained
fast-coinéidence resélving ﬁimes vith Ce(Li) that aré'supefior t0 the:besﬁ
obtainable yith NaI(T1). - | . |

Fig. 5‘sh§ws a tyéi;al;Gé(Li) count of the 130-keV reéion of the y-ray‘.

spectrum in the‘decay of Co57. The two well-resolved peaks at 122.0 and 136.4
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keV arise from transitions from the 136.k4 ke# state to the 1.k ReV‘state and'.
the ground state of the famOus M8ssbauer nucleus Fe ? With NaI(Tl) the two
peaks are unresolved.s The two y-fays have very different angular distribution
characteristics, ana N. J. Stone has used Ge(Li) detectors:to scudy'theﬁ
separately. Peak widths es small as 2.0 keV have been obteined oh.seﬁefal
counters for the 122.0 keV Y-ray; this seems to be the p?actical limit

.for the preaﬁplifiers. The photoelectric effect is very‘im?ortant at these
low energies; end full—energy peaks dominate'the spectrum.

The influepce'of processes other than photoelectricvabsorption is

illustrated in Fig. L, which shows the "signature" of a 2754 keV < ray in a
’ _ , Y

Ge(Li) detector. A broad plateau appears at lover'energies. This-ariseskt
thfough Compton scettericg and incomplete depositiOnvofoenergy in.fhe detector,
It is litﬁle use in ahalysis. For such high-energy -y rays pair production is
also 1mportant and the positron usually annlhllates w1th an electron in the
Ge(Li) crystal, creeting two 511-keV vy rays. If both leave the'crystal,unde-.
tected a "doubie escape" peak appears at 1022vkeV belo#'the_original Yy-ray
energy, at 1732 keV iﬁ this case. Either 5il—keV Y ray ma& escaﬁe‘singly,
leav1ng enough energy for a 51ngle escape peak at 2243 xeV. - Ge(Li) sheres
with NaI(Tl) the adverse effect on the low-energy Y-ray: spectrum of a back-

ground arising from Compton scatterlng of higher-energy <y rays. This effect

. is less severe in Ge(Li) because of the higher resolution, which improves the

* signal-to-noise ratio for the low-enefgy‘peaks.

-Applications to Gamma-ray Spectroscopy

Applications of Ge(Li) detectors to seven dlfferent types of experi-
ments are dlscussed separately below.

. A. Spectrum Analysis

The most important single application is the analysis of y—reyxspectre

from radioactive isotopes. _These spectra typically consisﬁ of several

t
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components, each corresporfiding to a transition between two energy levels in
the nucleus. Accurate determination; of these energies’allows one to piece.
together the nuclear lévél scheme. With NaI(T1) spectfa peak widths were
typically about 60 keV, and-eﬁergy determinations to l/lQ thé.liné width gave
an accﬁracylof about 6 keV. With Ge(Li) counters these figures become'B.keV
and 6.5 keV.- We are presently Mmeasuring energies to an accufacy of % 0.3 keV,A
_althoughvwe hope spdn to be able to reducé this to iOJl keV, an improvement
that should be«possible becausé of the small variation of background with
energy under the'narrow Ge(Li) peaks. We are é;esently limited by two factors
unknown in NaI(Tl)'spectfoscoﬁy. Fifst, there are very few Y rays With énergies
. knqwn to O:l;kéV that can serve as calibration-sténdérdé. Sécéﬁdly,'the‘pulse-‘
height énalyzeré in ﬁse,.with only a few hundred‘éhannel§, do not provide a
suffipigntly detailed représenﬁétion of the very detailed.Ge(Li)_spectfa.
Thousandé of ‘channels will‘be required téqdo the job adequately,.and it is
already clear that computefshare going to plaﬁ én increasihgly important role
in Ge(Li) spéctrdséopy;‘both as successors to pulse—height analyzers in stbring‘ :
data and-for data reduction. : : |
In the degéy:bf Hol66m,,one of the fifé£~caseé_studied with'Ge(ii)
“,detectors in our laborétofy, seVeral-tfansitions ﬁere'immediaéely evident.that
héd been entirely overlooked_in éareful éxpefiﬁents with Nai(Tl) cbunters. |
In Fig. 5 spectra taken with both types of speétrometef are showh, normalized
t0 equal counting tiﬁes and with the same solid angle subtended by‘thé counters.
‘Thevhigh—energy doubletsvwere unexpected, and two partially-resolved peaks in
the 700-800 keV'region of ‘the NaI(T1l) spectrum became eight well-resolved ééaks.
This portion vathe spectrum is discussed further ih Section C below.
The nucleus Lul77m has attracted considerable a£tention laﬂéiy because

of the decay of its‘high-spin "three quaéi-particle" state through two rotational

Y SN
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Alexander, Boehm, and Kankeleit6)

T

' and one in Lu

- bands in Hf; 177. ~have- worked

out' its decay écheme in detail, using the Cal Tech bent-crystal spectrometer.
‘The y-ra& spectrum and tﬁeir decay scheme are shéwn in Fig. 6. Johaﬁ Blok in
our iaboratory hés studied this decay in connection with hyperfine-stiucturé
. work, and has been.able incideﬁtally to add some confirmaﬁory.information on
the level scheme. Taking advantage Qf the ﬁigh signalrto~noisé ratio in the
Ge(Li) detectors he has found the missing 426-keV transition, from the 19/2-

state in HE- (!

. By coincidende measurements, using the L26-keV y-ray as a.
gate; he haé placed this transition unambiguocusly. Further cqiﬁcidence experi-
ments confirmed many details of the.other cascédes.Y) With NaI(T1l) spectra

this work would have been compietely out of the question.

B. Coincideﬁce and Angular Correlation.Measuremeﬁté

‘In coincidence expérimeﬁts two 7Y rays are detectéd ﬁith'two.éounters{
- and appropriate circuitry determines whgther they.are nearly coincident in time
gnd thus probably emifted successively in the decay of the éame nﬁéleus. Béf
cause two degectoré are involved, the efficiency for coincidences goes as the
square of the singles efficiency. .Thus‘for'loﬁfefficiency,Ge(Li) cﬁuntefs
coincidehce counﬁiﬁg is somewhat difficult, partigularly.at\high_energies._ In
Fig. T the full-ehergy singles and coinqideﬁée efficienciés_for NaI(Tl)vénd
Ge(Li)-detectoré are p;ottea against y-féy éneréy; In const?uctiﬁg fhe figure
we héve omitted the cdntributiéns-to cbunting efficiency of solid angle(s)

" subtended by the coun%éf(s)j our efficiéncy is defined_éé.thé péréentage of
those Y rays incident upon-ﬁhé counter that give rise tg!a fuil-energ#_?ulse.'\
iThe dashed siﬁgleé curves (lébeléd "NaI" and "Ge") are'simpiy squared %o-broQ

~ duce th¢ solid coincideﬁce:cﬁrves ("NaI-NaI" andivGe—Géﬁ).  |
%Séveral conclusions regarding.thé appiicabiiityvof Ge(ii) deéeétofs
for this type of expériment can gquickly be reached on perusal of Fié. 7. Fifst

v
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we note that coincidences between two y-rays at 1 MeV are observed with about

L orders of magnitude less efficiency using a Ge-Ge system than with NaI-Nal.

© For experiments such as angular correlations, in which the number of coinci-

dences is a prime factor, it is uniikely that Ge(Li) will find much applica-

tion at high energles. For ordinary analytical coincidence work, on the other
, L ‘ A

hand, even this factor of 10 might be made up for by the fact that a Ge-Ge

coincidence at 1 MeV embodies some (20 x 20 =) 400 times more energy informa-

tion than does a NalI-Nal coincidence at.the same energy,'because of the higher

resolution. It is easy to imagine situations in which even a few‘events with
well-defined energies can be much more valuable than many events of uncertain
' ’ 17Tm

energy. This was particularly true, Tor examble, in ‘Blok's work.on Lu

Going lower in energy the situation becomes relatively moie‘favorable

for Ge(Li) detectors, and at sufficiently low energies even angular correlation.

experlments are fea51ble An interesting practical compromise between resolu-'

tion 'and efflclency that often works is the use of an unsymmetrlcal 001n01dence

circuit, with NaI(Tl) on one side and Ge(Li) on the other. Efficiency-curves
for such circuits are easiiy constructed from the singles curves By sliding
them up or down approbriately, noting thet-the efficiency is plotted on a_iog

scale. This has been' done in Fig. 7 for the case of a "gate" counter set at

200 keV and the energy for the other counter left varlable. These curves are

labelled "Ge,.. -NaI" and "Ge-NaI " for Ge(Li) and NaI(Tl) gate counters,
200 ‘ 200 ,

o : N
, respectlvely For the eases Ge2oo haI5OO and GeBO 200 (extendlng the

{

-above notatlon) the efflclenc1es are about the same as that of the well—studled

- a .
. 1175 . 1355
'Using this "unsymmetrical” arrangement, E. Matthias, N. J. Stone, and

R. B. Frankel have studied angular correlations of the coincidences between

LOO keV vy rays (observed with NaI(Tl))‘and 35.5-keV 7y rays in the decay of
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fission-product Sb A coincidence spectrum is shown in Fig. 8. - As the

angle between the two detectors is varied through 90 degrees the x-ray inten-

sities.remain constant but the 355.5-keV v ray varies ‘in intensity by 30%. -
They have also studied the rotation of this correlation pattefn in a magnetic :
field, operating the Ge(Li) detector in a field of several thousand gauss.

’

C. Low Temperature Nuclear Orientation

A field that is greatly enhanced by the use of semiconductor detectors

.is nuclear orientatiqh; in which"the angular distributions of radiations from

oriented nuclei yield more subtle information, such as spins and moments,

 about nuclear energy levels than is available from simple counting and coin-

cidence experiments. . In the past & and B particles and conversion electrons
from oriented nﬁclei had been detected with germanium and silicon counters:
the advent of Ge(Li)'detectCrs now extends thislapplication'to Y rays;‘ In-.

tensities are measured as in angular correlation, but, unlike angular correla-

~tion, singles counting is done, and the efficlency is not prohibitively low.

On the other hand Ge(Li) detectors resolve Ehe Y ray peaks sufficiehtly well -
that-définitive angular distribution measurements can be made on each peak.
E. Matthias and S. S. Rosenblum have_studied é;gular disﬁribgtions‘of -
7'rays.following the decay of oriented Hol6.6m ﬁucléi. In Fig. 9 the-700-800
keV portion of the spectrum-is showﬁ, for anglés'of 0°, M5O,‘andﬂ900 between
the direction of orientation aﬁd the Ge(Li)'detectors; The &-ray intensiﬁiés
vary . greatly withvanéle, and the éngular gééeﬂdence.is different for each.y
ray.vfIn Fig. 10 are shown the complete angular diétxibutions f6£ three -y rays
in Erl66, along‘with ﬁheir iositions in the decay scheme._.fhevahgular diétri—

butions, when quantitatively analyzed, yield the spins of the levels-as shown.

- . Nuclear orientation is a far more generally applicable method ‘than is commonly
realized, and its usefulness is greatly enhahced by the introductidn of GeCLi)

. detectorsf
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D. M8ssbauer Spectrescopy_

A technique in y-ray spectroscopy that has enjoyed gfeat popularity

since its adoption over the past few yeafs is the application of the M8ssbauer

Effect to problems in chemistry and solid-state physics. A_mejor limitation
of this technique has been a lack of suitable resonant y-ray transitions, In
many cases fhe'transifions afe‘there, but the y—ray‘peaks are obscured by btheﬁ
(nonresonantj radiations. Ge(Li) detectors make most of these cases tractable
simply by resolv1ng the resonant Y rays and 1mprov1ng thereby the 51gnal to-

191

noise ratlo. In Ir B MBssbauer s orlglnal nucleus, we have such a case

The 83-keV 7y ray givee both a narrower resonance and'a larger effect than ‘ddes
the 129-keV 7y ray that MHSsbauer studied, but untll now 1t has been .obscured
by x—rays accompanying the decay of Ptlgl. Flg 11 shows part of the Y-ray

spectrum of this 1sotope, taken w1th a Ge(Ll) counter. The 85-keV'y ray is

.clearly resolved from the x-rays, and J. Hunt21cker and S S. Rosenblum have

observed the M8ssbauer Effect w1th this vy ray.

E. Conversion Coefficients

A sensitive indicator of the multipole character of a vy ray'traneition o

ie its conversion coefficient, which is the ratio oflthe intensity of electrons
ejected from: atomic shells in lieu of 7y-ray emission to the‘y-ray.intensity
itself. The comparison of these two intensities is greatly facilitated b& seml-
conductor couﬁters,’using Si(Li) for the electﬁons and Ge(Li) for the 7y rays.
Dr_.: Jaeck M Hollander hes DUt a "'conversion coeffieient machine" a-t: the Lawrence

. f ','_ 8
Radiation Laboratory in Berkeley. To use it one simply places a source in a

fixed p051t10n and counts, doing simultaneous multlchannel analy51s on both

~ electrons and vy rays. Comparison of the relatlve intensities with a ‘known

calibration factor for the machine then given conversion coefficients directly.

This is a welcome contrast to the laborious point-by-point scanﬁing of'ah_w

T} I P aA e e E A R g PRttt v g 4
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electron spectrum with a magnetic spectrometer. Although a Si(Li) detector
gives poorer resolution for electrons than do the best magnetic spectrometers,

o’ - its efficiency is orders of maénitude higher, and for many decay scheme studies

it is preferable. -

g .

F. Neutron-Capture Gamma Rays
When a‘nucleﬁs captupes'a neuﬁron the binding.energy is gi&en‘up by
y-ray emission. The ﬁransitionlenergies and intensitieslconvey infofmation
about the structufe of the resuléant nucleus. 'Appiication of Ge(Li) detectors
will greatly enhance.the feasibility of‘capture Y-ray sﬁudies byipfoviding |
more definitive measurements of the number, energies, and intensities-of‘y
i : ‘rays emitted. O. A. WaéSon, K. J. Wetzel, and C. X. Bockelman of Yale ﬁniver—
sity have made a survey of the (n,v) spectra for several elements, usiné Ge(Li)
counters}o They have demonstrated the féasibility of this type of experiﬁent
and have already found many new;transitions. . |

P ‘G. Mu-mesic X-rays

' - ;' A vefy exciting appli@atién of Ge(Li) detectors 15 tﬂeiriuse?in‘u—mesic
% o x-ray stﬁdies. Mu mesons are very mﬁch.moré:closely bound to nuclei than are
‘electrons. 1In lead, for example, a mu-@éson in the 1owestvstabie orbit'is'@?+~'
actually inside the ﬁucieqs, For this reasén mu megons caﬁ serve aé very

_sensitive probes of the charge distributioh within_the nucleus. Until how'

studies of the structure .of mu-mesic étbms have been véry severely'handicappedr

by the ﬁoor quality of detectors used to observe the characteristic x-rays. -

i
!:
i
3
i
i

Now Ge(Li) detectors are beginning to revolutionize this field. H. L. Anderson,

C. XK. Hargrove, E. P. Hincks, and A. J. Tavendale at the University of Chicago.

&

 have already applied Ge(Li) detectors to u-mesic x-raylstudiesll with cohsiderable

'success, and the future hdlds'great promise for‘this.application.
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This report was prepared as. an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report °
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








