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I. THE TOOLS OF GAMMA-RAY SPECTROSCOPY

In evaluating the available spectroscopic. devices to use in his research

' - program, the nuclear spectroscopiét must consider, among other things, threc

important factors: (1) the resolving power, which placés a.:limit cn the.
complexity of the spectrum that can be examined; (2) the detection efficiency,
Which,dctermines the strcngth of soufce required and alsc has much to do with
the tType and amount of background or hoise that will be'present in the experi-
ments; and (3) the speed of data accumulation, which is of great importance
when work is done'with rapidly-decaying rcdioactive isotopes or with hard-to-
get accelerator beam time. These factors cre Qf course not unrelated.

The field of gamma-ray spectfoscopy has long been handicapped by the
poor balcﬁcc among these criteria in the availableﬂspectrometeré- Until
about 1950, the most widely used tool fcr gamma-ray measurements was the Pb
abscrceriv The'absorption technique was distinguiéhed by two characteristics;
simplicity and poor'resulﬁs- Since the absorption curve of a monoenergetic
photon is an exponential, the resolution of absorption curves presénts.essentially
the same problems as the resoluticn of complex decay curvcs, and the difficulty
of analycicéAmeaningfuliy decay cufves with more than two components is well
knowﬁ. If only one gamma ray is presehf} it is of course possible.to determine
its cnergy.rather accurately by absorptioc; bu£ since this is not the generalt
cése but rather the rare ékcéption, the absorption techniéuc has proved to be
2 comple'éely inéd.equa‘te tool. As an exemplé of the misle.aaing information
comihg from acsorption measﬁrcments, cne'nctes in earlier compilatiocs of |
nuclear dataJthé‘reporting of."l MeV" éammacrayc in practically every isotope -
bremsétréhiung; no doubt.

At fhe other extreme were the very high fesolution gamma-ray cpectrometefé

developed in the early 1950's: the crystal diffraction spectrometer and the
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external-conversion magneﬁic spectrometer. The crystal diffraction spectfomeﬁer,
developed largeiy by DuMond and collaborators,l occupies a position of gfeat
historical importance in the deveiopment of nuclear spectroscopy, for it made

of nuclear spectroscopy a precilise science and 1t gaﬁe indications of the
wonderful. store of information about muclear levels that lay waiting to be
tapped-. But, as elegant as were its accomplishments, the crys#el diffraction
spectrometer proved to be a tool of limited applicability because éf its very
low efficiency. This‘can be understeod by considering that ih a typical‘

crystal diffraction sp’ectrometer2 the beak’counting rate for a focused gamma

8

of the source strength, and (since

ray of 100 keV energy is only ~ 5 X 10~
. o

the‘reflectiVity goes as l/Ee) that of a 1-MeV gamma ray is only ~ 5 X 10”
of the source strength. Thus, for-a_léMeV gamma ray with an intensity of,
| , .

say, l%.?er disintegration, a-lO-Curie source is fequired in'order to achieve
a peak.céunting rate of lOO/minutei A further limitation of this type of
spectremeter arises from the fact that it is a single—channel device and the
spectrum must be scanned point by point, with only a small fraction of the
energy interval being studied at a time;'thﬁs the rate of data accumulation
is also slow. Because of these considerations, the diffraction spectrometers
have been ueed primarily for the determination of pfimary gamma-ray standards
and for the study of relatively iong-lived activities that caﬁ be prepared inl
great‘strength; |

The line width (FWHM) of %he transmission-type difffaction spectrometer

may be expressed as?

AE = kEg/n
where k ~ 3 X 10_5. fqrvthéngsual:quartz;bent%cnystal spectrometer; and n
isftheaorder,of;thE¢reflectiont*Af, For .first.order reflection.of a100 keV

. gamma ray, the line width is ~0.3 keV (0.3%) and for a 1 MeV gamma ray it is

“
W
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~30 keV (5%).‘ About three times better resolving power has been achieved by
thé use of germanium crystals in place of quartz.2a The dependence'on the
square of the energy means that thenresolufion of the diffraction spectrométer
deteriorates rapidly with energy so that the typical bent-quartz crystal spec-
trometer cannot be considered a.high-resolution inStrumeht for gamma raysbabove

a few hundred keV. In principle, diffraction spectroscopy 1s an absolute

method,‘and gamma-ray energles can be measured with high.precision, better
than 0.01% at 100 keV and 0.1% at L MeV .. . - - - . 1In practice,

the preciéion actually obtainable depends on accuracy of machining and calibra-
tion 5f the‘mechanical‘deviceé inyolng in the measuremeﬁt of the diffraction
angle, 1.e., lead screws, etc.

Th¢ external conversion magnetic spectrometer has also beehiimportént.
in‘the development of gamma-ray spectroscopy. In essence, this technique
involves the use of an ordinary beté-réy épectfometer to analyze the photo-
electron %pectrum produced from a heavy-élement (e.g., urénium)‘radiatOr
placéd'in ffont of the‘gammaefay-source. As an illustration of.the use of

: ‘ » : 505
this technique, Fig. 1 shows a spectrum produced from gamma rays of Bt 05 in

.the 800-900 keV energy region by the external conversion method, taken from

3

With this technique, a number of high-
resclution studies of gamma-ray spectra'have been made. Asva method, external
éonversion spectroscépyAsuffefs essentially‘the samé drawﬁacks as diffractioﬁ-
spectroscopy, though in lesser degree. . Magnetic spectrometers that have been
used in thié way‘are Single-channel devices, énd scanning of the spectrum is
slow.and tedious. The efficiency is also léw; the solid angle of a typicai

5

dduble—fobusing instrument is ~ 107 of a sphere, and this number reduces to

a total efficlency of ca. 10_7, in the example cited in Fig. 1, when account

‘ is taken of the cross section and angular distribution for photoelectron

production in the uranium radiator. The resolution obtainable by external
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conversion ié’quité good; for a 1-MeV photon? a line width of ~ 3 keV céﬁ
be attained, whicﬁ is ... superior to that of the diffraction spectrometér. ,
For low energy'photons, the diffraction instrument has the better resolving
‘power. | |

The most sﬁécessful and populatr garmma-ray detector of the past decade
has of course been the sodium-iodide scintillation crystal. The scintillator
revolutionized gaﬁma—ray specﬁroscopy because it provided an energy-sensitive
spé&trometer with high efficiency and modérately godd resolution as evéluated
by fhe standards of that period. The attributes of the scintillation spectrom-
eter and the,tremendous_accomplishments in physics made possible by its use
are well knovm and need not be reviewed here. However, as the field of nuclear-
étructurs physics progréssed and the realiiatidn emerged of the great and
wonderfui complexity of nuclear-level schemeé, it became_cleaf that the spintil—
lation.sﬁectrometer;Was not equal to the -bask tha£ lay before the ﬁuclear'
spectroscopist. He realized that a great"ﬁeed existed for a gammaQréyAspectrom-_
eter that could occupy a 'middle rplé" betweeﬁ the very high resolution_instru-
ments whose,applicationsaré 1imited by very low éfficiency and the very efficient
scintillators whose applications are limitéd by poor resolution. ItAiglimportant
to note that there had been no vspectrometér gap" iﬁ the closely allied field
of conversion-electron speptroécopy, since beta spéctrometeTS‘ﬁad been available -
with a range of‘characteristics varying continuously from high‘resblution, low
transmission b6 Llow resolution, high transmission. |

This "gap" in gamma-ray spectroséopy has very recently been eliminated. -
It 1s the purpose of this review to indicéte how the‘sémicondu;tdr detector
has come to fulfill that very important middle role in gamma;ray spectroscopy
.of complementing the many types of instruments now in use for the study of

gamma-ray and internal-conversion electron spectra.
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II. DEVELOPMENT OF THE SEMICONDUCTOR GAMMA-RAY DETECTOE

It ié difficult to say exactly when or under what circumstances ganma
rays ﬁere first examined with semiconductor detectors.' Surface barriérvand
‘junctibn detectors made from silicon have been in use for aboﬁt five years
i# nuclear spectroscopic studies involving heavy particles; and probably on
many occasions curiOus experimenters took a few moments to examine what the
fesponse of these detectors would be to‘a‘source of, sa,y,_Csl37 gamma rays. . )
.What they all saw probably convinced them that the detectors were likely to
: Ee of very little value for gamma-ray spectroscopy, except at quite low
energies.' Figure 2 shows a typical gamma-ray spectrum of Csl37'observéd with
a lithium-drifted silicon detector,_ﬁhat of Mann, Hasletﬁ, and Janarek,u in.
which therheight of thé fullfenergy absorption peak is Only. ~ 2%'of‘the height
of the Cdmpton edge. However, one noﬁes that the line width obtained was o
9 keV, which is about five times better than that obtéinabie with sodium iodide
scintillators. Thus, there was some hope that with the development of higher
atomic—number semiconductor materials, better efficiencyvcoupled with-high
resolution could eventually be achieved.

Having looked .at the gamma spectrum produced in a silicon-detector, we
. should perhaps find it useful to review at this point the basic physical
processes of photon energy absdrﬁtion in this material. Figure 3 shows the
variation with energy of the photoelectric, Coﬁpton, and pair production cross .
sections in silicon and germenium; note that in silicon the Compton scattering
cross section is‘essentially equal to the total cross seétion, from ~ 200 keV
to ~ 3 MeV, or over practically the WEole energy range of interest'fo the
nuclear spéctioscopisﬁ. |
From the theoryvof tﬂe photoe;ectric effect, the photoelectfic-absorption%fﬁﬂ

cross'section in the K-shell can be expressed as
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5773-5 -1
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Gphoto NZ EY. gm
where Z = atomic number -
N = number of absorber atoms/cms. «

Thﬁs the photoelectric absorption increases very rapidly with atomic number
and decreases rapidly with photon energy. (This of course refers only to
. single processeé-) The Compton scattering cross section, as given by Klein
and Nishina (in the energy range iarge compared with the atomic binding energy,
so that the electrons may be treated as "free") goes .as

NZ -1

5 cm .
+

ET[log(EEY/mc ) + 1/2]

cyCom.pton *

We see that the Compton cross section increases linearly with Z and decreases

approximately linearly with photon energy. Since o / goes as Zuy

photo GCompton

the need for higher Z materials is obvious. In the search for heavier semi-
conductor materials,.the natural alternative is germanium,.sinée this is tﬁe
only other available elemental material. From the above equations,'one sees
that the ratio of photoelectric absorption to Compton scattering is higher
in germanium as compared with silicon by the factor (32/1&)lL = 27. This is
the factor of advantage for single-absorption processes, but because of the
possibility for multiple processes, that is, the photoabsorpfion of scattered
gamma rayé, the actual advantage of germanium is much more. Note again Fig. 3, -
which shows the corresponding séattering and absorption crOSs_sections for
single processes in silicon and germanium.

>In general the Compton scattering has only nuisance value in radiation ' ' 5‘
energy anainis applications because it results in incomplete énergy depositioé}

in the counter and hence contributes a background continuum which reduces the
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overall signal-to-noise ratios and obscures the.detection of lower energy
radiations. In order to mitigate thié disadvantage; the use of larger detectors
is always desirable (other factors beiﬁg equal) so’that_multiple‘photoelectric
processes can result in full-energy absorption.

Above 1.02 MeV. (the threshold energy for production of an elec@ron-position
pair) thewcross section for pair production rises rapidly and provides another
mechanism for full—energy absorption of the bhoton energy in the detector
crystal. This process will be discussed in more detail below, but it should
be pointed out here that the pair-production.cross section goes as ZE, so the
competition with‘Compton scattering is also favored by high Z materials.

An interesting fact regarding the alternative use of germanium in place
of silicoP_is thét germanium was actually available first, for transistor use.
But becauﬁe of ‘the smaller band gap of germenium, silicon has superior noiée
characteristics for operation at room or higher températures, and, once éilicon
became the accepted transistor material, the production of and interest in very
purelgermanium decreased markedly. This fact probably delayed considerably
the development of germanium gamma-ray spectroscopy.

The first published report of éhé use of germanium for‘gamﬁa-ray spectros-

p)

copy is that invl962 by Freck and Wekefield,” who li%hium-drifted a germanium

crystal of 1.5 cm2 area to a depletion dépth of 1.5 mm, and used a 12-V bias
37

voitage. In their publication a Csl spectrum was shown, with a resolution
~on the photopesk (FWHM) of 21 keV (3.2%). It was belleved that essentially
all of this width was due to amplifier noise. In the following year, Webb
and Williams6 obtained several detecfors of 0.5 cm2 area with déﬁletion depths
up to 5 mm that produced a line width of 7 keV.from the Cs137 662 keV photon.

The signal-to-background ratios of these detectors were remarkably better thani

that of the silicon detector referred to earlier; with depletion layers of
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lLO,H2.5, and 5.0 mm, respectively, the pesk heights were found to be 0.8,
" 1.0, and 1.8 times.the height of the Compton background, as compsred with thé
ratio 0.02 for the siliconvdetector- |

Further progress in the technology of germaniﬁm detectors was made later
" in 1963 by Tavendale and Ewan,7 who producedva detector of 8 mm depleﬁion
depth and 2;5 éme area. Thisldetector had a line width of ~ 5 keV at the'
energy of the Cs137 peak. Shortly thereafter, Goulding and Hansen8 were
producing in large numbers detectoré of 8-10 mm depletion depth and areas
as large as 6 cmg, with resolutions of 3.5-4 keV at the Cs peak.

Recently' a _detectof: with active volume  of l6i‘cm3 hasfbéen‘produced by
the Chalk River group-9
The gradual improvement in detector resolution noted here has been-aue

at least as much to reductions in amplifier noise as to fundamental improve-
ments in the detectors themselves;‘as emphasized by Gouldiﬁg.lo .Because of

this facf and because of the steady increase in active volume of the lithium-
drifted crystals,‘semiconductor gamma-ray spectroscopy has in a short time |
been transformed from a curiosity.to an active and productive area of nuclear
physics. At the present;time,‘sodium iocdide scintillation detéctofs are being
replaced for many investigations in gemma-ray spectroscopy. There are of

coufse a number of applicaﬁiohs where the unequaled,efficienéy of the modern
large Nal cfystals will insure theilr continﬁing use, e.g., in low-level counting

situations, both in singles and in coincidence experiments.

III. BASIC OPERATING CHARACTERISTICS OF Ge(Li) DETECTORS
In this séction, the basic characteristics of‘the germanium detectors
that are of interest to the experimentalist will be reviewed.- For this
discussion we will draw heavily on the published report of Ewan and,Tavendaiel

as well as from our own experience at Berkeley.

i
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A. Photopeak Resolution

- Gouldinglo h;s discussed the factors that contribute to the instrumental
resolution of gérmanium detector . systems. These are: (1) nbise associlated
with the preamplifier élus,amplifier, (2) noise associated with detector
leakage current, and (3) statistical fluctuations in the amount of charge
produced and collected per unit energy absorbed. :The first two factqrs are
constant for a given systéﬁ; and in the better systems, c0n£ribute 2-3 keV
to the liﬁe width. At low energles the statistical fluctuations are less
than this so one observes line widths limited by amplifier noise. The gamma

o7

spectrum of Co”' obtained with one of our best general-purpose detectors

(2 cm2 X.T m déep)'is‘shqwn'in Fig. 4; here a line width of 2.3 keV is observed.
At.highe; enérgies the width due to statistical.fluctuations‘becomes comparable
to the width due to amplifier noise, as éhéwn in the spectrum’of Co6o (Fig. 5)
in whiéh!the line width ié 4.2 keV.  With use of these and other gamma-ray
standards, the halfvwidths produced by a Ge (Li) detector have been measured..
at various ehergiés by Antman_and_l;andisl2 and the results are shbwn injFig- 6,
plotted as the square of the half width vé the rédiétion energy- "The faqt

that a straight line relatidnship is obtainéd indicétes the staﬁistical nature
of the detection process. The slope of ﬁhe line.establishés the value of d.Bb
for the "Feno factor," which would be unity if all"the energy were absorbed

by processes which ére subject to statistical fluctuations;v

It is of interest to note the variability in resoiution of-different

detectors, both from well-known factors such as detector éapaéify and preamp
tube quality, and from poorly underétood factors reiating to préperties of

the bulk material such. as purity,_crystal imperfections, etc. - In Fig. 7 are

o7

shown the Co”’' gamma lines as recorded on three different Ge(ILi) detectors.-
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Each detector had its cwﬁ preamplifier.but otherwise the‘same systems were
emplcyed. inlgeneral the‘detectcrs with poorer resolution are those with
larger area, which have the higher capacity. |
It is important to evalﬁate quantitarively the resolution characteristics'
'of the Ge(Li) detectors in comparison with the other widely used nuclear spec-
trometers. Too offen this comparison has been limited only to NeI(Tl) scintil-
lators, and thus a quite incomplete picture has been obtained of the real impact
of the Ge(Li) detector upon nuclear spectroscopy.~ We give in Fig.‘8 a graph in
which is plofted the observed line Qidth VS energy for typical instruments of
various types, including both gamma-ray and electroh spectrometers. Note that
this figure shows also the characteristics of lithium-drifted silicon defectors
for electron spectroscopy. This application will be»discussed separately.
?everal facts are clearly showc by this figure. First, one seesvthat
the resoiving power of the Ge(Li) detector may be superior, above ~L0O0 keV, %o
the ﬁb‘ypical2 diffradtion spectrometer. Not ghown in the figure are line widths
forVthe-external—conversion (phoﬁoelectron).SpeCtrOmerers because these depend
very ruch on the particular conditions of the experimental setup. »Momectum
resolutions of 0.3 - 0.5% can often.ibe cbtaine& By external convereion; these
figures correspond to linevﬁidths.of about 2.3 keV and 4 keV at 500 keV
photon eﬁergy, respectively, and hence are eQual to or somewhat superior to
v'ﬁhe Ge(Li) results. (The efficiency of the externel conversion method is of
course very mucrvpoorer than that of Ge(Li).)
It is also inferesting.to note that at ~1500 keV the line width from
first:order reflectlion from quartz is about the same as that from NaI(T1l),

~70'keV, whereas with Ge(Li) detectors line widths of 4-6 keV are found. This is
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an improvemént of at least an order of magnitude, and one sees that at the
higher energies Ge(Ii) is competitive in. resolving power with most magnetic
electron spectrometers in use (excepting the few veryjhigh—resolution spec-
trometers mainly of iron-free construction) .

In the very low. energy region (< 100 keV), where the Ge(Ii) resolution

- is presently limited to ~ 2 keV by preamplifier noise, the crystal diffrac-

tion and better magnetic spectrometers are superior. In any event, electron

spectroscopy is usually the best means of obtaining nuclear transition informa-

tion in the low energy region, because of high internal conversion coefficients,

and here the ilron-free instruments are excellent.
' It is obvious from Fig. 8 that sodium iodide is not competitive in resolu-
tion_with germanium at any energy,'the factor of superiority for Ge being

~ 9 at 100 keV and ~ 15 at 1 MeV.

- B. Energy Linearity and Calibration -

Oﬁe of fhe principal funcﬁions of gamma-ra& spéctroscopy'isvthe measure-
ment of radiation ehergies{.Tﬁraabrincipal sources vaerror in energy measure-
ments with this kind of sys£em are: (1) error in localizing the péak pogitions;
(2) calibration.errors, :iﬁclhding~ honlinearities in the pulse height Vs energy
scale; gpd'(B) gain drifts in the elec%ronic'amplifier circuits.

The degree of uhcértainty in localization of pegk position naturally

" depends on factors such as stétistids and knowledge of the peak shapes, but

in general it is not difficult-to localize a peak to within l/lO of the line

wildth and with greater effort this can be done to 1/20 or even better. Thus

Srith Ge(Ii) spectra, where line widths of 2-L keV are obtained in the 100 keV

region and L4-6 keV are obtained in the 1 MeV region, localization errors of

0.1-0.4% can be expected in the low energy region and 0.02-0.06% in the high
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energy régién- These are remarkably small errors, smaller than the usual |
Calibrationlerrors, but they dolindicate-the inherent possibilities for precise
measurements with these systems.

Calibration can in principle be done to any accuracy desired, even with '
systems with a nonlinear response, but in gammé-ray»spectroscopy the number -
" of convenient standards of high accuracy is limited so 1t is common to rély
heavily on the linearity of'the Ge (1) systems.' Fortunétely, because of the
excellent linear amplifiers presently available and because of the inherent
linearity of the detectbrs themselves, quite.accurate results can be obtained
with only aimoderate degree:r.of calibration. Ewan and Tavendalell have shown
.that the résponse_of'a'Ge(Li) detector is.linear from 0 to 2600 keV, to within
the = 053% accuracy of the electronic pulsef used for the measurement.
Actually; the linearity is probaﬁly much better than 0.3% in.many'systems,
and it should be possiblé‘to determine gamma-ray energies routinely to
0.1-0.3%. Above\the region of several hundréd keV, this accuracy is comparable
to that: of the’erystal diffraction spectrometer.. i a7i i

With fespect fo electronic gain drifts,‘it is sufficient to point out
that although thé high resolution of these detecfors certéinly places,seQere
requirements on the gain stability of the -associated amplifying systems, tﬁere'
arevbecoming available gain stabilization devices which are ca@able of elim-
inating this source of resolution loss. These.should be employed by those.

who wish to obtein the maximum seeuracy frowm germenium gpectrometer systems.

C. Photopesk Detection Efficiency

For many purposes the accurate determination of photon intensities can
be of greater value than the determination of energies. Thus it is very

important to know the photopeak efficiency function of each detector with
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high accuracy. Single photqelectric events contribute most of the energy
absorption in the low energy'region, but because the phofoelecﬁric cross
section diops S0 rapidly with energy, secondary events such as photoelectrice
absorption of Compton-scattered gamma rays become important at higher energies,
so that the total full-energy absorption efficiency exceeds the photoelectrié
efficiency. In Fig. 9 we show experimentally determinedll efficlency curvés
for two Ge(Li) detectors, together with the curve calcuiated from the photo-
electric cross section. The relative increase in detectién efficienc& at
high energy for the larger volume detector is obviousf

An interesting fact has emerged from our experience in calibrating the
photopeak efficiencies of a number of Gé(Li) detector systems with "standard”
sources,;that is, sources with well-measured photon intensity values. In a
number of'cases, the séatter of points off a smooth curve is noticeably greater
than the ;tatistical error of our intensity determinations, and reproducibly
so. The 5bservation ipcludes gamma intensities measured with diffraction
spectrometers, where corrections must_be maae for the variatioﬁ_of cfystal
reflectivity with diffraction angle. We have concluded that substantial
improvements can in fact be made in the photon relative intensity values for
many well-studied i§otopes, With'the use of germanium detectors. The remeasure-
ment of photon intensities may be an important contribution'in ngclear structure
studies because these intensities are often rathei sensitive.indicators of the
velidity of certain aspects of nuclear models.

Figure 10 has been prepared in order to facilitate a-comparisqn of the
practical efficiencies of various types of gamma-ray spectrometers.as a guide

to the relative amounts of time (or levels of activity) required for their

use in recording spectra. In the case of multichannel spectrometers, the
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'efficiency is for this purpose defined as the f;action of gamma rays leéving
the source that are detected in the "full-energy" peak; for single-channel
,'SPectrometers, the practical effect of the counter slit is included by defining
the efficiency as thevratio of counting rate at the peak of the detected line
to‘the disintegration rate of the samplef There 1is soﬁe degree of arbitrar-
iness about the choice.of so0lid angle values and. countér—slit reduction factors
assumed for the calculations, but they are thought to be‘representative. The

conclusions to be drawn from this figure are fairly obvious.

D. Compton Scattering

Reference to Fig. 3 shows that above several hundied keV, the probabil;ty |
for a Compton scattéring event in Ge is-much higher‘thanithat for photdelectric
aBsorption. For most spectroscopic appliCations this cah'only>be regarded as
an‘unfortunate phendméﬁon to be endured but not enjoyed. Thé disﬁfibutioﬁ of
Compton-scattered radlation is esﬁecially troublesomé if the spectrum inéludes
an intense high-energy éamma ray because the Compton continuum frdm this gdmma
| ray tends to mask the fresence of weak, lower energy gamma rays. Ewan and
‘I‘avendalell have measured the ratio of photopeak intensity-to-tétal intensity
for a Ge(Li) detector of dimensions 2.5 em® X 3.5 mm deep, and their results
are shown in Fig. 11. The détectof with which these meaéurements were -made
has a rélatively small volume,,and it cen be expected that with the larger |
detéctors becoming available more favorable peak-to-total ratios will be
found because of the increased contfibution of secondary abSorption processes.
~As the probleﬁ of Com@ton scattering . in the Ge crystals'themselvesvbecémes of
lesser importance, another scattering provlem méy become noticeable--that is,
scattering ffom.the detector assembliés and crystal—backing plates. Already
considerable thoﬁght 1s being given to the eventual solution of this problem

by means of sultably-designed low-mass detector assemblies.



_15.  UCRL-16307

E. Pair Production

A gamma ray with energy greater than 1.02 MeV (2mocg)‘can lose energy by
creation of an electron-positron pair, as well as by the processes described
, above. The cross section for pair production rises rapidly above the threshold,
and in germanium becomes greater than the photoelectric cross section at about
‘1.5 MeV. Thus the pair production process is én important mechanism for energy
absorption of high energy gamma rays, and in fact is the principal means for
thelr detection.

Associated with each pair production event is of course the'creation of
twg 511-keV photons from the posifron‘annihilation.. Wheh'a photon of enérgy
e (k > 2) creates an e -e” péir within a germanium.crystal, the kinetic
energy of‘the electron palr is nearly completely absorbed, but because of the
small volgme of the deﬁector the annihilation photons almost always escape.

- Thus mést‘pair production events result in a !'pair peak" at (k - 2)mc2, which
is the so-called "double-escape' peak. There is a smaller probability that
oniy one of the 511-keV gemmas will escape, and in this case a "sinéle-escape"
peak is produced at‘(k - l)mcé. As an illustration of these processes, we
show in Fig; 12 the spectrum recorded in a Ge(Li) detector from the 2.7-MeV
gammsa, ray of Nagu. One sees in this spectrum evidence of the three fundamental
modes of énerg& absorption: the full energy "photopeak” at 2754 keV, the
"single-escapeﬁ peak‘at 22h3 keV, the ﬁdouble-escape".peak.at 1732 keV, and
the intense Comptoh distribution beginning at ~ 2400 keV and exteﬁding to

low energies. Note.in this figure that the intensity of the double escape
peak is about lO timés that of the>Comptdn continuum, and that it i1s also

much more intense than the photopeak. This demonstrates that the double-

' ~escape peak is actually very useful in the identification of high-energy
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gamma rays since it prdvides,‘together'with the photopeak, a'unique "finger-
brint? of each gamma ray. For aid in distinguishing double-escape peaks from
photopeaks of lo%er energy,‘é lead absorber may be.used, since the latter are
preferentially absorbed. Yamazaki and Hollaﬁderl3 ha&e measured the intensity
ratio of double-escape peak to photopeak with a Ge(Li) detector of dimensions
2 cm2 X T mm, for a'number of gamﬁa—ray energles, and these data are shown in
‘Fig. 13. Obvicusly the knowledge of this fatio~is helpful in identification
of gamma rays.

Experimentally it is found that the efficilency for production of the
double-escape peak in the germanium detecﬁors does not rise at higher énergies
as expected'from the theoretical pair—production cross’sectiqn, and in fact
& decrease in efficiency/giyfound— This occurs when the electrons and positrons
are creéted'wiﬂh sufficienﬁly high energies that they can escape from the surface
of the detector before coming to'rest. Also, bremstraﬁlung'that accompanies
vthe slowing downvof ﬁhesé high éhergy electrons cén escape from the crystal.
Both effects cause a pulse of lower height to ée genératéd and. this beéomes
part of the céntinuum below the dpuble—escape peak. Ewan aﬁd Iavendaiéll
have studied this éffect for a relatively small crystal of 3.5 mm depletion

depth, and their experimental efficiency curve is reporduced in Fig. 1L. This

effect would be expected to be less pronounced for larger crystals.

F. Diverse Applications of Ge(Li) Detectors in Nuclear Research
Many interesting applications of Ge(Li) detectors to problems in nuclear -

spectroscopyhand related fields have aiready been found, and new uses are

¥

constantly being éxplqred. In the following sections a brief review is given
of some of the research areas at the. Lawrence Radiation Laboratory in Berkeley

in which These systems are making a substantial contribution. This review is
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not intended to be exhaustive, only'illuStrative, and does not cover work being

carried out in many other laboratorles.

'l. Decay Scheme Studies
Lul77m.

7

A long-lived isomer of.Lul was recently discoveredlh and its

deca& scheme, stgdied largely by electron spectroscopy, was found te be quite
complex. In Fig. 15, the gamma-ray spectrum of this isomer is shown,.as.obtained |
with a good 3-in. X‘3;in. NaI(Tl) scintillation'spectrometer. The spectrum is
obviously complek, and 1t is‘cleér that informatidn on the gamma-ray energles

“and intensities could be extracted from ﬁhis.scintillation sbectrum only with

much difficulty.

A very detailed study of this isomer has been carried out by Aleiander,
‘Boehm, and Kankeleit15 with usecﬁ%adiffraction spectromet¢r. A very strong
soﬁrce (4;100 mCi) was prepared, and during a period of six months Wk gamma4
ray lines were observéd- These'were characterized with accurécies varying
frém % 0.02 keV for the low energy trensitions (~ 50 keV) to * 1 keV for
the highest energy transitions seen (~ ¥66 keV). A portion of the photon
speétrum obtained with the diffraction spectrometer.is shown in Fig. 16.

| With the use of a lithium-drifted germenium detector, it hes bgen

177m

possible.to obtain the I spectrum shown in Fig. 17 in only 8 hours
running time with a source. of lesslthan 1 mCi. A comparison with Fig. 16
shows that the resolution obtained in the germanium spectrum is actually
superlor to that‘of the diffractlon sbeétrometer above about 300 keV. Note
especially the énergy reglon around 400 keV shown in detail in Fig. 18, and"
the fact that a gamma ray is clearly seen at 426 keV which was.undetectable 

in the diffraction spectrum. Due to the very low counting rate in the diffrac—ifi

tion spectrum, the peak-to-background ratio for the 466.keV gamma ray is very
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low, ~ 1.04, whereas in the germanium spectrum it is very much higher, ~ Lk.

The complicated decay scheme of Lul77m

is. shown in Fig. 19. The newly
observed 426-keV garmma ray has been shown by Blok and Shirleyl to be the
cross-over transition between the previously undetected 19/2 level and the

177

15/2 level in the. K = 7/2 band of HT In order to establish the place- -
ment of this gamma ray in the scheme, two Ge(Li) detectors were used to obtain
the gamma spectrum in coincildenceé with the 426-keV photon. Their coincidence
spectrum, reproduced in Fig. 20, confirms that the 426-keV gamma is in coinci-
dence with the other rotational transitions of.the X = 7/2 band.. That such
a coincidence result could be obtained with one of the weakest linesvin the
Lule1 spectrum, a line ﬁot even observed by the diffraction spectrometer, is
illustrati#e of the poﬁer'ofvthe Ge(Li) deteqtor in gamma-ray spectroscopy.
Blokand Shirley also showed that it was possible with careful calibration to

determine:the absolute photon energies above ~ 350 keV to higher precision

than the crystal diffraction data.

N3239. Another example of the successful application of Ge(Li) detectors .

»in decay-scheme work i1s the re-study of tﬁe gemma spectrum of Np239.
scheﬁe of Np239 had beenvvery thoroughly éﬁudied by ali the existing beta and
gamma spectroscopilc techniéueg, and. the level scheme 1s thought to be well .vl
understood. Four intrinsic particle excitations (Nilsson.states) and the
fotational excitations based on thése had.been identified. There had, however,
been observed two very weak photons in the scintillation speqtrum that were

239

not placed in the scheme. A scintillation spectrum of Np obtained by

17

Lefevre, Kindefman, and Van Tuyl;', showing the two weak photons at ~ 440
and ~ 490 keV, is reproduced in Fig. 21. A re-examination of this portion

of the spectrum with a Ge(Li) detector by Davies and Holland.erl8 revealed not

The decay

)
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two but twelve gamma rays in thé energy region ~ 400-500 keV, as shown in

- Fig. 22. From accurate measuremehts éf the energles and intensities of»these
new gammas it was possible to assign a second K = 1/2 rotational band in
'Pu239, with base sfate at 469.8 keV. The reviéed Pu®3 1evel scheme, including
the new band, is shown in Fig. 23. The level assignments are fairly Certain, 
but there may be some qﬁestion whethexr the band is actually an intrinsic excita-

tion or a vibrational mode.

2. Measurement of Palr-Production Cross Section Near Threshold

Since pair production is_one of the fundamental interactions of physics,
it is naturally of importance to know thét thé.theory adequately describes
the actual situation. In 1934 a theoretical treatment of pair productioh was
given by Bethe and Heitlerl9‘that neglected the interactiqn éf the created '
electrons:with thelnucleus (Born‘approximafion); in this approximation the.
total cross sectioﬁ is exactly proportional to Z2 and decreases very rapidly
as the photon energy'apprséches the threshold, 2m62. The criterion for'vglidity

of the Bethe—Heitler formula is ‘that the Photon energy, in units of mce, be -

2

N1 - (aZ)®

k >>

Thus, at energies neaf thréshoid the Bethe-Heitler formulation is’ndﬁ expected

to: be accurate. A later caléulation by Jaeger and Hulmego anduJaegér,gl which

dd.d neot e@pley the Born approximaticn,:predicted é ccﬁeideiably larger ¢cross

 section for Pb below 2.6 MeV than aid thelBethe—Heitler calculation.
Experimentally, the.situation has never been completely satisfactory,

and very few determinations have been made of the péir-production cross seéﬁion

. near thfeshold.‘ Most determinations of the total pair-froduction cross sectiog{% .

have been done by means of total photon absorption measurements. Since the
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cross section for Compton scattering is well known from the Klein-Nishina
formula and the photoeffect is negligible in the relevant energy region,

can be deduced from © Many experimental studies have been made

pair total”
in this way for higher-energy gamma rays. One of them, performed by Colgate;zg

showed good agreement of the experimental cross section at 2.62, .4.47, and
6.13 MeV with the.theoretical value given by Bethe and Heitler. There are
no absorption data below 2.6 MeV because the absorptioﬁ method is inadequate
for the low enefgy region, where the contribution of pair production is small
compared to that of Compton scattering. Measurements for lower ehergy photons
were in fact done by Hehn, Baldinger, and Huber,23'and Daytone% (at 2.6, .1.8,
and.l.33 MeV) by detecting annihilation events following pair production with
.ﬁwo‘scint;llation counters. These experiments showed a deviation of qpéir
from the Z2 dependence that is in close agreement witﬁ the calculations of
Jaeger ané Hulme.’~1heir method does not, however, discriminate betyeen different
photon energies sinqe the counters detected only annihilation quanta. ' The
development of germénium detectors has now madelit possible to make s&steﬁatic
measurements of the pair-production Cross sgction for any photon energy, since
the double-escape peak can be observed directly and 1ts intensity can be
measured as a function of incident photoﬁ energy.

Measurements of pair cross sections have been carried out, with‘use of

3 5 detector 2 cmz'x-7 m

germanium detectors, by Yamazeki and Hollander.
thick, that has an energy resolution of 2.2 keV at 122 keV, was used. Some
singles speétra obtained with this detector are shown in Fig. 2h. The relative
pair cross section is obiained‘essentially from the intensity ratic of the

double escapé peek to that of the photopeak (Fig. 13) corrected for the photo- .,

peak efficiency. Eome small additional corrections will be mentioned below.)
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At energies approaching the .threshold (e.g., 1.17 MeV) the ratio éf peak
to continuum was fqund to be too small‘to allow an accurate value'of Upair to
be obtained from the singles spectrum. In order ﬁo obtain better signal-to-
‘noise ratios in this energy region, aﬁpaif spectrdmeter was used, as illustrated
schematically in Fig. 25. The two scintillation épectrometers at.l8OO geonmetry
were set to respond only to 51l-keV photons, and the Ge(Li) detector recorded
the gamma spegtrum in coincidence with the énnihilation,eﬁents. Thelcoinci-
dence palr spectra showed distincf peaks even when they were obsgured in the
" singles spectra because the triple coincidénce condition reduééd considerably
the random coincidence rates. This is shown in Fig. 26.

Corrections td the experimental data were consideréd from the followiqg
sources: ; (1) contribution of_multiple'processes resulting in pair peaks, (2)
reductioﬁ%of incident photon flux in a crystal of finite thiékness: (3) incom-~
plete aﬁsorption of electron pairé in the crystal.. The corrections amounted
to onlj ~ 10% for the highest energy photon studied, and less for ﬁhe lower
energy pﬁotons.- The data in final form are shown in Fig. 27 plotted as the

ratio of d_ . (exp) to g (Bethe-Heitler). It is seen that the ratio of

pa palr
the experimental cross section to the Bethe-Heitler value increases toward
lower photon energles, and reaches a value of about 2 at 1.077 MeV. This
systematic increase appears to be more pronounced than expected from the

calculations of Jaegér and Hulme, which is represented by the solid line

in Tig. 27.

3. Gamma-Ray Spectroscopy of;Heavyflon Reactions

In studies of short-lived nuclear levels prbduced from heavy-ion reactions
at the HILAC (heavy ion linear accelerator), the germsnium detector is playing ¥

en essential role. We shall review briefly here some studies of the radiations
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emitted both during the heavy-ion beam pulses and also between beam pulses.
In the former case, the decay of very éhort—lived levels is observed (typical
lifetimes lOf9 seconds 6r less) and in theflatter case nuclear levels with
lifetimes ﬁp to seconds or even minutes may be studied.

Figure 28 is a diagram‘illustrating the experimental arrangement used

25

by Diamend and Stephens ~ and by Clarkson26 for gamma-ray spectroscopy at the
HILAQT A photograph of the target and germanium-detector assembly is shown »
in Fig. 29. In this arrangemeht the germanium detector is placed at 90o to
the beam difection and 450 to the plane of the tafget. Because of the highv
beam inténsity, special precautioné must be taken to avoid overloading the
electronic. circuits with resulting deterioration of the detector resolution.

.

For the "in-beem” work, the multichannel analyzers are gated electronically

in synchfonism with the heavy—ioﬁ beam.

188

‘Diamond and Stephens have studied the energy levels of Pt produced

by the Ta181 (

Bll,hn) reaction. " Boron beam energies of 50-60 MeV have béen

used. .This enérgy rénge’is above the Coulomb barrier for the B-Ta system,
nonetheless radiations from the Codlomb excltation reaction on the target

. material (Which'ﬁccur even below the barrier) are seén in addition to thé
reaction gamma rays. Figure 30 shbws a sampie of.the type of specfra observed
in this study; the upper section is part of an glectron spectrum téken With

" a wedge-gap magnetié spectrometef of moderate resolution, and fhe lbwervéection
is a gamma spectrum taken with a Ge(Li) spectrometer. 'Note in thevgermanium
spectrum the gamma rays labeled CXTa; these arise from the Coulomb excitation
.reactiqn. Also observed is the excitation-of the first excited state of Ge72

at = 690 keV by inelastic neutron scattering of neutrons:in the germanium

.crystal- (This state decays by an EO transition, with internal conversion

.electrons that are very efficlently detected by the Ge. crystal.)
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It is'apparent that the line widths in the germanium gemma spectrum and
-thé magnetic electron.spéctrum of Fig. 30 are similar. Tﬁus the anaiysis of
these spectra for the determination of the relative'electron and. gamma inten-
sities (internal conversion coefficients) is straightforward. This illustrateé.
a polnt stressed previously,\that the resolving power of the germanium spectrom-
eters is comparable to that of many elect:on spectrometers in use and thus
these are very éompatible tools in nuclear spectroscopy- |

Diamond and Stephens have observed, from speétra like that of Fig. 30,
that states of spin up to 10+ in Pt188.are populated in the (Bll,hn) reaction.
This nucleus is of interest because it is of a "transitional” type in which
the properties of the low-lying le#els are intermediate in character between
those of a rotator and those of a vibrator (as manifested,-e.g., by the level
spacingsj. - N

In ; similar experiment,'Clarkéon26 has been searching for rbtational
structure in the neutron-deficient nuclei of the barium region. He has studiea
the levels of Ba126 and Balgu, preduced by the Nlu,3n and. N;u,5n reactions from
targets of InllS, with an experimental arrangement similar to that uéed by
Diamond.and Stephens. Figure 31 shows & éermanium gamma-ray spe;trum of Ba126,
obtained with a bémbarding enérgy‘near the peak value for the Nlu,3n reéction.
Electron spectra were also‘taken wilth the magnetic'spectrometer. From these
data the level schemes of Fig. 3é were deduced, from wnich it has been concluded
that Ba124 and Ba126 have stable equilibrium deformations and thus can be
considered as "rotational" nuclei.

Diamond_andetepheris25 have also studied the decays of some short-iived
isomers by obser#ing'their radiations. between‘theiheavy-ion'beam bursts.‘ The

, - .y
same experimental setup as described above 1s employed for this erk. Here,
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however,vbeam bursts ~ 3 msec in duration are used, with as much as 75 msec
between bursts. The multichannei analyzers arevgated to record the spectra
at variable time intervals after the beam pulses.

In this way they have identified and studied the decay of 05182m, produced
by the Lul75(Bll,Mn) reaction. The half life of this isomer was found to be
0.8 msec. Figure 33 shows an electron spectrum of Osl82m observed in the
interval 0.2 to 3.2 msec after the beam pulse. The background dﬁe tb long-
lived activities has been subtracted automatically. TFigure 34 shows the
corrésponding garma-ray spectrum obtained with the Ge(Li) spectrometer. By
a comparison of the relative ‘electron and gamma-ray intensities with a normaliza-
-tion based on the assumption that ﬁhe 273 keV is a pure E2 transition, thg
conversiop coefficients of the other transitions were obtained and é level
scheme w%s constructed.

Alsoaidentified in this way by Diamond aﬁd.Stephens was the very interesting

18um) alBl(Bll,8n) Lul75(Nlh,5n);

1.0 msec isomer Pt produced by several reactions; T 5
169,._19 . e .

and Tm (F~7,4n). The energy of the heavy-ion projectile was chosen, in each

case, s0 as to meximize thq yield of the desired reaction. TFigures 35 and 36

show, respectively, the electron and germanium gamma-ray- spectra obtained

18k that resulted

between beam pulses, and Fig. 37 is the level scheme of Pt
from the study. This isomer is quite unusual in that not only does the main
cascade of gamma rays in the ground rotational band appear, but also several

other bends of low intensity are found whose interpretation mey shed light on

the nature of the vibrational'éxcitations in this nucleus.

4. Low Temperature Nucleér Orientation

The development of Ge(Li) detectors has had, and will continue to have,

44‘4".
L
BT

a profound effect on the field of low-temperature nuclear Qrientation. ~Much
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nuclear structure information, such.as spins and moments, can in principle be
obtained from the study of gamma angular distributions from oriented nuclei,
but with the use of thé iow résolution sodium ilodide scintillators as gamﬁa-
ray spectrometefs only the simplest. schemes could4profitably be investigated.
A great wealth of information has lain waiting to be discovered,.but that
discovery 1s now proceeding rapidly with the aid of germanium detectors, and
the rewards are many.

As an example of the progress in this field consider the nuclear level§
in Er166 populated by‘the decay of the 27-hour Hol66m lsomer. Matthias,
Rosenblum, and Shirley27 have studie@ the Hol66m gamma—ray‘spectrum and the
angular distributions of the gamma, rays from the decéy of oriented Hol66m
nuclei. Figure 38 shows their comparative gamma-ray spectra taken with NaI(T1)
(upper) and Ge(Li) spectrometers (lower), normalized to equal counting times
and With the seme solid angle subtended by the counters. It is obvious that
many new gamma rays were discovefed in the germanium spectrum; note the high
energy doublets and the fact that the two partially resolved peaks in the
700-800 keV region are seen in the germanium spectrum to be in fact eight
gemma rays. Because of the complexity of the spectrum in this energy region,
any orientation experiment based on NaI(Tl) detectors would be almost certain
- to produce incorrect informétion. On the other hand, the orientation experi-
ments of Matthias; Résenblum, aﬁd Shirley with Ge(Li)'defectors‘have yielded
unambiguous results. As an example of thelr data, in Fig. 39 the 700-800 keV
- portion of the spectrum is shoﬁn, for angles of OO, 450, and‘90o between .the
direction of‘orientation éf the Hol66m nuclei and the Ge(Li) deﬁector-"Figure Lo
shows the resuiting.angular distributions for three gammé rays in this energy
~ region, together with their locations in the level scheme. The analysis of th;s;'
. distributions, which are different for each gamme ray shown, yielded'thé'séins

of the levels as given in Fig. k4O.
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5. Determination of g-Factors of Nuclear Excited States

An elegant application of Ge(Li) detectors in an imporﬁant but 1little
developed area of nuclear spectroscopy has been made by Matthias, Shirley,
Evans, and Naumann,28 witﬁ their measurement of the nuclear g-factor of the
75—keY level in usRthO. The method used by these authors is that of studying
the time dependence of the gamma-gamma angular correlation in an extérpél
magnetic field. The particular resul+ts. cited could have been dbtained only
with mu ch .greater difficulty under "pre-germanium” conditions.

In brief the principle of the method is as follows: 1f one has a gémma-

gamma cascade, the angular correlation function of the two:gamma rays is given

by the usual expression .
! .w(e) ='§ AkPk(cos )

i
1

k

In the presence of -an external magneticbfield, the éngular correlation becomes

where Ak Ere the correlation coefficients and P, the Légendre polynomials.

time dependent because of the precession of the nuclear spin axis about the

magnetic fleld axis, and the time-dependent correlation function is written as
= e x
w(e?_t) E AkPk(cos th)

where aﬁjis the Larmor precession frequency (gH/h)uN ahd‘the * expresses the
dependence of the sense of rotation of the correlation‘fﬁnction on the field
direction. TFor a fixed angle of obeervation 8, the eorrelation function will

be reproduced with a frequency of A0, where A is an integer.

L
AIn an ordinary delayed coincidence measurement,'the coincidence counting .
rate is given by c(t) = I\Toe"t/'r + const, where T i1s the nuclear lifetime of

the intermediate state. When the delayed coincidence measurement is carried
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- out in the ﬁresence of'the magnetic field, the time dependence of the angular
correlation causes a modulation of ﬁhe exponential function, and the delay
'curye becomes C(%,0) = Noe—t/T W(Git) + cénst. The oscillation has a funda-
mental frequency of Zgﬁ,'which may therefore bé measured in this way.

The level scheme of Rhloo, shown in Fig. 41, indicates the experimental
situation. The half life of the 74.8-keV level is quite long, 235 nsec, which
makes this an excellent case for the timé—dependent angular correlation study,
since it should be possible to observe many cycles of the oscillation. In this |
mezsurement of the 8%.0—7h.8 keV cascade the high resolution of the germanium
detector ixf wonprovidées vt a clear . separation f'Qf.=» the two
garma rays, whereas theyléould not be resolved with a NaI(Tl) scintillator.

.The gerﬁanium gamma spectrum is shown in Fig. 42.

Theldelayed coincidence spectrum was obtained by Matthias et 31-28 by
use of,t%o Ge(Li) detectors of dimensions 2‘cm2 X 3 mm deep, each one set to
accept one member of the cascade. An'angle of 225Oﬂwas set between the detectors.
Figgre 43 shoﬁs the delayvcurve they obtained withithe magﬁetic field off, and

the upper part of Fig. 44 shows the modulated delayed coincidence cur&e obtained
by applicaﬁion of a 2.2 kG field. By reversing the field diréctioh,,the phase
of the periodic function is changed, as shown by the solid and open points in
Fig. Lhk. The lower part.of this figure presents the data after analysis, which
essentially removes the decaying exponentiél- From the oscillation frequency,
the value + 2.13 £ 0.03 wa¢ obbained for the g'fac@cro |

The measurgd g factor of the‘74.8—keV state is quite largé and is considered
to provide definite evidence for a ma jor conﬁribution to this’statg from the

‘g9/2_proton shell, because the available neutron configurations would produce

a much smaller, and negative, g factor.
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6. Observation of the Effect of Chemical State on the Lifetime of a Low-Energy

~ Isomer
Ap interesting application'of germanium gamma-ray spectroscopy has recently

“been‘madévto a classical problem in radiochemistry, thevquestion of the effect
of chémiéal state on the rate §f decay of a.radioacéive nucleus. This effect
is, of course, a matter éf degree, and in recent years éertain deéay constants
have been shown tovbé defendent on thélchemical and‘physical environment of the
nucleué, i.e., in.the K-capture decay.of‘Be7 (Ref..29) and in the internal
-convefsioﬁ decaylpf 'I‘c99m (Réff 30). The observed. changes‘veré small, £ 0.3%,
_and.wereiéttributed to‘éhanges iﬁ the eléctrbn density'ﬁear the nucleusf

31

: Recently_CCoper et al. - proposed a partial decay‘scheme for Mo90 (Fig. 45)

in which a very low energ (< 3 keV) isomeric transition was postulated because

1

of indirépt evidence fram‘internal conversion coefficient data gnd other.informaf;
- tion. Inlthis case the chemical bonding electrons ére in the N and O shélls of
niobium, with binding energilés: § 56 eV. If the decay energy should be less

than 200 eV-(binding,energy.of tﬁe MV shell) then internal conversion could

take place oniy in the N.and O shells, and_apfréciable chemical effects might.
be‘expected. .

By use of a germanium gemma-ray spectrometer, Cooper, Hollander, and
Rasmussen32 have observed aAdefinite chemical effect on the half life of Nb“”'}.

This was demonstrated by an experiment in  which an'intensity change of the
122-kaV photon (in cescadse following the low=energy isemerie transition) wes
observed, subsequent to a rapid chemical reaction.

. ' Q
About 200 niobium foils were irradiated with protons to produce Mb/o.

in equilibrium with the parent Mo”7, .4
A

Each foill, containing the isomeric Nb

was rapidly dissolved (1-2 sec) in a ENO. -HF solution, thus changing the chemiééil

3
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environment of the metastable state from metallic to that.of a fluoride complex.
The equipment used for this experiment is shown in Figs. 46 and 47. Four
successive spectra, each 18 seévin duration, were observed with the Ge(Li)
spectrometér;bthis was done ~ 200 times. One of theAcuﬁuiéted spéctra is
shown in Fig. L48.

A plot of the integrated area under the 122-keV photopéak of Nb9 . shows
an exponential-érbwth while that of the background andlpf the 133 + 1h2 keV
gamma rays (from Nb9o daughter activity) remains constant within the counting

statistics, as seen in Fig. 49. The growth curve was analyzed in terms of

the difference between two exponentials.

I(t) = A expl- xMO9O‘(t - t)] - A" expl- be%ml(t - 1))

The bestifit was obtained for a Nb9oml half life of 22 sec; which is in good
agreement{with the value 24 * 3 gec répofted by Méthur and Hyde.33

The fractionalvchange in decay constant is given by the ratio of the two
coéfficiénts, Ah/k'= A'/A- The analysis showed ﬁhat the decéy rate of the metal
.is 3.6'f O.h% greater than that of the fluoride CQmélex- The size of the
observed effegt is an ord?erf magnitude greater than that observed with the‘
Tc99m 2-keV iéomeric state,Bo'and the féct that it is also in'the opposite

sense from the Tc-KTcOh effect has interesting consequences from the chemicél

point of view.

T. Applied Gamme-Ray Spectroscopy; Neutron Acﬁivation'Analysis
Although the application of Ge(Li) detectors to activation analysis cannot
be said to be within the realm of nuclear physics, it is indeed one of the most

exciting devélopments in applied gamma-ray spectroscopy, and perhaps is worthy *

1' ™
#

of mention here. \
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The technique of neutron activation analysis using scintillation detect;on
of gamma-ray spectra has been applied over tﬁe past decade to a wide variety
of analytical problems. The low resolution of Nal detectors has however placed
severe limitations on the number of different elements that can be determined
' in‘a glven sample without resort to complicated and time-consuming chemical
separation procedures cr synthetic spectrum analyses with use of computer
. programs. These limitations are largely removed byvthe use of Ge(Li) spectrom-
eters for activation analysis, and, in particulér, for non—destructive activa-
tion analysisf

A non-destructive analysis of aluminum metal by'neﬁtron activatidn was

34

recently carried out by Prussin, Harris, and Hollander. -Bamples of aluminum
ranging ip purity from ~ 99.9%‘to 99.99§9% were irradiated for short (E-hour)

, or long (90—hour) periodé with neutron fluxés in the range 3-5 X lOlg/émQ—sec-
Figure 50 shows some spectra of short-lived éctivities taken with a 2 cm2 X 7 mm
Ge(Li) detector and ﬁith a good. 3-in. X 3-in. NaI(Tl).crystal, and indicates

the advantages for the analysis inherent in the higher resolution_spectra.

Figure 51 shoﬁs spectra taken with the Ge(Li) spectrometer'two weeks after the
irradiation, showing a'broad-range scan (3.6 keV per channel) and a more detailed |
scan (~ 0.8 keV ver channel) of some of the long-lived activities produced in

the aluminum samples.

From measurements of the photon energies and intensities, which could be
done guite acéuz‘a"c@iy in the Ge(Li) speetwra, 0.2 ppm Ma, € 1 ppm Cu, 0.2 ppm Se,
0.5 ppm Hf, and 0.5 ppm Cr were readily identified non-destructively in the
highestlpurity aluminum (99.9999%); Proportionately higher concentratioﬁs and
a greater number of elements were found in the samples of 1owermpurity.

"~ This anslysis demonstrates the power'of'the germanium detectors as a tool s

in activation analysis. Their high resolution relative to NaI(T1l) is particularly
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significant for non-destructive anaiysis, and. the reduced need for extensive
chemical separations means that non—destructive‘techniqués can now be eXtendéd

to a greatei variety of systems. Without doubt, the detection sensitivity

- will be greatly improved and the determination of more elements will be permitted.
Also, rapid qualitative anélyses for many elements will be facillitated because

of the ease of making precise energy measurements. The tedlous procedure of
decomposition and analysisvof complex photopeaks, éommoﬁ to the scintillation

method, 1s generally unnecessary with the germanium spectra.

87 Electron-Gamma Spectroscopy With Uge of Silicon and Germanium Detectors

The use of the term "electron-gamma' spectroscopy as the title of this
section lends emphasis to the fact that a new area of measurement has been made
possible by the simultaneous usé of silicon and germanium detectors in nuclear

spectroscopy. It has not before been possible to maeke simultaneous, multichannel

measurements of both electron and gemma-ray spectra-at good. resolution, and a
number of gpplications for this technique are béing found. We shali discuss
here two types of investigations in which Si-Ge spectroscopy is proving to be
useful: (1) internal conversion coefficient measurements, and (2) study of
electron-gamma angular.correlations.

Bagilcally, the use of 1ithiuvm-drifted si;icon'detectors in eléctron spec-
troscopy is comparable to the corresponding application of germanium detectors
in gémma spectroscopy, both with respect to the advantages offered and to the
problems encountered. The fact that meny fine mégnetid electron spectrometers
had already been in existence teﬁdedbto reduce somewhat the impaét of silicon
detectors upén nuclear speétroscopy, but it ddes not'mean that there are not

new and unigue applications for them. B B
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in brief, the advantages of electron spectroscopy with Si(Li) detectors
are: (1) High efficiency. Electfons of 2 MeV or even higher can be detecﬁed with
very good . efficiency in available debectors: (25 Speed of data accumulation.
Because of their essentially linear energy response, the S1(1i) detectors
couple to multichannel analyzers to register the entire spectrum simultaneously.
Thié offers great advantages over single-channel magnetic spectrometers.

(3) Adequate resolution. While not offering as high resolution as the better
magnetié instruments, the resolving power of.silicon is comparable to~that of
meny lens-type spectrometers in the most widely used energy range.

Some disadvantages of silicon are: (1) Sensitivitj to gamma rays. Although
the photoelectric cross sectibn'of silicon for gamma rays is very small except
in the lowest energy region, Compton scattering is appreciable. Thé Compton
electrons are efficiently absorbed in silicon so that high background levels
result from the scattered'gamma rays. (2) Backscattering. Electrons that
backscétter'near the surface of the detector have a high probabilify to leave
the detector without depositing their full energy. This is a substantial.effect
because: the saturation backscatteringcﬁﬂdmcmonsﬁn.siiicon is ~ 23% (Ref. 35)

) andAit occurs at the thickness corresponding to only 15-25% of the eleqtron
range. The result is a "tail” on the eiectfon pulse-height distribution,
whose shape is_a function’of the electron energy. (3) Insensitivé dead layer.
The heavily-doped lithium surface layer (n+), which varies in thickness from.
detector to detectof; is insensitive for the detection of electrons, and thﬁs
cohstitptes an absorberf For quantitative electron spectroscopy with silicon
déteéﬁors; the response functién of each detector should be calibrated. This
. can be done ﬁith use of an electron spectrometer as a source of monbenergetic

electrons, or by other means. (4) ILow-temperature operatiOnﬂ The impression -
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hag occasionally been formed<that the necessity to operate these detectors at
reduced temperatures is a severe drawback, but'actually very few problems aré
involved and this fact should provide no barrier to their use. The best

operating rangé for Si(Li) detectors in electron spectroscopy has been found

to be =-50° to -80°C.

a. Internal Conversion Coefficient Measurements

ere measurement of absolute values of internal corversion coefficients
has been a tool of significant lmportance in nuclear spectroséopy because Qf
their sensitivity_to the transition multipolarity, and in fact by comparing
experimental values with values from theoretical tables, a large number of
tfansition multipolaritieé have been assigned. |

To place the.merits‘of S1-Ge systems in perspective with respect to thelr
application to the determination of internal conversion coefficients, it is
useful to review some of the techniques presently employed for this problem.
In Fig. 52 several methods are listed, tégether with their chief advantages
and’ drawbacks. It is probablyiaccurate to state that the previously avallable
methods required either l)_a very simple decay scheme or 2) a very strong
source. When<ithe decay scheme is simple, measurements could be made with use
of the efficient scintillation detectorsiin spite'of their low resolving power
for gamma rays. Or, alternatively, for beéa emitters with only one or two
gamma rays, it was possible to determine the relative inteérals of the beta
spectrum and conversion line with good accuracy. When a very strong source
was évailable, advantage could be taken of precise but indirécf methods of
low efficiency, such as the "internal-external conversion"_technique, that
-provide The possibility of very accﬁrate determinatioﬁs-

Thus, much effort applied in these special cases has resulted-iﬁla good.

knowledge of a small number of conversion coefficients, but a technique that
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is widely applicable to nuclear specfroscopic investigations has'been lackiqg.
"The use of Si and Ge detectors provides such a technique, and makes it possible
to measure internal-conversion coefficients with'a faéility not previously
attainable. The application of this method to short-lived activities 1s espe- -

cially worth noting.

&

36

In Fig. 53 a picture of the first design” of a "conversioﬁ—coefficieht
spectrometer” isxshown; and in Fig. 54 a scale drawing is reproduced to show
the various component parts. This device is essentially a small vacuum chamber
in which silicon and germanium detectors are mounted in 180O fixed geometry,
and into which active sources can be introduced through a conventional spectrometer-
type air-lock. In this design, both the Si and Ge crystals Wefe located within
a common vacuum system. However, because the surface layer of uncovered germanium
detectors can so easily be démaged by the condensétion of moisture, etc. caused
by the in;dvertentiadmission of air into the systemq(which occasionally happens
when inéxperienced operators use the apparatus), the design was subsequently
changed so that the'germaﬁium érysfal was enclosed in a separate conventional
vacuum chamber, as shown in Figs. 55 and 56. In the modified design, the
germanium detector assembly fits reproducibly into a "well," machined into
the vacuum chamber of the Si detéctor system.

An example of the electron and.bhoton.spectra taken with the conversion-
coefficient apparatus is shown in Fig. 57. .Heré, the K, L,‘énd M electron' lines -
of the 279-keV transition in-Hg203 decay are resolved?‘with line width 4.2 keV.. |

The 279-keV photon line width is 4.6 keV.

The internal-conversion coefficient may be expressed as: ‘ : i
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where:
A . is the area under the conversion electron peak.
is the ares under the corresponding gamma-ray peak.

n (E) is the detection efficiency of the Si(Li) system for electrons
in the full-energy peak (including solid-angle factor).

) is the detection efficiency of the Ge(Li) system for ganma
rays in the full-energy peak (including solid-angle factor) .

Calibration of fhé instrument was done in the following way: TFirst, a
determination was made of the relative photopeak efficiency, nY(EY); of the E
Ge(Ii) detector as a function of gamﬁa—ray energy ET’ by use of a number of
isotopeé with well—measufed photon relati&e intensities. The experimental
gammna efficiency function is‘shown in Fig. 58. A suitably normalized electron
efficiengy function'ne(Ee) was then determined, with use of Eq. (1), by
measurihg thé areas under the electron and gamma-ray lines from transitions
with knoﬁn conversion coefficients. All solid-angle féctors are constant : |
and need not be consideréd explicitly. The normalized electron efficiency
function so obtained is shown in Fig. 59. |

The accuracy obtainable with this technique depen@é on several factors.

Among these are: -

(l) Care and extent of calibration of the efficiencies of the gamma and
electron detectors. With use of a number of isotopes that havé accurately- _ o |
. : ' o i
known gamma and electron relative intensitiés, the relative efficiency curves !

can in principle be well esteblished, abt least up to ~ 1.5 MeV. At least

198 -

, and Cso)

three absclute conversion coefficients are well known (Hg203, Au
“hue the»normalizatibn‘of the electron and gamma efficiency scales can be
effected to an accuracy of a few percent. t should thus be possible to achleve

A

at least a * 10% overall calibration accuracy. : ' v
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(2) Knéwledge of the spectral response of the detectors. With more
extensive studies of the response functions and peak shapes of individual
detectors, the accuracy of peak area measurement will be improved -over-
the preseht situation. It will be possible evgntually to achieve the sophis-
tication that presently characterizes the analysis Of'scintillgtion sﬁqctra,
although the methods_will remain iargely empirical rather than'analytic,
because of variability from detector to detector.

(3) As in all measurements, the complexity of the individual spectrum
must Dbe consideréd, as well as the peak-to-background fatib. Tﬂe ﬁresenée of
a beta speétrum constitutés an unavoidable source‘of‘backgréund in a singies
spectrum; although in some situations this may be improved by coincidence
measuremgnts- Background due to the registration of Compton scattered gamma.
rays in ?oth'Si gnd Ge detectors:is severe in present;day detectors, but this
problem can be'ieSSened by better design of the detector assemblies and also
‘ by the application of Comptoh-rejection anti—coinéidenpe shields. Then also,
the developmeht of Ge detectors of larger volume will ﬁarkedly improfe the
full-energy peak/Compton ratio.

At the.preseﬁt time, in cases that are not particuiarly unfavorable,
conversion coéfficients can probably be measured by the Si-Ge techhique with
an accuracy of - & 15-20%. While not sufficieﬁtly accurafe in its present -
develbpment for making sensitive fests of conversion coefficient theory, this
technigue will facilitate tﬁe measurement of_lérge numberéAof conversion coef-
ficients, especially from the decay of short;lived acitivities. These data
will facilitate the assignment of many spins and parities in.level—scheme.‘
studies.

Among the studies cairied out with this Si-Ge system; a case of barticulé%l

197

~interest was the 19l-keV transition in Au and the 346-keV transition from
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197

- decay- Thé level scheme of Au
197 pg19Tm 197

9T

is shown in Fig. 60, showing -
197m

Y9O-minute Ptl
population by the decays of Pt , and Hg Previous measure-
-ments of the cbﬁversion coefficient of the l9l;keV transition had yielded vaiues
ranging from 0.65 to 2.5, A value greater than 0.95 (the theoretical magnetic
'dipole‘conversién coefficient) would indicate monopole (EO) admixture in the
tfansition whereas valﬁes below 0.95 would indicate E2.admixture- It Was'of
theoretical interest to decide between these alternatives. Figures 61 gnd 62

show the relevant portions of the (S5i) electron and (Ge) gemma-ray spectra

taken Simultaneously with the conversion-coefficient spectrometer. From these

~ data the value EK = 0.69 £ 0.07 was obtained, and the transition was inter-
- preted as ML-E2 mixture with ~ 33% E2 photons. Also established from these
9Tm '

spectra is the fact'that the 346-keV transition of Ptl is an Mt isomer.

Anotger meésurement made with the Si-Ge system was that of conversion
coefficient of the 24l-keV trarsition in the decay of 1l7-hour Zr86, the
multipolarity of which hadibeen unknown.37 The ZfB6 spectrum 1s véry simple,
.with only the EHl—keV transition and a low -energy transition (30 keV) présent.
Therefore, this case serves as a good. illustration of the line shapgs obtained
in the silicon and_éermanium detectors and of the method of analysis.

In Fig. 63 a semi-log plot of the 2kl-keV photon line is given and Fig. 64
shows the corresppnding conversion electfon spectrum. The analyéis of the
electron spectrum is straightfor&ard;,subtraction of the continuous background
results in the lines showh in Fig. 65, from which the ares of the K line is
easily obtained. That of the I lines cen be obtained, with somewhat lower
acguracy; by estimating fhe contributions of M and N lines to the éomposite
Zﬁ;M,NLL; liﬁe,.gs éhown in the figure. | ' : | ﬁﬁ"‘

The gamma speétrum shows} in thé semi-léé.plot‘of Fig. 63, the characterigiig

. tall produced by germanium detectors because of incomplete charge collection in
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the electric.field. In priﬁciple, one should of éourse includé the area of
this tail in the analysis; however, in many spectra enéounﬁered in practice
the tail is obscured by other lines. Therefore, both in calibrating the
detector efficiency function with standards and in analyzing spectra such as
this oﬁe, we have uséd an approximate integration limit as indicated by the_
upper dotted line of Fig. 63. The area of the entire tail is only a few
rercent of the total, so the erfor introduced by this approximatidnvis not

| expected to be significant. | |

On the basis of this measurement, this transition has been assigned as .

‘an E2. The experimental K-conversion coefficient was found to be (3.5% o.3)><1o'2,

2

and the theoretical E2 coefficient is 3.8 X 10 . Other properties of the

transition subsequently measured, e.g., half life, also agreé with the E2

assignmeﬁt.
195

An ihvestigation of conversion coefficients in the decay of Hg

195m 38

is being pursued,

and

because these data are expected to be useful in

195

g

assigning épins and parities of levels in Au™”7, in which there is a good

.deél of theoretical interest. Examples of électrqn and. gamma, spectra 6f Hgl95m.
are shown in Figs. 66, 67, and. 68.. Thié case feally demonstrates the péwer

of the simultaneous use of silicon and germanium detectors, ﬁecause from these
spéctra, recorded over a period.of only two days, at least 20 convérsion coef-
ficients caﬁ be determined. As an example showing the analysié of The Hg19sm
gepma=ray dntensities, é partial gamms ppeetrum 1s showa in Tig. 69, and seme
of the analyzed peaks, obtained by use of the_"étandard shape" obtained from

the strong T80-keV peak, are also shown in Fig. 69.

In situations where the experimental'problem demands higher acéuracy of -

i

&

‘the conversion-coefficient determinations than can be achieved by the technique;%

v

e e
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described above, it is possible (if time is not a critical factor) to combine
the advantages of high-resolution electfon s?ectrometers with those of lithiumr
drifted germanium detectors. The following are illustrative exasmples of how

this has been done: (1) Internal calibration - the mixed-source technigue.

Brown and Ewan39 have measured internal-conversion coefficients in the decay

of Cs;3h by studying a single mixed source containing both Csl3u

“and the cali-
bration standard 05137. The relative gamma—réy intensities were measured with
a Ge(Li) spectrémeter ana the relative K-conversion lineslwith a ﬁwﬁ§ iron-
free beta épectrometer. Portions of the spectrum are reproduced in Fig. 70,
showing the photons and K-conversion lines of the 605 and 769 keV transitions

13k and the 662 keV transition of the internal standard, 0sl37. From the

of Cs
measured intensity ratiosgfth¢ absolute conversion coefficients are deduced
as follows:

Tg-602  Tr-662
Tx-662  Ty-602

aK(éoe) =

. ok(662)

' The value so obtained for the 605-keV E2 transition, (4.85 £:0.2) X 10"3, is
in close agreement-wiﬁh other recently measured values for this transition.

(2) External calibration - Yamazaki and Hollanderuo have measured the'K- and

L-conversion coefficients of the 80-keV transition of Hol66 by use of the

203

279-keV transition of‘Hg as a_conversion—boefficient standard. 'The mixed-

source technique could not be used’in this case because of the interference in

the garmma~-ray speetrum between the H’ol‘66 80-%eV photon end the Hg203 X x~rays,

which lie in the same ehergy region. Separate,sources of Ho166 and. Hg203 were

therefore used for the comparative measurements of the K-conversion lines in

a w2 iron-free spectrometer, subseguent to which the same sources were used’,

: for measurements of the gamma spectra. In both cases, the,sourcevgeometry was.

AR




-Lo- ' . UCRI-~16307

cérefully fixed and.feprOducible. The‘relevanﬁ porfiqns of the Ge(Li) gamma-
ray speétra are shown in Fig. T1. |

Naturally it is important for this ﬁeasurement'ﬁhat the shape of the‘fuil-
energy peak efficiency curve Be very well known. In this measurement on Ho166
the efficiency of the detector af ~ 80 keV relative to that at 279 keV was
determined from the area of the Hg K i—ray peak relative‘tofthe 279jkeV area,
-with knowledge of the fluorescence yield and 279-keV conversion coéfficient-
It was.found, in fact; that the detection efficiency is_siightly lower at 80 kéV,
for the particular detector used, than at 279 keV. The decrease in efficiency
at very low energies is presumably due to the n+ dead layer at the surface of
the germanium crystal.

An improvement on this technique is. illustrated schemaﬁically in Fig.'72,
‘which sho&s a Gé(Li) detector ﬁounted as a fixed part of the source chember
of an iron-free nvﬁf épectrometer., With this system,‘gamma spectra’éan be
recorded simultaneéuély with the.scanping.of selected regiQns of the internal-
conversion‘sfectrum»so fhat decaj éorrections are miﬁimized.. In ad@itibn; ﬁhe
geometry of such a,System één be fixed and réproducible sokthat, in principle,
a single calibration is sufficient for a series of precision measurements.
(This sﬁould,_of course, be checked periodically, but the calibration activity

need not be run at the same'time as- the source.being studied-) '(3)'Internal

calibration with a known transition - Hamilton and van Nooijenhlvhave nmeasured

internel-conversion coefficiente of a number of transitions in the decsy of
56 _ - . . ) : |

Y™". Relative intensity measurements:were made of the gamma rays with a Ge(Li)

.spectrometer and of the electrons with a nwﬁs speCtrométer- Normalization of

‘the intensity scales was made with respect.to the 1078-keV E2 transition in the’,

- .

same decay whose conversion coefficient had previously been determined by the
internal-external technique. The accuracy obtained in these measurements was

. quoted as 8-10%. .

'
h e e AA ate

o o

£
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It is apparent that the measurement of an iﬁtérnal-conversion.coefficient

is no longer an experimental "tour de force," but has become almost a rouitine

laboratory measurement. The result of this new sim?licity will be a tremendous

proliferation in the number of reliable conversion-coefficient values that will‘

be known.

b. Electron-Gemma Angular—Correiation Measurements

Angulgr-correlation measurements invblving iﬁterhal—conversion eiectrons
play-én‘important énd complementgry role to gamma-gamma correlations in nuclear
spécﬁroscopy, an@,‘taken together with fhe latter, can provide unique informa-
tion about fhe spins and parities of nuclear le&els and about multipolé mixing
rafios of nuclear transitions. They can also be useful for the investigation _ -
of.nucléar'size and struCture'effects.

Prior to the development of the semiconductor detectors, electron-gamma
angular~corfelationbmeasurementé weré neqéssarily slow because the electron
spectrometers so.employed wéré single-channel_deviqes and only one electron

correlation could be studied at-a time. This basic limitation is removed

' with the use of semiconductor detectors.

A number of devices have been suggested for this purpose, and here we

describe one such apparatus containing Si(Li) and Ge(Li) detectors that has

~ been bullt at Befkeley‘,11L2 for use in making'simultaneous,,multichannel C

electron-gamma and gamma—gamma angular correlations;j In;this device, a

14 mm ¢ X 3 mm thick 8i(1i) detector is used as a fixed electron spectrometér
and a 6 cm2 X.lb mm thick Ge(Li) detector as a flxed gamma specfrometer.k:
Tempo?arily, a 2-in. @'X.Q-in- NaI(T1) scintillator-is being used. as a'movéble
gamms, spectrometer-l It is shown scheméticaily_in Fig.‘73. In the near futuregx
the écinfillation_crystal ié to be replaced by a multiQQetector unit consistiné |

3
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of four Ge(Li) crysﬁéls. Two sets of 10 single-channel analyzers are used to
select the desired electron aﬁd gamma pulse heightsf. Singles counts and two-
dimensional coincidence counts for each of the four angular positiéns (altogethér
iO XllO X 4 pits of information) are stored ih the magnetic'core memory of a

" L0O-channel pulse-height analyzer. |

| With‘this device it is very easy to measure angular correlations involving

"X, L, and M converéion electrons simultaneously- As an example of this applica-
tion, We show some preliminary results obtained with the 333(E2,ML,E0) - 356(E2)keV

196 196.

trgnsition cascade in Pt following the decay of Au Measurements have
been made of the 3337 - 356 K, L, M and 3567 - 333 K, L, and M angular distri-
butions. TFigure T4 shows the internal conversion‘electron singles spectrﬁm of
2, 190 ' |
with the unresolved 333-356 keV pesk of the NaI(Tl) spectrum. Here, the L-peck
includes ;ll the L-subshell eleCtrpns and. tﬁe M—peak includes M; and higher éhell
_ electrons. The experimental.electron—gamma angular distribﬁtiohs are shown in
Fig. 75. It is interesting to notéfthat the oEserved angular correlations of
‘the L.and M electrons are fairl& different from those of the K electrons. These
data show that the correlations involving the K electrons have small negative

Ah coefficiehts and those involving the L. and M electrons show large positive

v Ah coefficients. Thié'is in qualitafive agreement with theoretical predictions.

taken with the Si(Li) detector and also the electron spectrum in coincidence

e e ey e = L < 4
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FIGURE CAPTIONS

I

Internal and external conversion spectrum of Bi506; from Stockendal
3

Gammé-ray spectrum of Cs137 ebserved wiﬁh a lithium-drifted silicon
detector; from Mann, Haslett, and Janarek.

Energy variation of the photoelectric, Compton, and palr-production
cross sections in silicon and germaﬁium.

o7

Gamma-ray epectrum of Co obtained with Ge(Li) detecﬁor of dimensions
2 cm2 area by 7 mm depletion depth.
Gamma-ray spectrum of Cd6o'obtained,with Ge(Li) detector.qf dimensions
2 cm2 area by 7 ﬁm depletion depth.
Resolution-energy relationship for a Ge(Li) deﬁector; from Antman and

Landis.l2
Co57 gamma~ray spectfa recorded on three different germaniﬁm detectors.
Comparison of the resolution (FWHM)—energy.relatibnship for several
nuclear spectrometers. |

Comparison of photopeakﬂefficienciee of two Ge(Li),detectors of
different volumes With:thevcurve calculated from the photoelectfic
cross section; from Ewan and Tavendale.ll
Cpmparison of practical efficiencies of several nuclear specﬁrometers
(see text).

Ratio of photopeak intensity-to-total intensity for a Ge(Li) detector
of dimensions 2.5 cm2 area»by 3.5 mm depletion depth; from Ewan and
Tavendale.ll ’ |

, N , _
Gamma-ray spectrum of Nag', showing the photopeak, and single- and

deubleeescape pailr-production peaks.

0
e e e e ek e = e e b e e
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Fig. 13. Intensity ratio of double-escape peak to photopeak for a Ge(Li)

detector of dimensions 2 cm2 area by 7 mm depletion depth; from
Yamazaki and Hollander.o-

. ‘ . ,
~ Fig. 14. Double-escape peak efficiency function for high-energy gamma rays,

obtained with Ge(Li) detector of dimeénsions 2-5_,cm2 area by 3.5 mm

depletion depth; from Ewan and Tavendale.ll

17 m

Fig. 15. Gamma-ray spectrum of Iu obtained with a 3-in. X 3-in. NaI(T1)

scintillation spectrometer.

l77m.ob

Fig. 16. Portion of the gamma-ray spectrum of Lu tained with a crystal

15

diffraction spectrometer; from Alexander, Boehm, and Kankeleit.

17Tm

Fig. 17. Gamma-ray spectrum of Lu obtained with Ge(Li) spectrometer.

17T

Fig. 18. Portion of the Iu gamma spectrum from 350-450 keV showing

previously unobserved photon of 426 keV; from Blok and.Shirley.l6

X 1
12. Ievel scheme of Lul77m; from Blok and,Shirley-l6

17 Tm

Fig.

Fig. 20. Ge-Ge gaﬁma-ray.spectrum of Lu in coincidence with the 426-keV

photon; from Blok and Shirley.l6
239, 4

Fig. 21. Nal scintillation spectrum of Np ;3 from Lefevre, Kinderman, aﬁd

Van Tuyl.l!

Fig. 22. Gamma-ray spectrum of Np?39 in the region 400-500 keV obtained with
‘a Ge(Li) detector; from Davies and Hollander-l8
Fig. 23. Reviéed level scheme of Pu239 showing new X = 1/2 band at 469.8 keV;

from Davies and Holland.er.l8

Fié. 2h. Double-escape peaks obtaihed in singles spectra frbm’sources of 0060
and Nagg, with Ge(Li) detector of 2 em® areé by ? mn depletion depth;
. from Yamazaki and Hollander-l3 B
. Fig. 25. Schematic viewvéf NaI-NaI-Ge pair spectrometer used to measure the 'ifaf

relative pair-production cross sections near threshold; from Yamazaki

end Hollander.-S
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4 Pair spectra observed from sources of Rb86 and Co60 with use of

13

pair spectrometer; from Yamezakli and Hollander.

13

A X . . _

Data of Yamazaki anQ_Hollander showing pair(expt)/dpair(Bethe

Heitler). The Jaeger-Hulme curve extrapolated from high Z values

is also shown. The triangles represent interpélated values from
L ' 23 ' 2l '

the experiments of Hshn et al. and of Dayton.

Schematic drawing of experimental arrangement used for gamma-ray

spectroscopy of heavy-ion reactions; from Clarkson126

Photograph of target and germanium detector asseimbly:at heavy-ion !

accelerator; from Clarkson.26

Portion of conversion electron spectrum (magnetic spectrometer) and

gamma~-ray spectrum [Ge(Li) spectrometer} observed from the reaction

TalBl(Bll;un>Pt188 25

; from Diamond and Stephens.

Gamma-ray spectrum of Ba126 obtained with Ge(Li) detector; from

Clarkson-2
_ Level‘schemes of BélEh and Ba126j from Clarkson.2
N 182m . . L
Electron spectrum of Os obtained with magnetic spectrometer;
25 . ;

from Diamond and Stephens.

Gamma-ray spectrum of Osl8-2m obtained with Ge(Ili) spectrometer;
from Diamond. and‘St'ephens.25
184m e .

Electron spectrum of Pt obtained with magnetic spectrometer;
from Diamond and StéphéﬁQeQS

o . 184m . . N -
Gamma-ray spectrum of Pt obtained with Ge(Li) spectrometer; .
fromeiamond and Stephens.25 -
Level scheme of Ptl8um3 from Diamond and Stephens-gi

Gamma-ray spectra of Hol66'm recorded by NaI(Tl) (upper) and Ge(Li)

spectrometers (lower),'normalized to equal counting times and solid

27

angles; from Matthias, Rosenblum, and Shirley.
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Fig. 40.
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Fig. Lo.
Fig. 43.
Pig. L.
Fig. 45.
Fig. L46.
Fig.vh7.
Fig. 48.
~Fig. k9.
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~ 166m

Partial zamma-ray spectra of oriented Ho nuclei cbtained with
Ge(Li) “2tector at various angles.from the orientation axis; from
Matthie~=, Rosenblum, and Shirley227

Angular distributions of‘three gamma rays emitted in the decay of

orien ed Hol66m nuclei, with their positions in the Erl66 level
schem. ; from Matthias, Rosenblum, and Shirley.27'
Level scheme of lLSRhloog from Matthias,;et'al.28

‘ 100

Gamma-ray spectrum from decsy of Pd obtained with Ge(Li) spectrom-

28

‘eter; from Matthias et al.”

Delayed coincidence curve of 8L4.0-Th.8 keV cascade in RthO obtained

with two Ge(Li) detectors; from Matthias et al.28

Delayed coincidence curve of 84k.0-74.8 keV cascade in RthO showing

imodulation of the time spectrum caused by 2.2 kG external magnetic

‘field; from Matthias et‘al.28 The lower part of the figure shows

the data after sﬁitable analysis.
90, . 31

o 90m
Chemical gloved box and associated equipment for b ‘% decay-rate

Partial decay scheme of Mo~ "; from Cooper et al.

experiment; from Cooper et al.sl

View of Ge(Li) detector assembly in position by chemical glove box
9le . 31
for Nb - decay-rate experiment; from Cooper et al.

90

’ 90m
Gamma-ray spectrum of Mb” -Nb 1 in the 100-150 keV region, showing

, 90m
122-keV gamma ray of Nb 1 ang 133~ and 142-keV gamma rays of

deughter NbgO; from Cooper et 1.3t

. O0m.
Growth curve of the 122-keV gsmma ray of Nb/ 1 after change of

chemical state from metal to fluoride complex. DNote constancy of

133 #+ 142 keV gemma-ray intensity.
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52.
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' Drawing of spectrometer of Fig. 53.
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Gamma—ray spectra of neutron-activated aluminum. Spectra A and B

were obtained with a Ge(Li) detector and spectrum C with a 3-in. X 3-in.
NaI(TL) crystal. The spectra were taken at the following times éfter

a two-hour irradiation: A = 5.2 hy B = 54.7 n, C.= 5.7 h. From.
Prussin, Harris, and Hollander._?’h

Garma-ray spectra of activated aluminum shoWing long—li&éd activities.

These spectra were obtained 16.4 days after a 90-h neutron irradiation.

1,34

From Prussin et a
Comparison of some widely-used methods of internal-conversion
coefficient measurement.

Photograph of first conversion-coefficient speétrqmeter; from Easterday,

Haverfield, and Hollander.36

i : -
Modified version of conversion-coéfficient spectrometer.

Drawing of modified spectrometer of Fig. 55.

203

Portions of Hg electron and gamma-ray spectra taken with conversion-

coefficient spectrometer-

Efficiency function. for photopeak absorption of gamma rays in the

6 cm2 X 7 mm Ge(Li) detector of the modified conversion-coefficient
spectrometer.

Normalized efficiency function for full—enéfgy absorption of electrons

in 8i(Li) detector of the modified converéion—coefficient,spectrometer._

197

Level scheme of the mass 197 isobars, showing the decays of Pt 5

P19 ;197 197m 197

g , and Hg into the levels of Au

97 . py197m

Electron spectrum of'Ptl taken with conversion-coefficient
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68.

69.

T0.
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72.
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o7 19Tm

Gamma-ray spectrum of Ptl + Pt taken simultaneously with spectrum

of Fig. 61. |

oh1-keV photon of Zr86 decay, recordéd with Ge(Li) detector of
conversion—coefficiént spectrometer. o .
Electron lines of 24l-keV transition of Zr86 decay, recorded simul-

taneously with gamma line of Fig. 63.

Analysis of electron lines-of 241-keV trénsition of Zr86 from spectrum

of Tig. 6h.
95m

; from Haverfield

and Hollander-38

Partial electron and gamma~ray spectrum of Hgl95m; from Haverfield

and.Hollander-38
95m

© Partial electron and gamma-ray specﬁrum of'Hgl ;3 from Haverfield

38
195m

Partial gamma-ray spectrum of Hg » showing analysis of lines with

" use of the 780-keV line as standard shape; from Haverfield and

Hollander.S° : | :

37

Spectra of 05134 and Csl mede. by mixed-source technique; the electron

spectrum was recorded with a ﬂVﬁ? iron~free spectrometer, and the

39

germa spectrum with a Ge(Li) detector; from Brown and Ewan.

203

Gamma spectra of H°l66-and Hg"OS, obtained with Ge(Li)Idetector§ _ | s
from Yamazaki and,Hollander.uo ' |
Schemétic illustration Qf the use of a CGe(Li) detector in conjunction
with an iron-free electron spectrometer fof conversioh-coefficient
nmeasurements.

Schematic view of electron-gamma angular correlation spparatus using” (

semiconductor detectors; from Yamazaki and Hollander.
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Internal conversion electron spectra of Aul96 taken with a 14 mm ¢ X 3 mm

thick Si(Li) detector; from Yamazaki and Holla.nder.42

Some electron-gamma angular distributions in Ptl/

and. I“Ioll'e\nder.u2

26

3 from Yemazaki
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Method

Measuring equipment

Advantages

Disadvantages

X-ray~to-gamma-~
ray ratios

Seintillation spectrometer

Speed (multichannel record-
ing of spectrum)-

Good to poor accuracy,
depending on details of
scheme; applicable only
to simple schemes because
of low detector resolution

Peak~to-~beta
spectrum

Magnetic-electron
gpectirdmeter

High accuracy in favorable
situations

Applicable only to simple
decay schemes; accuracy
depends on detailed know-
ledge of beta spectrum
shape; slow measurement,
use restricted to long-
lived isotopes

Internal-external
conversion

Magnetic=-electron
spectrometer

High accuracy, .applicable
to complex decay schemes

Requires very strong
sources; slow peak scan-
ning, use restricted to
relatively long-lived:
isotopes

Direct electron
and gamma area
measurement

Si(Li); electron spectrum
Ge(Li); ganma spectrum

" High speed (multichannel

and simultaneous recording
of both e + v spectra);
applicable to short-lived
activities; moderately high
accuracy; high resolution—
useful for complex level
schemes |

Accuracy varisble, depend-

- ing on details of schemes

(problems associated with
Compton bvackgrounds of high

- energy gammas)
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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

B. 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.








