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I. THE TOOLS OF GAMMA-RAY SPECTROSCOPY 

In evaluating the available spectroscopic_ devices to use in his research 

ptogram, the nuclear spectroscopist must consider, among other things, three 

important factors; (l) the resolving power, which places a.:.limit on the. 

complexity of the spect~um that can be examined; (2) the detection efficiency, 

which.deter.mines the strength of source required and also has much to do with 

the type .and amount of background or noise 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 radioactive isotopes or with hard-to-

get accelerator beam time. These factors are of course not unrelated. 

The field of ga.:mma-ray spectroscopy has long been handicapped by the 

poor bala:nce among these criteria in the available spectrometers. Until 
i 

about 1950, the most widely used tool for gamma-ray measurements was the Pb 

absorber. The absorption technique was distinguished by two characteristics; 

simplicity and poor results. Since the absorption curve of a monoenergetic 

photon is an exponential, the resolution of absorption curves presents essentially 

the same problems as the resolution of complex decay curves, and the difficulty 

of analyzing mean:).ngfully decay curves with more than two components is well 

known. If only one ga.:mma ray is present, it is of course possible to determine 

its energy rather accurately by absorption; but since this is not the general 

case but rather the rare exception, the absorption technique has proved to be 

coming from absorption measurements; one notes in earlier compilations of 

nuclear data the reporting of 11 1 MeV11 ga.:mma rays in practically every isotope --

brerris strahlung, no doubt. 

At the other extreme were the very high resolution ga.:mma-ray spectrometer 

developed in the early 1950's: the crystal diffraction spectrometer and the 
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external-conversion magnetic spectrometer. The crystal diffraction spectrometer, 

1 developed largely by DuMond and collaborators, occupies a position of great 

historical importance in the development of nuclear spectroscopy, for it made 

of nuclear spectroscopy a precise science and it gave indications of the 

wonder~l store of information about nuclear levels that lay waiting to be 

tapped. But, as elegant as were its accomplishments, the crystal diffraction 

spectrometer proved to be a tool of li.,.'Di ted applicability because of its very 

low efficiency. This can be understood by considering that in a typical 

2 
crystal diffraction spectrometer the peak counting rate for a focused gamma 

-8 ( ray of 100 keV energy is only rv 5 X 10 of the source strength, and since 

the reflectivity goes as l/E2) that of a 1-MeV gamma ray is only rv 5 X 10-lO 

of the source strength. Thus, for a 1-MeV gamma ray with an intensity of, 
i 

say, 1% per disintegration, a 10-Curie source is required in order to achieve 
l 

' ' 
a peak c~unting rate of 100/minute~ A furt~er limitation of this type of 

spectrometer arises from the fact that it is a single-channel device and the 

spectrum mus.t be scanned point by point, with only a small fraction of the 

energy interval being studied a.t a time; thus the rate of data accumulation 

is also slow. Because of these considerations, the diffraction spectrometers 

have been used primarily for the determination of primary gamma-ray standards 

a.nd for the study of relatively long-lived activities that can be prepared in 

great strength~ 

The line width (FWHM) of 'the tra.ns:mission-ty:pe di:f':f'raction spectrometer 

2 may be-expressed as 

where k rv 3 X 10-5. for: the.·].l;Sua:).. quartz,.bept:.:..cr.y.s_tal s.pect_:r:ometer_; and n 
. . 2- ' 

i-s ·'the,::order .of'\the,xeflection: ·. _' For first .·order reflection of a '100 keV ·. .· '. ' . . . .,,,, . .. .. . "'. .. ,''; ..... :' 

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

.• 

.• 
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~30 keV (3%). About three times better resolving power has been achieved by 

the use of germaniurri. crystals in place of quartz.
2

a The dependence on the 

square of the energy means that the reso.lution of the diffraction spectrometer 

deteriorates rapidly with energy so that the typical bent-quartz crystal spec-

trometer cannot be considered a high-resolution instrument for gamma rays above 

a few hundred keV. In principle; diffraction spectroscopy is an absolute 

method; and gamma-ray energies can be measured with high precision; better 

than 0.01% at 100 keV and 0.1% at 1 MeV In practice; 

the precision actually obtainable depends on accuracy of machining and calibra-

tion of the mechanical devices involved in the measurement of the diffraction 

anglej i.e.; lead screws; etc. 

The external conversion magnetic spectrometer has also been:: important 

in the development of gamma-ray spectroscopy. In essence; this technique 

involves the use of an ordinary beta-ray spectrometer to analyze the photo-

electron '~pectrum produced from a heavy-element (e.g.; uranium) .radiator 

placed in front of the ga~~-ray source. As an illustration of.the use of 

this technique; Fig. l shows a spectrum produced from gamma rays of B±
206 

in 

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

a paper by St0ckendal and Hultberg. 3 With this technique; a number of high-

resolution studies of gamma-ray spectra have been made. As a method; external 

conversion spectroscopy suffers essentially the same drawbacks as diffraction 

spectroscopy; though in lesser d~gree. Magnetic spectrometers that have beeri 

used in this way are single-channel devices; and scanning of the spectrum is 

slow and tedious. The e·fficiency is also low; the solid angle of a typical 

double-fo.cusing instrument is ~. 10-3 of a sphere; and this number reduces to 

a total efficiency of ca. l0-7; in the example cited in Fig. l; 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 is quite good; for a 1-MeV photon, a line width of "' 3 keV can 

be attained, ·which is superior to that of the diffraction spectrometer. 

For low energy photons, the diffraction instrument has the better resolving 

power. 

The most successfUl and popular gamma-ray detector of the past decade 

has of course been the sodium-iodide scintillation crystal. The scintillator 

revolutionized gamma-ray spectroscopy because it provided an energy-sensitive 

spectrometer with high efficiency and moderately good resolution as evaluated 

by the 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-

structure physics progressed and the realization emerged of the great and 
I 

wonderful complexity of nuclear-level schemes, it beca.me.clear that the scintil-
1 

lation spectrometer, was not equal to the.task that lay before the nuclear 

spectroscopist. He realized that a great need existed for a gamma-rayspectrom-

eter that could occupy a "middle role" between the very high resolution instru-

ments whose applicationsare limited by very low efficiency and the very efficient 

scintillators whose applications are limited by poor resolution. It. is important 

to note that there had been no "spectrometer gap" in the clo·sely allied field 

of conyersion-electron spectroscopy, since beta spectrometers had been available 

with a range of cha:racteristics varying: continuously from high resolution, low 

Tnis " t! gap in gamma-ray spectroscopy has very recently been eliminated. 

It is the purpose of this review to indicate how the semiconductor 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 DE'IECTOR 

It is difficult to say exactly when or under what circumstances gamma 

rays were first examined with semiconductor detectors. Surface barrier and 

junction detectors made from silicon have been in use for about five years 

in nuclear spectroscopic studies involving heavy particles; and probably on 

many occasions curious experimenters took a few moments to examine what the 

response of these detectors would be to a source of, say, Csl37 gamma rays. 

What they all saw probably convinced them that the detectors were likely to 

be of very little value for gamma-ray spectroscopy, except at quite low 

energies. Figure 2 shows a typical gamma-ray spectrum of Csl37 observed with 

4 a lithium-drifted silicon detector, that of Mann, Haslett, and Janarek, in 

which the height of the full-energy absorption peak is only ~ 2% of the height 
t 

of the Compton edge. However, one notes that the line width obtained was 
I 

9 keV, which is about five times better than that obtainable with sodium iodide 

scintillators. Thus, there :was some hope that with the development of higher 

atomic-number semiconductor materials, better efficiency coupled 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 absorption in this material. Figure 3 shows the 

variation with energy of the photoelectric, Compton, and pair production cross 

sections in silicon and ger.manium; note that in silicon the Compton scattering 

cross section is essentially equal to the total cross section, from ~ 200 keV 

to ~ 3 MeV, or over practically the whole energy range of interest to the 

nuclear spectroscopist. 
,. 

i·~· \ 
From the theory of the photoelectric effect, the photoelectric absorption;· · 

cross section in the K-shell can be expressed as 
·-· ... '· 
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Thus the photoelectric absorption increases very rapidly with atomic number 

and decreases rapidly with photon energy. (This of course refers only to 

single processes.) The Compton scattering cross section, as given by Klein 

and Nishina ·(in the energy range large compared with the atomic binding energy, 

t " 11) so tha the electrons may be treated as free goes as 

cr 
Compton 

-1 
em 

We see th~t the Compton cross section increases linearly with Z and decreases 

approximately linearly with photon energy. Since crphoto/crCompton goes as z4
,· 

the need for higher Z materials is obvious. In the search for heavier semi-

conductor materials, the natural alternative is germanium, since this is the 

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 (32/14) 4 
= 27. This is 

the factor of advantage for single-absorption processes, but because of the 

possibility for multiple processes, that is, the photoabsorption of scattered 

gamma rays, the actual advantage of germanium is much more. Note again Fig. 3, 

which shows the corresponding scattering and absorption cross sections for 

single processes in silicon and germanium. 

In general the Compton scattering has only nuisance value in radiation 

energy analysis applications because it results in incomplete energy deposition_~ .. 

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 this disadvantage, the use of larger detectors 

is always desirable (other factors being equal) so that multiple photoelectric 

processes can result in full-energy absorption. 

Above 1.02 MeV, (the threshold energy for production of an electron-position 

pair) the cross section for pair production rises rapidly and provides another 

mechanism for full-energy absorption of the photon 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 z2
, 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 silicon is that germanium was actually available first, for transistor use. 

But because of the smaller band gap of germanium, silicon has superior noise 

characteristics for operation at room or higher temperatures, and, once silicon 

became the accepted transistor material, the production of and interest in very 

pure germanium decreased markedly. This fact probably delayed considerably 

the development of germanium gamma-ray spectroscopy. 

The first published report of the use of germanium for gamma-ray spectros

copy is that in 1962 by Freck and Wakefield, 5 who lithium-drifted a germanium 

2 
crystal of 1.5 em area to a depletion depth of 1.5 mm, and used a 12-V bias 

voltage. In their publication a Cs137 spectrum was shown, with a resolution 

on the photopeak (FWHM) of 21 keV (3.2%). It was believed that essentially 

all of this width was due to amplifier noise. In the following year, Webb 

and Williams
6 

obtained several detectors of 0.5 cm2 area with depletion depths 

up to 5 mm that produced a line width of 7 keV. from the Csl37 662 keV photon. J;, . 

. The signal-to-background ratios of these detectors were remarkably better than 1~ 

that of the silicon detector referred· to earlierj with dep~etion layers of 



-8- UCRL-16307 

LO, 2.5, and 5.0 mm, respectively, the peak heights were found. to be 0.8, 

1.0, and 1.8 times the height of the Compton background, as compared with the 

ratio 0.02 for the silicon d.etector. 

Further progress in the technology of germanium detectors was made later 

in 1963 by Tavendale and Ewan, 7 who produced a detector of 8 mm depletion 

depth and 2. 5 cm2 area. This detector had a line width of "' 5 keV at the 

energy of the Csl37 peak. Shortly therea.fter, Goulding and Hansen
8 

were 

producing in large numbers detectors of 8-10 mm depletion depth and areas 

as large as 6 cm2, with resolutions of 3·5-4 keV at the Cs peak. 

Recently a detector.· with active volume of 16 cm3 has been produced by 

the Chalk River group.9 

The gradual improvement in detector resolution noted here has been due 

at least as much to reductions in amplifier noise as to fundamental improve

ments in the detectors themselves, as emphasized by Gouldi~g. 10 Because of 

this fact 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 iodide scintillation detectors are being 

replaced for many investigations in gamma-ray spectroscopy. There are of 

course a number of applications where the uneq_ualed efficiency of the modern 

large Nai crystals will insure their continuing use, e.g., in low-level counting 

situations, both in singles ana in coincidence expertments. 

III. BASIC OPERATING CHARACTERISTICS OF G:e·(Li) DETECTORS 

In this section, 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 pul;>lished report oif Ewan and Tavendalel:f ·. 

as well as from our own experience at Berkeley. 

.. . . 
•. 
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A. Photopeak Resolution 

10 Goulding has discussed the factors that contribute to the instrumental 

resolution of germanium detector. systems. These are: (1) noise associated 

with the preamplifier plus amplifier, ( 2) noise associated wl th detector 

leakage current, and (3) statistical fluctuations in the amount of charge 

produced and collected per unit energy absorbed .. The first two factors are 

constant for a given system; and in the better systems, contribute 2-3 keV 

to the line width. At low energies the statistical fluctuations are less 

than this so one observes line widths limited by amplifier_noise. The gamma 

spectrum of Co57 obtained with erie of our best general-purpose detectors 

(2 cm2 X 7 mm deep) i,s shown in Fig. 4; here a line width of 2.3 keV is observed. 

At highe7 energies the width due to statistical fluctuations becomes comparable 
! 

. . 60 ( ) to the width due to amplifier noise, as shown in the spectrum of Co Fig. 5 

in which the line width is 4.2 keV. With use of these and other gamma-ray 

standards, the half widths pro?-uced by a Ge(Li) detector have been measured 

at various energies by Antman and.~andis12 and the results are shown in· Fig. 6, 

plotted as the square of the ·half width vs the radiation energy. ·The fact 

that a straight line rela~ionship is obtained indicates the statistical nature 

of the detection process. The slope of the line establishes the value of 0.3¢ 

for the "Fane factor," which would be unity if all the energy were .absorbed 

by processes which are subject to statistical fluctuations. 

It is of interest to note the vari~bility in resolution of different 

detectors, both from well-known factors such as detector capacity and preamp 

tube quatity, and from poorly understood factors relating to properties of 

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

shown the co 57 gamma lines as recorded on tbree different Ge (Li) detectors. 
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Each detector had its own preamplifier but otherwise the same systems were 

employed. In general the detectors with poorer resolution are th9se with 

larger area) which have the hig~er capacity. 

It is important to evaluate quantitatively the resolution characteristics 

of the Ge(Li) detectors in comparison with the other widely used nuclear spec

trometers. Too often this comparison has been limited only to Nai(Tl) scintil-

lators) and thus a quite incomplete picture has been obtained of the real impact 

of the Ge(Li) detector upon nu-clear spectroscopy. We give in Fig. 8 a graph in' 
which is plotted the observed line width vs energy for typical instruments of 

various types) including both gamma-ray and electron spectrometers. Note that 

this figure shows also the characteristics of lithium-drifted silicon detectors 

for electron spectroscopy. This application will be discussed separately. 

Several facts are clearly shown by this figure. First) one sees that 
I 

the resolving power of the Ge(Li) detector may be superior) above -400 keVJ ~o 

the typical
2 

diffraction spectrometer. Not phown in the figure are line widths 

for the external-conversion (photoelectron) spectrometers: because these depend 

very much on the particular conditions of the experimental setup. Momentum 

resolutions of 0.3 - 0. 5% ·can often.:be obtained by external conversion; these 

figures correspond to line widths of about 2.3 keV and 4 keV at 500 keV 

photon energy) respectively) and hence are equal to or somewhat superior to 

the Ge(Li) results. (The efficiency of the external conversion method is of 

course very much poorer than that of G'e(Li).) 

It is also interesting to note that at -1500 keV the line width from 

first::order reflection from quartz is; about the same as that from Nai(Tl)) 

-70 keVJ whereas with Ge(Li) detectors line widths of 4-6 keV are found. This is 

, 
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an improvement of at least an order of magnitude, and one sees that at the 

higher energies Ge(Li) is competitive in resolving power with most magnetic 

electron spectrometers in use (excepting the few very~high-resolution spec

trometers mainly of iron-free construction). 

In the very low energy region(< 100 keV), where the Ge(Li) 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 iron-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 l MeV. 

B. Energy Linearity and Calibration 

One of the principal functions of gamma-ray spectroscopy is the measure-

ment of radiation energies .. Three principal sources of error in energy measure-

ments with this kind of system are: (l) error in localizing the peak positions; 

(2) calibration errors, :including' nonlinearities in the pulse height vs energy 

scale; and"(3) gain drifts in the electronic.amplifier circuits. 

The degree of uncertainty in localization of peak position naturally 

depends on factors such as statistic·s and knowledge of the peak shapes, but 

in general it is not difficult -to localize a peak to within l/10 of the line 

Wid.th and with greater effort this cari be done to l/20 or even better. Thus 

with Ge(Li) spectra, whe~e line widths of 2-4 keV are obtained in the 100 keV 

region and 4-6 keV are obtained in the l MeV region, localization errors of 

O.l-0.4% ~an be expected in the low energy region and 0.02-0.06% in the high 
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energy region. These are remarkably small errors) smaller than the usual 

calibration errors) but they do indicate 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 respons.e, but in gamma-ray spectroscopy the number 

of convenient standards of high accuracy is limited so it is common to rely 

heavily on the linearity of the Ge(Li) systems. Fortunately) because of the 

excellent linear amplifiers presently available and because of the inherent 

linearity of the detectors themselves) quite accurate results can be obtained 

1. 11 h vith only a moderate degreecof calibration. Ewan and Tavenda e ave shown 

that the response of a Ge(Li) detector is linear from 0 to 2600 keV) to within 

the ± 0.3% accuracy of the electronic pulser used for the measurement. 
' ! 

Actually, the linearity is probably much better than 0.3% in many·systems) 

and it should be possible to determine gamma-ray energies routinely to 

0.1-0-3%· Above the region of several hundred keV) this accuracy is comparable 

to that· of the ·crystal'·d:tffr~ct.ibn· spectrometer. · · . 

With respect to electronic gain drifts,, it is sufficient to point out 

that although the high resolution of these detectors certainly places .severe 

requirements on the gain stability of the associated amplifying systems, there 

are becoining available gain stabilization devices which are capable of elim-

inating this source oT resolution loss. These.should be employed by those. 

C. Photopeak 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 w~th 
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high accuracy. Single photoelectric events contribute most of the energy 

absorption in the low energy region, but because the photoelectric cross 

section drops so rapidly with energy, secondary events such as photoelectric 

absorption of Compton-scattered gamma rays become important at higher energies, 

so that the total full-energy absorption efficiency exceeds the photoelectric 

efficiency. In Fig. 9 we show experimentally determined11 efficiency curves 

for two Ge(Li) detectors, together with the curve calculated from the photo-

electric cross section. The relative increase in detection efficiency at 

high energy for the larger volume detector is obvious. 

An interesting fact has emerged from our experience in calibrating the 

photopeak efficiencies of a number of Ge(Li) detector systems with "standard" 

sources, ,that is, sources with well-measured photon intensity values. In a 
' 

number of cases, the scatter of points off a smooth curve is noticeably greater 

than the statistical error of our intensity determinations, and reproducibly 

so. The observation includes gamma intensities measured with diffraction 

spectrometers, where corrections must be made for the variation of crystal 

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 isotopes, with the use of germanium detectors. The remeasure-

ment of photon int.ensi ties may be an important contribution in nuclear structure 

studies because these intensities are often rather sensitive indicators of the 

validity of certain aspects of nuclear models. 

Figure 10 has been prepared in order to facilitate a comparison of the 

" practical efficiencies of various types of garmna-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 fraction of gamma rays leaving 

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 the ratio of counting rate at the peak of the detected line 

to the disintegration rate of the sample. There is some degree of arbitrar-

iness about the choice of solid angle values and counter-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 hundred keV, the probability 

for a Compton scattering event in Ge is·much higher than that for photoelectric 

absorption. For most spectroscopic applications this can only be regarded as 

an unfortunate phenomenon to be endured but not enjoyed. The distribution of 

Compton-scattered radiation is especially troublesome if the spectrum includes 

an intense high-energy gamma ray because the Compton continuum from this gamma 

ray tends to mask the presence of weak, lower energy gamma rays. Ewan and 

Tavendale11 have measured the ratio of photopeak intensity-to-total intensity 

for a Ge (Li) detector of dimensions 2. 5 cm2 X 3. 5 rom deep, and their results 

are shown in Fig. 11. The detector with which these measurements were made 

has a relatively small volume, .and it can be expected. that with the larger 

detectors becoming available more favorable .peak-to-total ratios will be 

found because of the increased contribution of secondary absorption processes. 

. As the problem of Compton scattering in the Ge crystals themselves becomes of 

lesser importance, another scattering problem may become noticeable--that is, 

scatt~ring from the detector assemblies and crystal-backing plates. Already :., 

considerable thought is being given to the eventual solution of this problem 

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

• . 

"· v 

.. 
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E. Pair Production 

2 
A gamma ray with energy greater than 1.02 MeV (2m0 c ) 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 ger.manium becomes greater than the photoelectric cross section at about 

1.5 MeV. Thus the pair production process is an important mechanism for energy 

absorption of high energy gamma rays, and in fact is the principal means for 

their detection. 

Associated with each pair production event is of course the creation of 

two 511-keV photons from the positron annihilation •. When a photon of energy 

kmc 2 (k > 2) creates an e+-e- pair within a ger.manium crystal, the kinetic 

energy of the electron pair is nearly completely absorbed, but because of the 
I 

small volU:m.e of the detector the annihilation photons almost always escape. 

Thus most pair production events result in a ."pair peak" at (k - 2)mc
2

, which. 

is the so-called "double-escape" peak. There is a smaller probability that 

only one of the 511-keV gammas will escape, and in this case a "single-escape" 

2 peak is produced at (k - l)mc • As an illustration of these processes, we 

show in Fig. 12 the spectrum recorded in a Ge(Li) detector from the 2.7-MeV 

24 gamma.ray of Na • One sees in this spectrum evidence of the three fundamental 

modes of energy absorption: the full energy "photopeak" a~ 2754 keV, the 

"single-escape" peak at 2243 keV, the "double-escape" peak at 1732 keV, and 

the intense Compton distribution beginning at "' 2400 keV and extending to 

low· energies. Note in this figure that the intensity of the double escape 

peak is about 10 times that of the Compton continuum, and that it is 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 provides,·together with the photopeak; a unique "finger-

print" of each gamma ray. For aid in distingUishing double-escape peaks from 

photopeaks of lower energy, a lead absorber may be used, since the latter are 

preferentially absorbed. Yamazaki and Hollander13 have measured the intensity 

ratio of double-escape peak to photopeak with a Ge (Li) detector of dimensions 

2 2 em X 7 mm, for a number of gamma-ray energies, and these data are shown in 

Fig. 13. Obviously the knowledge of this ratio is helpful in identification 

of gamma rays. 

Experimentally it is found that the ~fficiency for production of the 

double-escape peak in. the germanium o.etectors does not rise at highe! energies 

as expected from the theoretical pair-production cross section, and in fact 
may 

a decrease in efficiency/be found. This occurs when the electrons and positrons 

are createdwith sufficiently high energies that they can escape from the surface 

of the detector before coming to· rest. Also, bremstrahlung that accompanies 

the slowing down of th~se high energy electrons can escape from the crystal. 

Both effects cause a pulse of lower height to be generated and this becomes 

part of the continuum below the o.ouble-escape peak. 
. 11 

Ewan and Tavendale 

have studied this effect for a relatively small crystal of 3~5 mm depletion 

depth, and their experimenta~ efficiency curve is reporduced in Fig. 14. This 

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

F. Diverse Applications of Ge(Li) Detectors in Nuclear Research 

Many interesting applic~tions of Ge(Li) detectors to problems in nuclear 

' . 
spectroscopy and related fields have already been found, and new uses are 

constantly being e'xplored. 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 laboratories. 

1. Decay Scheme Studies 

Lul77m. A long-lived isomer of Lu177 was recently discovered14 and its 

decay scheme, studied largely by electron spectroscopy, was found to 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 complex, and it is clear that information on the gamma-ray energies 

and intensities could be extracted from this scintillation spectrum only with 

much difficulty. 

A very detailed study of this isomer has been carried out by Alexander, 

Boehm, and Kankelei t 15 with use of;a diffraction spectrometer. A very strong 

source (~.100 mCi) was prepared, and during a period of six months 44 gamma~ 

ray lines were observed. These were characterized with accuracies varying 

from ± 0.02 keV for the low energy transitions ("' 50 keV) to ± 1 keV for 

the highest energy transitions seen("' 466 keV). A portion of the photon 

spectrum obtained with the diffraction spectrometer is shown in Fig. 16. 

With the use of a lithium-drifted germanium detector, it has been 

possible to obtain the Lul77m spectrum shown in Fig. 17 in only 8 hours 

running time with a source of less than 1 mCi. A comparison with Fig. 16 

shows that the resolution obtained in the germanium spectrum is actually 

superior to that of the diffraction spectrometer above about 300 keV. Note 

especially the energy region 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<', 

tion spectrum, the peak-to-background ra.tio 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, ~ 44. 

The complicated decay scheme of Lu177m is shown in Fig. 19. The newly 

observed 426-keV gamma ray has been shown by Blok and Shirley
16 

to be the 

cross-over transition between the previously undetected 19/2 level and the 

15/2 level in the. K = 7/2 band of Hfl77. 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 coincidence 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 K = 7/2 band. That such 

a coincidence result could be obtained with one of the weakest lines in the 

Lu177m spectrum, a line not even observed by the diffraction spectrometer, is 

illustrative of the power of-the Ge(Li) detector in gamma-ray spectroscopy. 

Blbk·and 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. 

Np239. Another example of the successful application of Ge(Li) detectors 

in decay-scheme work is the re-study of the gamma spectrum of Np 239 . The decay 

scheme of Np 239 had been very thoroughly studied by all the_ existing beta and 

gamma spectroscopic techniques, and the level scheme is thought to be well 

understood. Four intrinsic particle excitations (Nilsson states) and the 

rotational excitations based on these had. been identified. There had, however, 

been observed two very weak photons in the scintillation spectrum that were 

not placed in the scheme. A scintillation spectrum of Np239 obtained by 

Lefevre, Kinderman, and Van Tuyl>1T showing the two weak photons at -v 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 Hollander
18 

revealed not 

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

Fig. 22. From accurate measurements of the energies and intensities of these 

ne1~ gammas it was possible to assign a second K = 1/2 rotational band in 

Pu239, with base state at 469.8 .keV. The revised Pu239 level scheme, i:p.cluding 

the new band, is shown in Fig. 23. The level assignments are fairly certain, 

but there may be some question whether the band is actually an intrinsic excita-

tion or a vibrational mode. 

2. Measurement of Pair-Production Cross Section Near Threshold · 

Since pair production is one of the fundamental interactions of physics, 

it is naturally of importance to know that the theory adequately describes 

the actual situation. In 1934 a theoretical treatment of.pair production was 

given by ::sethe and Heitler19 that neglected the interaction of the created 

electrons\with the nucleus (Born approximation); in this approximation the 

total cross section is exactly proportional to z2 and decreases very rapidly 

2 as the photon energy approaches the threshold, 2mc • The criterion for validity 

2 of the :Bethe-Heitler formula is that the photon energy, in units of me , be· 

2 
k >> -;::::====~ 

.J1 - (az) 2 

Thus, at energies near threshold the :Bethe-Heitler formulation is not expected 

to .. ·. b·e· accurate. A 1 t 1 1 t · b J d H 1m 20 d J · 21 h · h a er ca cu a J.on y aeger an u e an . aeger, w J.c 

did not employ the Bo:t'n. a;p:pro;x;imation1 . ;p:t'sO.ioted s. oons:!.ci~~(!?.'bly lar(i&er t;;:t'oss . 
section for Pb below 2.6 MeV than did the :Bethe-Heitler calculation. 

Experimentally, the situation has never been completely satisfactory, 

and very few determinations have been made of the pair-production cross section 

near threshold. Most determinations of the total pair-production cross section.;., 
;··· 

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, 

cr . can be deduced from crt t 1 . Many experimental stud.ies have been made palr o a 

in this way for higher-energy gamma rays. 
·22 

One of them, performed by Colgate, 

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 absorption method is inadequate 

for the low energy region, where the contribution of pair production is small 

compared to that of Compton scattering. Measurements for lower energy photons 

were in fact done by Hahn, Baldinger; and Huber, 23 and Dayton24 (at 2.6, 1.8, 

and 1.33 MeV) by: detecting annihilation events following pair production with 

two·scintillation counters. These experiments showed a deviation of cr . palr 
2 from the Z dependence that is in close agreement with the calculations of 

Jaeger and Hulme. ··Their method does not, however_, discriminate between different 

photon energies since the counters detected only annihilation quanta. The 

development of germanium detectors has now made it possible to make systematic 

measurements of the pair-production c:ross section for any photon energy, since 

the double-escape peak can be observed directly and its intensity can be 

measured as a function of incident photon energy. 

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

germanium detectors, by Yamazaki and Hollander. 13 2 A detector 2 em X 7 rom 

singles spectra obtained with this detector are shown in Fig. 24. The relative 

pair cross sec~ion is obtained essentially from the intensity ratio of the 

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

peak efficiency. ~ome small additional corrections will be mentioned below.) '' 
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At energies approaching the threshold (e.g., 1.17 MeV) the ratio of :peak 

to continuum was found to be too small to allow an accurate value of cr . to :paJ.r 

be obtained from the singles spectrum. In order to obtain better signal-to-

noise ratios in this energy region, a pair spectrometer was used, as illustrated 

schematically in Fig. 25. The two scintillation spectrometers at 180° geometry 

were set to respond only to 511-keV :photons, and the Ge(Li) detector recorded 

the gamma spectrum in coincidence with the annihilation.events. The coinci-

dence :pair spectra showed distinct :peaks even when they were obscured in the 

singles spectra because the triple coincidenc.e condition reduced considerably 

the random coincidence rates. This is shown in Fig. 26. 

Corrections to the experimental data were considered from the followir;.g 

sources: i (1) contribution of multiple processe·s resulting in :pair :peaks, (2) 

reduction of incident :photon flux in a crystal of finite thickness, (3) incom-
1 

:plete absorption of electron :pairs in the crystal. The corrections-amounted 

to only ~ 10% for the highest energy :photon studied, and less for the lower 

energy :photons.· The data in final form are shown in Fig. 27 :plotted as the 

ratio of cr . (exp) to cr . (Bethe-Heitler). It is seen that the ratio of :paJ.r · :paJ.r 

the experimental cross section to the Bethe-Heitler value increases toward 

lower photon energies, 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 Jaeger and Hulme, which is represented by the solid line 

in Fig. 27. 

3· Gamma-Ray Spectroscopy of,Heavy-Ion Reactions 

In studies of shor~-lived nuclear levels :prpduced from heavy-ion reactions 

at the HILAC (heavy ion linear accelerator), the germanium detector is :playing if: . 

an 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 short-lived levels is observed (typical 

lifetimes 10-9 seconds or less) and in the latter case nuclear levels with 

lifetimes up to seconds or even minutes may be studied. 

Figure 28 is a diagram illustrating the experimental arrangement used 

25 26 by Diamond and Stephens and by Clarkson for gamma-ray spectroscopy at the 

HILAC. A photograph of the target and germanium-detector assembly is shown 

in Fig. 29. In this arrangement the germanium detector is placed at 90° to 

the beam direction and 45° to the plane of the target. Because of the high 

beam intensity, special precautions must be taken to avoid overloading the 

electronic. circuits with resulting deterioration of the detector resolution. 

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

in synchronism with the heavy-ion beam. 

188 
Diamond and Stephens have studied the energy levels of Pt produced 

by the Ta181 (B11,4n) react"on. Bo b · f 50 60 M V h b ..... ron earn. energJ.es o - e ave een 

used. This energy range is above the Coulomb barrier for the B-Ta system, 

nonetheless radiations :from the Coulomb excitation reaction on the target 

material (which occur even below the barrier) are seen in addition to the 

reaction gamma rays. Figure 30 shows a sample of the type of spectra observed 

in this study; the upper section is part of an electron spectrum taken with 

· a wedge-gap magnetic speqtrometer of moderate resolution, and the lower section 

is a g~a spectrum taken with a Ge(Li) spectrometer. Note in the germanium 

spectrum the gamma rays labeled CXTa; these arise from the Coulomb excitation 

reaction. Also observ.ed 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 efficiently detected by the Ge. crystal.} 

i 

I 
- I 

' . ' : 
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It is apparent that the line widths in the germanium gamma spectrum and 

the magnetic electron spectrum of Fig. 30 are similar. Thus the analysis of 

these spectra for the determination of the relative electron and gamma inten-

sities (internal conversion coefficients) is straightforward. This illustrates 

a point stressed previously, that the resolving power of the germanium spectrom-

eters is comparable to that of many electron spectrometers in use and thus 

these are very compatible tools in nuclear spectroscopy. 

Diamond and Stephens have observed, from spectra like that of Fig. 30, 

that states of spin up to 10+ in Pt188 are populated in the (E
11

,4n) reaction. 

This nucleus is of interest because it is of a "transitional" type in which 

the properties of the low-lying levels are intermediate in character between 

those of a rotator and those of a vibrator (as manifested, e.g., by the level 
l 

spacings). 

I , . l . t . Cl k. 26 h b h' f t t. l n a sJ..Illi ar experJ.men , ar. son as een searc J.ng or ro a J.ona 

structure in the neutron-deficient nuclei of the barium region. He has studied 

126 124 . 14 14 
the levels of Ea and Ea , produced by the N ,3n and N ,)n reactions from 

targets of In115, with an experimental arrangement similar to that used by 

Diamond and Stephens. Figure 31 shows 

obtained with a bombarding energy near 

. 126 a germanium gamma-ray spectrum of Ea , 

the peak value for the N14
,3n reaction. 

Electron spectra were also taken with the magnetic spectrometer. From these 

data the level schemes of Fig. 32 were deduced, from which it has been concluded 

. 124 126 
that Ba and Ba have stable e~uilibrium deformations ana tnus can ba 

considered as "rotational" nuclei. 

Diamond and Stephens
25 have also studied the decays of some short-lived 

isomers by observing· their radiations .. between :the; heavy-ion beam bursts. The 

same experimental setup as described above is employed for this work. Here, 
,,._.l 

·' ':. 
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however, beam bursts "' 3 msec in duration are used, with as much as 75 msec 

between bursts. The multichannel analyzers are gated to record the spectra 

at variable time intervals after the beam pulses. 

182m 
In this way they have identified and studied the decay of Os , produced 

by the Lul75(B1\4n) reaction. The half life of this isomer was found to be 

0.8 msec. 
182m 

Figure 33 shows an electron spectrum of Os observed in the 

interval 0. 2 to 3. 2 msec after the beam pulse. The background due to long-

lived activities has been subtracted automatically. Figure 34 shows the 

corresponding gannna-ray spectrum obtained with the Ge(Li) spectrometer. By 

a comparison of the relative electron and gannna-ray intensities with a normaliza-

tion based on the assumption that the 273 keV is a pure E2 transition, the 

conversion coefficients of the other transitions were obtained and a level 
! 

scheme was constructed. 
; 

Also identified in this way by Diamond and Stephens was the very interesting 

1.0 msec isomer Pt184m, produced by several reactions: Ta181(B11,8n), Lu175(N14,5n), 

and Tm169(F19,4n). The energy of the heavy-ion projectile was chosen, in each 

case, so as to maximize the yield of the desired reaction. Figures 35 and 36 
I 

show, respectively, the electron and germanium gannna-ray· spectra obtained 

· 184m 
between beam pulses, and Fig .. 37 is the level scheme of Pt that resulted 

from the study. This isomer is quite unusual in that not only does the main 

cascade of gannna rays in the ground rotational band appear, but also several 

other bands of low intensity e.re found whose interpretation may shed light on 

the nature of the vibrational excitations in this nucleus. 

4. Low Temperature Nuclear Orientation 

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

a profound effect on the field of low-temperature nuclear orientation. 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 the low resolution sodium iodide scintillators as gamma-

ray spectrometers only the simplest, schemes could profitably be investigated. 

A great wealth of information has lain waiting to be discovered, but that 

discovery is 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 levels 

166 166m . in Er populated by the decay of the 27-hour Ho ~somer. Matthias, 

Rosenblum, and Shirley27 have studied the Ho166m gamma-ray spectrum and the 

· . 166m 
angular distributions of the gamma rays from the decay of or~ented Ho 

nuclei. Figure 38 shows their comparative gamma-ray spectra taken with Nai(Tl) 
' 

(upper) ~nd Ge(Li) spectrometers (lower), normalized to equal counting times 

and with the same solid angle subtended by the counters. It is ob~ious that 

many new gamma rays were discovered 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 ge:qnanium spectrum to be in fact eight 

gamma 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 information. On the other hand, the orientation experi-

ments of Matthias, Rosenblum, and Shirley with Ge(Li) detectors have yielded 

unambiguous results. As an exsmple of their data, in Fig. 39 the 700-800 keV 

0 4 0 0 portion of the spectrum is shown, for angles of 0 , 5 , and 90 between the 

166m . direction of orientation of the Ho nucle~ and the Ge(Li) detector. Figure 40 

shows the resulting angular distributions for three gamma rays in this energy 

region, together with their locations in the level scheme. The analysis of these · 

distributions, which are different for each gamma ray shown, yielded the spins 

of the levels as given in Fig. 40. 
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5· Determination of g-Factors of Nuclear Excited States 

.An elegant application of Ge (Li) detectors in an important but little 

developed area of nuclear spectroscopy has been made by Matthias, Shirley, 

Evans, and Naumann, 28 with their measurement of the nuclear g-factor of the 

75-keV level in Rh
100 

45 
The method used by these authors is that of studying 

the time dependence of the gamma-gamma angular correlation in an external 

magnetic field. The particular r e su·.l t s. cited could have been obtaine.d only 

with m.u ch. g r e at'e.r. a::ifficulty under "pre-germanium" conditions. 

In brief the principle of the method is as follows: if one has a gamma-

ga.m:ma cascade, the angular correlation function of the two gamma rays is given 

by the usual expression 

I 

\ 

where ~ are the correla.tion coefficients and Pk the Legendre polynomials. 

In the presence of·an external magnetic field, the angular correlation becomes 

time dependent b.ecause of the precession of the nuclear spin axis about the 

magnetic field axis, and the time-dependent correlation function is v.rritten as 

where mL is the Larmor precession fre~uency (gH/n)~N and the ± expresses the 

dependence of the sense of rotation of the correlation function on the field 

be reproduced with a fre~uency of ~mL' where ~ is an integer. 

ln an ordinary delayed coincidence measurement, the coincidence counting 

rate is given by C(t) = N e-t/T + const, where T is the nuclear lifetime of 
0 

the intermediate state. When the delayed coincidence measurement is carried 
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out in the presence of the magnetic. field, the time dependE:nce of the angular 

correlation causes a modulation of the exponential fUnction, and. the delay 

curve becomes c(t,e) = N e-t/T w(e,t) +canst. 
0 .. 

The oscillation has a fUnda-

mental freg_uency of 2illL' which may therefore be measured in this way. 

100 The level scheme of Rh , shown in Fig. 41, indicates the experimental 

situation. 1ne half life of the 74.8-keV level is g_uite long, 235 nsec, which 

makes this an exce-llent case for the time-dependent angular correlation study, 

since it should be possible to observe many cycles of the oscillation. In this 

measurement of the 84.0-74.8 keV cascade the high resolution of the germanium 

detector •· · pr-ovides · ·: , ·. a clear separation - .· of ' ; the two 

gamma rays, whereas they could not b~F resolved with a Nai(Tl) scintillator. 

The germanium gamma spectrum is shown in Fig. 42. 

. 28 
The delayed coincidence spe-ctrum was obtained by Matthias et al. by 

I 2 
use of,two Ge(Li) detectors of dimensions 2 em X 3 mm deep, each one set to 

accep-t one member of the cascade. 
0. . 

An angle of 225 (Was set between the detectors. 

Figure 43 shows the d.elay curve they obtained with: the :rilagn~tic field. off, and 

the upper part of Fig. ~-4 shows the modulated delayed coincidence curve obtained 

by application of a 2.2 kG field. By reversing the field direction,_ the phase 

of the periodic function is changed, as shown by the solid and open points in 

Fig. 44. The lower part of this figure presents the'data after analysis, which 

essentially removes the decaying exponential. From the oscillation frequency, 

the value + 2.~3 ± 0.03 was obtained for the g facto~· 

The measured g factor of the-74.8-keV state is g_uite large and is considered 

to provide definite evid.ence for a major contribution to this state from the 

g
9
/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 

An interesting application of germanium gamma-ray spectroscopy has recently 

-been made to a classical problem in radiochemistry, the question of the effect 

of chemical state on the rate of decay of a radioactive nucleus. This effect 

is, of course, a matter of degree, and in recent years certain deS!ay constants 

have been shown to be dependent on the.chemical and physical environment of the 

nucleus, i.e., in the K-capture decay of Be 7 (Ref. 29) and in the internal 

conversion decay of Tc99m (Ref. 30). The observed changes were small, ;§; 0.3ojo, 

and were attributed to changes in the electron density near the nucleus. 

Recently Cooper et al. 31 proposed a partial decay scheme for Mo9° (Fig. '45) 

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

of indirect evidence from internal conversion coefficient data and other informa-:-
I 

tion. In this case the chemical bonding electrons are in the N and 0 shells of 

niobium, with binding energies . ~ 50 eV. If the decay energy should be less 

than 200 eV (binding,energy of the Mv shell) then internal conversion could 

take place only in the N and 0 shells, and appreciable chemical effects might 

be expected. 

By use of a germanium gamma-ray spectrometer, Cooper, Hoilander, and 

32 90ml 
Rasmussen have observed a definite chemical effect on the half life of Nb . 

This was demonstrated by an experiment in which an intensity change of the 

observed, subsequent to a rapid chemical reaction. 

oo 
About 200 niobium foils were irradiated with protons to produce Mo 7 • 

90ml 90 
Each foil, containing the isomeric Nb in equilibrium with the parent Mo ,,4 

~.1;: 
was rapidly dissolved (1-2 sec) in a HN0

3
-HF solution, thus changing the chemical 

1 
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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 sec in duration, were observed with the Ge(Li) 

spectrometer; this was done N 200 times. One of the cumulated spectra is 

shown in Fig. 48. 
9~ 

A plot of the integrated area under the 122-keV photopeak of Nb , shows 

an exponential growth while that of the background and of the 133 + 142 keV 

gamma rays (from Nb90 daughter activity) remains constant within the counting 

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

the difference between two exponentials. 

I(t) =A exp[- /.. (t.., t )] -A' exp[- /.. 90m (t- t )] . 
. Mo90 o Nb . l o 

90m 
The best :fit was obtained for a Nb 1 half life of 22 sec, which is in good 

agreement
1
with the value 24 ± 3 sec reported by M~thur and Hyde.33 

The fractional change in d~cay constant is given by the ratio of the two 

coefficients, M/t... = A'/ A. The analysis showed that the decay rate of the metal 

is 3.6 ± 0.4% greater than that of the fluoride complex. The size of the 

' observed effect is an order of magnitude greater than that observed with the ,.-

Tc99m 2-keV isomeric state,3° and the fact that it is also in the opposite 

sense from the Tc-KTco4 effect has interesting consequences from the chemical 

point of view. 

7· Applied Gamma-Ray Spectroscopy; Neutron Activation 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 developments in applied gamma-ray spectroscopy, and perhaps is worthy 

of mention here. 
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The techniq_ue of neutron activation analysis using scintillation detection 

of gamma-ray s~ectra has been a~plied over the ~ast decade to a wide variety 

of analytical ~roblems. The low resolution of Nai detectors has however placed 

severe limitations on the number of different elements that can be determined 

in a given sample without resort to complicated and time-consuming chemical 

separation procedures or synthetic spectrum analyses with use of computer 

programs. These limitations are largely removed by the use of Ge(Li) s~ectrom-

eters for activation analysis, and, in particular, for non-destructive activa-

tion analysis. 

A non ... destructive analysis of aluminum metal by neutron activation was 

recently carried out by Prussin, Harris, and Hollander.34 Samples of aluminum 

ranging in ~urity from ~ 99·9% to 99·9999% were irradiated for short (2-hour) 

(. 12/ 2 or long 90-hour) ~eriods with neutron fluxes in the range 3-5 X 10 em -sec. 

Figure 50 shows some s~ectra of short-lived activities taken with a 2 cm2 
X 7 nun 

. . 

Ge(Li) detector and with a good 3-in. X 3-in. Nai(Tl) crystal, and indicates 

the advantages for the analysis inherent in the higher resolution s~ectra. 

Figure 51 shows 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 per channel) of some of the long-lived activities ~roduced in 

the aluminum sam~les. 

From measurements of the ~hoton energies and intensities, which could be 

0.5 ppm Hf, and 0.5 ~~m Cr were readily identified non-destructively in the 

highest ~urity aluminum (99·9999%). Pro~ortionately higher concentrations and 

a greater number of elements were found in the sam~les of lower.~urity. 

This analysis demonstrates the pov.rer of the germamum detectors as a tool " 

in activation an.alysis. Their high resolution relative 'to Nai(Tl) is particularly 
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significant for non-destructive analysis, and the reduced need for extensive 

chemical separations means that non-destructive techniques can now be extended 

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

will be greatly improved ano. the detenbination of more elements will be permitted. 

Also, rapid qualitative analyses for many elements will be facilitated because 

of the ease of making precise energy measurements. The tedious procedure of 

decomposition and analysis of complex photopeaks, common to the scintillation 

method, is generally unnecessary :with the germanium spectra. 

8. Electron-Gamma Spectroscopy With Use of Silicon and Germaniu.m Detectors 

T'ne 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 use of silicon and germanium detectors in nuclear 

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

measurements of both electron and gamma-ray spectra at good resolution, and a 

number of applications for this technique are being found. We shall 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. 

Basically, the use of lithium-drifted silicon detectors in electron spec-

troscopy is comparable to the corresponding application of germanium detectors 

in gamma spectroscopy, both with respect to the advantages offered and to the 

problems encou...'1tered. The fact that many fine magnetic electron spectrometers 

had already been in existence tended to reduce somewhat the impact of silicon 

detectors upon nuclear spectroscopy, but it does not.mean that there are not 

new and unique applications for them. 
j 

r., 
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In brief, the advantages of electron spectroscopy with Si(Li) detectors 

are: (l) High efficiency. Electrons of 2 MeV or even higher can be detected with 

vet';/ go·o d :. efficiency in available detectors. (2) Speed of o.ata accumulation. 

Because of their essentially linear energy response, the Si(Li) detectors 

couple to multichannel analyzers to register the entire spectrum simultaneously. 

This offers great advantages over single-channel magnetic spectrometers. 

(3) Adequate resolution. While not offering as high resolution as the better 

magnetic instruments, the resolving power of silicon is comparable to that of· 

many lens-type spectrometers in the most widely used energy range. 

Some disadvantages of silicon are: (l) Sensitivity to gamma rays. Although 

the photoelectric cross section of silicon for gamma rays is very small except 

in the lowest energy region, Compton scattering is appreciable. The Compton 

electrons are efficiently absorbed in silicon so that high background levels 

result from the scattered gamma rays. (2) BacksC'attering. Electrons that 

backscatter near the surface of the detector have a high probability to leave 

the detector without depositing their full energy. This is a substantial effect 

because the saturation backscattering of .electrons 'in silicon is "' 23% (Ref. 35) 

and it occurs at the thickness corresponding to only 15-25% of the electron 

range. The result is a "tail" on the elect~on pulse-,.height distribution, 

whose shape is a function of the electron energy. (3) Insensitive dead layer. 

+ The heavily-doped lithium surface layer (n ), which varies in thickness from 

detector to detector, is insensi ti v.·e. for the detection of electrons, and thus 

constitutes an absorber. For quantitative electron spectroscopy with silicon 

detectors, the response function of each detector should be calibrated. This 

can be done with use of an elec~ron spectrometer as a source of monoenergetic 
• 

electrons, or by other means. ( 4) Loi..r-temperature operation. The impression ·· 
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has occasionally been formed that the necessity to O}lera.te these detectors at 

reduced temperatures is a. severe drawback, but actually very few problems are 

involved and this fact should provide no barrier to their use. The best 

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

to be 0 -50 to 

a. Internal Conversion Coefficient Measurements 

The measurement of absolute values of internal conversion coefficients 

has been a tool of significant importance in nuclear spectroscopy because of 

their sensitivity to the transition multipolarity, and in fact by comparing 

experimental values with values from theoretical tables, a large number' of 

transition multipolarities have been assigned. 

To place the merits.of Si-Ge systems in perspective with respect to their 

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, together with their chief advantages 

anddrawbacks. It is probablyaccurate to state that the previously available 

methods required either 1) a very simple decay scheme or 2) a very strong 

source. When ·:~the decay scheme is simple, mea·surements could be made with use 

of the efficient scintillation detectors in spite of their low resolving power 

for gamma rays. Or, alternatively, for beta emitters with only,one or two 

gamma rays, it was possible to determine the relative integrals of the beta 

spectrum and conversion line with good accuracy. When a very strong source 

was available, advantage could be taken of precise but indirect methods of 

low efficiency, such as the "internal-external conversion" technique, that 

·provide the possibility of very accurate determinations. 

Thus, much effort applied in these special cases has resulted in a good 

knowledge of a. small number of conversion coefficients, but a technique that 
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is widely applicable to nuclear spectroscopic investigations has been lacking. 

The use of Si and Ge detectors provides such a technique, and makes it possible 

to measure internal-conversion coefficients with a facility not previously 

attainable. The application of this method to short-lived activities is espe-

cially worth noting. 

In Fig. 53 a picture of the first design36 of a "conversion-coefficient 

spectrometer" is:s:hown, 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 180° fixed geometry, 

and into which active sources can be introduced through a conventional spectrometer-

tY.Pe air-lock. In this design, both the Si and Ge crystals were located wi,thin 

a common vacuum system. However, because the surface layer of uncovered germanium 

detectors can so easily be damaged by the condensation of moisture, etc. caused 

by the inadvertent admission of air into the systemo(which occasionally happens 

when inexperienced operators use the apparatus), the design was subsequently 

changed so that the germanium crystal 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 detector system. 

An example of the electron and photon spectra taken with the conversion-

coefficient apparatus is shown in Fig. 57· Here, the K, L, and M electron'lines 

of the 279-keV transition in Hg203 decay are resolved, .with line width 4.2 keV. 

T'ne 279-keV photon line width is 4. 6 keV. 

The .internal-conversion coefficient may be.expressed as: 

' 
(1) 



where: 

A 
e 

Py 

11e(Ee) 
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is the area under the conversion electron peak. 

is the area under the corresponding gamma-ray peak. 

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 gamma 
rays in the full-energy peak (including solid-angle factor). 

Calibration of the instrument was done in the following way: First, a 

determination was made of the relative photopeak efficiency, 1ly(EY), of the 

Ge(Li) detector as a function of gamma-ray energy By' by use of a number of 

isotopes with well-measured photon relative intensities. The experimental 

gamma efficiency function is shown in Fig. 58. A suitably normalized electron 

efficiency function T) (E) was then determined, with use of Eq_. (1), by 
e e 

measuring the areas under the electron and gannna-ray lines from transitions 

with known conversion coefficients. All solid-angle factors are constant 

and need not be considered explicitly. The normalized electron efficiency 

function so obtained is shown in Fig. 59· 

The accuracy obtainable with this techniq_ue depends orr 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 have accurately-

known gamma and electron relative intensities, the relative efficiency curves 

can in principle be well este.blished, at least up to ....., 1. 5 MeV. At least 

three absolute conversion coefficients are well known (Hg203, Au198, and Csl37) 

thue the normalization of the electron and gamma efficiency scales can_be 

effected to an accuracy of a few percent. It should thus be possible to achieve 

at least a ± 10% overall calibration accuracy. 

I 
I 
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(2) Knowledge 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 :i:mproved .over· 

the present situation. It will be possible eventually to achieve the sophis-

tication that presently characterizes the analysis of scintillation spectra, 

although the methods -vdll remain largely empirical rather than analytic, 
.. 

because of variability from detector to detector. 

(3) A~ in all measurements, the complexity of the individual spectrum 

must be considered, as well as the peak-to-background ratio. The presence of 

a beta spectrum constitutes an unavoidable source_of background in a singles 

spectrum, al.though in some situations this may be improved by coinci.dence 

measurements. Background due to the registration of Compton scattered gamma 

rays in ?oth Si and Ge detectors is severe in present-day detectors, but this 

problem can be lessened by better design of the detector assemblies and also 

by the application of Compton-rejection anti-coincidence shields. Then also, 

the development of Ge detectors of larger volume will markedly improve the 

full-energy peak/Compton ratio. 

At the present time, in cases that are not particularly unfavorable, 

conversion coefficients can probably be measured by the Si-Ge technique with 

an accuracy of ± 15-20%. While not sufficiently accurate in its present· 

development for making sensitive tests of conversion coefficient theory, this 

technique will facilitate the measurement of large numbers of conversion coef-

ficients, especially from the decay o~ short-lived acitivities. These data 

will facilitate the a-ssignment of many spins and pari ties in level- scheme . 

studies. 

Among the studies carried out with this Si-Ge system, a case of particular 

interest was the 19l-keV transition in Au197 and the 346-keV transition .from 
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90-minute Ptl97m decay. The level scheme of Au197 is shown in Fig. 60, showing· 

1 b th d f Ptl97 Ptl97m H 197 d H 197m popu ation y e ecays o , , g , an g . Previous measure-

ments of the conversion coefficient of the 191-keV transition had yielded values 

ranging from 0.65 to 2.5. A value greater than 0.95 (the theoretical magnetic 

dipole conversion coefficient) would indicate monopole (EO) admixture in the 

transition whereas values below 0.95 would indicate E2 admixture. It was of 

theoretical interest to decide between these alternatives. Figures 61 and 62 

show the relevant portions of the (Si) electron and (Ge) gamma-ray spectra 

taken simultaneously with the conversion-coefficient spectrometer. From these 

data the value 6K = 0.69 ± 0'.07 was obtained_, and the transition was inter

preted as Ml-E2 mixture with "' 33% E2 photons. Also established from these 

spectra is the fact that .the 346-keV transition of Pt197m is an M4 isomer. 

Another measurement made with the Si-Ge system was that of conversion 

4 86 
coefficient of the 2 1-keV transition in the decay of 17-hour Zr _, the 

multipolarity of which had,:been unknown.37 The zr86 spectrum is very simple_, 

with only the 241-keV transition and a low· energy transition (30 keV) present. 

Therefore, t):J.is case serves as a good illustration of the line shapes obtained 

in the silicon and germaniuril detectors and of the method of analysis. 

In Fig. 63 a semi-log plot of the 241-keV photon line is given and Fig. 64 
, 

shows the corresponding conversion electron spectrum. The analyfds of the 

electron spectrum is straightforward; .subtraction of the continuous background 

easily obt~ined. That of the L lines can be obtaine~, with somewhat lower 

accuracy, by estimating the contributions of M and N lines to the composite 

LL,M,N:i ~. line, ~-s shown in the figure. :..~. , . 
..A.·, 

'" ·( ;, 

The gamma spectrum shows, in the semi-log plot of Fig. 63, the characteri~'t:tc. 

tail produced by germanium detectors because of incomplete charge collection in 
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the electric field. In principle) one should of course include the area of 

this tail in the analysis; however) in many spectra encountered in practice 

the tail is obscured by other lines. Therefore) both in calibrating the 

detector efficiency function with standards and in ana,;L:yzing spectra such as 

this one) we have used an approximate integration limit as indicated by the. 

upper dotted line of Fig. 63. The area of the entire tail is only a few 

percent of the total) so the error introduced by this approximation is 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:± 0.3)Xl0-
2

, 

-2 
and the theoretical E2 coefficient is 3.8 X 10 • Other properties of the 

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

are shown in Figs. 66, 67) and 68 •. This case really demonstrates the power 

of the simultaneous use of silicon and germanium detectors, because from these 

spectra, recorded over a period of only two days, at least 20 conversion coef-

. · 195m 
ficients can be determined. As an example showing the analysis of the Hg 

~~~ .. !I."~Y :.tntr?:t').siti®s, a pa!I."Mal ~amm.a spee'b!l."um is sl'l.e'Vffl. 1n fig. ~~~ t:U'1~ S!'~e 

of the analyzed peaks, obtained by use of the "standard shape" obtained from 

the strong 780-keV peak, 13,re also shown in Fig. 69. 

In situations where the experimental problem demands higher accuracy of· 
. .<"110 
4i'· { 

the conversion-coefficient determinations than can be achieved by the technique " 

t; 
~ ~ ,, 
il ,, 
il 

- l 

I 
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described above, it is possible (if time is not a critical factor) to combine 

the advantages of high-resolution electron spectrometers with those of lithium-

drifted germanium detectors: The following are illustrative examples of how 

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

Brown and Ewan39 have measured internal'"'conversion coefficients in the decay 

of cs134 by studying a single mixed source containing both Cs134 and the cali

bration standard Cs137 . The relative gamma-ray intensities were measured with 

a Ge(Li) spectr0meter and the relative K-conversion lines with a rr:,J2 iron-

free beta spectrometer. Portions of the spectrum are reproduced in Fig. 70, 

showing the photons and K-conversion lines of the 605 and 769 keV transitions 

of Cs134 and the 662 keV transition of the internal standard, Cs137 . From the 

measured intensity ratios,. the absolute conversion coefficients are deduced 

as follows: 

~(602) = 

The value so obtained for the 605-keV E2 transition, (4.85 ±.·o. 2) X 10-3, is 

in close agreement with other recently measured values for this transition. 

(2) External calibration - Yamaz~ki and Hollander40 have measured the K- and 

L-conversion coefficients of the 80-keV transition of Ho166 by use of the 

279-keV transition of Hg203 as a conversion-coefficient standard. The mixed-

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

l66 . 203 
th~ ~lil.:nnna-rey EJ:P®ctrum 'between th® Ho 80-k®V :Photon and. the Hg K :x:~rays, 

h . h 1· i th . S t f H 166 d H 203 w lc le n e same energy reglon. epara e sources o o an g were 

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

a rr.f2 iron-f~ee spectrometer, subsequent to which the same sources were used,· 

~· 
for measurements of the gamma spectra. In both cases, the source geometry was 

il 

[i 
1i 
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carefully fixed and reproducible. The relevant portions of the Ge (Li) ganuna-

ray spectra are sho-wn in Fig. 71· 

Naturally it is important for this measurement that the shape of the,full-

energy pe~~ efficiency curve be very well kno-wn. In this measurement on Ho
166 

the efficiency of the detector at "'80.keV relative to that at 279 keV was 

determined from the area of the Hg K x-ray peak relative to the 279-keV area, 

with knowledge of the fluorescence yield and 279-keV conversion coefficient. 

It was found, in fact, that the detection efficiency is slightly lover at 80 keV, 

for the particular detector used, than at 279 keV. The decrease in efficiency 

+ at very lovr energies is presumably due to the n dead layer at the surface of 

the germanium crystal. 

An improvement on this technique is illustrated schematically in Fig. 72, 

vrhich shows a Ge(Li) detector mounted as a fixed part of the source chamber 

of an iron- free rc.f2 spectrometer.. With this system, gamma spectra can be 

recorded simultaneously vrith the scanning .of selected regions of the internal-

conversion spectrum so that decay corrections are minimized. In addition, the 

geometry of such a system can be fixed and reproducible so that, in principle, 

a single calibration is sufficient for a series of precision measurements. 

(This should, 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 kno-wn transition - Hamil ton and van Nooij en 41 have measured 

~ntern~l·oonversion coefficient~ or ~ numb~~ or tr~n~1tionG in th~ ~sc~y of 
86. 

Y . Relative intensity measurements·were made of the gamma rays vrith a Ge(Li) 

spectrometer and of the electrons with a rc./2 spectrometer. Normalization of 

the intensity icales was made with respect to the 1078-keV E2 transition in thE(! 

-· 
same decay whose conversion coefficient bad previously been determined by the 

internal-external technique. The accuracy obtained in these measurements was 

quoted as 8-10%. 
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It is apparent that the measurement of an internal-conversion coefficient 

is no longer an experimental "tour de force," but hasbecome almost a routine 

laboratory measurement. The result of this new simplicity will be a tremendous 

proliferation in the nwnber of reliable conversion-coefficient values that will 

be knmm. 

b. Electron-Gamma .Angular-Correlation Measurements 

.Angular-correlation measurements involving internal-conversion electrons 

play an important and complementary role to gamma-gamma correlations in nuclear 

spectroscopy, and, taken together with the latter, can provide unique informa-

tion about the spins and parities of nuclear levels and about multipole mixing 

ratios of nuclear transitions. They can also be useful for the investigation . 

of nuclear size and structure effects. 

Prior to the development of the semiconductor detectors, electron-gamma 

angular'-correlation measurements were necessarily slow because the electron 

spectrometers so employed were single-channel devices 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 built at :Serkeley, 42 for use in making simultaneous, multichannel 

electron-gamma and gamma-gamma angular correlations. In this device, a 

14 :rom~ X 3 :rom thick Si(Li) detector is used as a fixed electron spectrometer 

and a 6 cm2 X l~ :rom thick Ge(Li) detector as a fixed gamma spectrometer. 

Temporarily, a 2-in. ~·X 2-in. Nai(Tl) scintillator is being used as a movable 

gamma spectrometer. It is shown schematically in Fig. 73· In the near future 

the scintillation crystal is to be replaced by a multi-detector unit consisting 
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of four Ge(1i) crystals. Two sets of 10 single-channel analyzers are used to 

select the desired electron and gamma pulse heights. Singles counts and two-

dimensional coincidence counts for each of the four angular positions (altogether 

10 X 10 X 4 bits of information) are stored in the magnetic core memory of a 

400-channel pulse-height analyzer. 

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

· K, 1, and M conversion electrons simultaneously. As an example of this applica-

tion, we show some preliminary results obtaineo. with the 333 (E2,Ml,EO)" - 356(E2) keV 

transition cascade in Pt196 following the decay of Au196 . Measurements have 

been made of the 333Y - 356 K, 1, M and 356Y - 333 K, 1, and M angular distri-

butions. Figure 74 shows the internal conversion electron singles spectrum of 

Au196 taken with the Si(1i) detector and also the electron spectrum in coincidence 
; 

with the ~resolved 333-356 keV peak of the Nai(Tl) spect~um. Here, the 1-peak 

includes all the 1-subshell electr:ms and the M-peak includes M- and higher she.J-1 

electrons. The experimental electron-gamma angular distributions are shown in 

Fig. 75· It is interesting to note that the observed angular correlations of 

the 1 and M electrons are fairly different from those of the K electrons. These 

data show that the correlations involving the K electrons have small negative 

A4 coefficients and those involving the L and M electrons show large positive 

A4 coefficients. This is in ~ualitative agreement with theoretical predictions. 

I. 
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FIGURE CAPTIONS 
' 

Fig. l. Internal and external conversion spectrum of Bii-
06

; from Stockendal 

and Hultberg. 3 

Fig. 2. Gannna-ray spectrum of Csl37 observed with a lithium-drifted silicon 

4 
detector; from Mann, Haslett, and Janarek. 

Fig. 3· Energy variation of the photoelectric, Compton, and pair-production 

cross sections in silicon and germanium. 

Fig. 4. Gannna-ra.y spectrum of Co 57 obtained with Ge (Li) detector of dimensions 

2 
2 em area. by 7 mm depletion depth. 

Fig. 5. Gannna-ra.y spectrum of co
60 

obtained with Ge (Li) detector of dimensions 
2 . 

2 em area by 7 mm dep~etion depth. 

Fig. 6. Resolution-energy relationship for a Ge(Li) detector; from Antman and. 
I 

. 12 
Landis. 

Fig. 7. Co57 gannna-ray spectra recorded on tbree different germanium detectors. 

Fig. 8. Comparison of the resolution (FWHM)-energy relationship for several 

nuclear spectrometers. 

Fig. 9· Comparison of photopea.k efficiencies of two Ge(Li) detectors of 

different volumes with the curve calculated from the photoelectric 

cross section) from Ewan and Tavendale. 11 

Fig. 10. Comparison of practical efficiencies of several nuclear spectrometers 

(see teoct). 

Fig. ll. Ratio o:f' photopeak :Lntensi ty-to-tote.l intensity tor a Ge (Li) detector 

2 of dimensions 2.5 em area by 3·5 mm depletion depth; from Ewan and 

Ta.vendale. 11 

Fig. 12. Gamma-ray spectrum of Na24, showing the photopeak, and single- and 

double;...escape pair-production peaks. 
i ... 

I: 

i. ,· 
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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. 13 

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

2 
obtained with Ge(Li) detector of dimensions 2.~ em area by 3·5 mm 

depletion depth; from~.Ewan and Tavendale. 11 

Fig. 15. Gamma-ray spectrum of Lu177m obtained with a 3-in; X 3-in. Nai(Tl) 

scintillation spectrometer. 

Fig. 16. Portion of the gamma-ray spectrum of Lu177m obt9.ined with a crystal 

diffraction spectrometer; from Alexander, Boehm, and Kankeleit. 15 

Fig. 17. Gamma-ray spectrum of Lu177m obtained with Ge(Li) spectrometer. 

Fig. 18. Portion of the Lu177m gamma spectrum from 350-450 keV showing 

previously unobserved photon of 426 keV; from Blok and. Shirley. 16 

Fig. 19. Level scheme of Lu177m; from Blok and Shirley. 16 

Fig. 20. ' 177m Ge-Ge gamma-ray spectrum of Lu . in coincidence with the 426-keV 

photon; from Blok and Shirley. 16 

Fig. 21. Nai scintillation spectrum of Np 239; from Lefevre, Kinderman, and 

Van Tuyl. 17 

Fig. 22. Gamma-ray spectrum of Np 239 in the region 400-500 keV obtained with 

18 
a Ge(Li) detector; from Davies and Hollander. 

Fig. 23. Revised level scheme of Pu
239 showing new K,: 1/2 band at469.8 keV; 

from Davies and Hollander. 18 

Fig. 24. 6o 
Double-escape peaks obtained in singles spectra from sources of Co 

22 2 and Na , with Ge(Li) detector of 2 em area by 7 mm depletion depth; 

from Yamazaki and Hollander. 13 

Fig. 25 .. Schematic view of Nai-Nai-Ge pair spectrometer used to measure the · ".·' 

relative pair-production cross sections near threshold; from Yamazaki 

and Hollander. 13 
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Fig. 26. 
86 6o . 

Pair spectra observed from sources of Rb and Co Wlth use of 

pair spectrometer; from Yamazaki and Hollander.
1

3 

Fig. 27. Data of Yamazaki and Hollander
1

3 showing a . (expt)/cr . (Bethe-palr palr 

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

is also shown. The triangles represent interpolated values from 

23 . 24 
the experiments of Hahn et al. and of Dayton. 

Fig. 28. Schematic drawing of experimental arrangement used for gamma-ray 

spectroscopy of heavy-ion reactions; from Clarkson:. 
26 

Fig. 29. Photograph of target and germanium detector assefub;Ly' at heavy-ion 

26 accelerator; from Clarkson. 

Fig. 30. Portion of conversion electron spectrum (magnetic spectrometer) and 

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

: 181 ll 188 ' . . 25 
' Ta ( B , 4n) Pt ; from Dlamond and Stephens. 
' 

Fig. 31. 
1

Gamma-ray spectrum of Ba
126 

obtained with Ge(Li) detector; from 

Clarkson. 26 

Fig. 32. 
. . 124 126 . 26 

Level schemes of Ba and Ba ; from Clarkson. 

Fig. 33· Electron spectrum of Os182m obtained with magnetic spectrometer; 

. 25 
from Diamond and Stephens. 

Fig. 34. Gamma-ray spectrum of Os182m obtained with Ge(Li) spectrometer; 

from Diamond and Stephens. 25 

Fig. 35· Electron spectrum of Pt184m obtained with magnetic spectrometer; 

from Diamond ~nd Stephen$. 25 

Fig. 36. Gamm~~ray spectrum of Pt184m obtained with Ge(Li) spectrometer; 

from Diamond and Stephens. 25 

Fig. 37· 

Fig. 38. 

Level scheme of Pt184m; from Diamond and Stephens. 25· 

· 166m . ( ) ( ) Gamma-ray spectra of Ho recorded by Nai Tl upper . and Ge(Li) 

spectrometers (lower); normalized to equal counting times and solid 

angles; from Matthias, Rosenblum, and Shirley. 27 
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Fig. 39· Partial ?;a:mma-ray spectra of oriented Ho166m nuclei obtained with 

Ge(Li) <2tector at various angles ... from the orientation axis; from 

. 27 
Matthie ""., Rosenblum, and Shirley·. 

Fig. 40. Angular distributions of three ga:mma rays emitted in the decay of 

Fig. 41. 

Fig. 42. 

Fig. 43. 

Fig. 44. 

Fig. 45. 

Fig. 46. 

Fig. 47. 

Fig. 48. 

Fig. 49. 

. d. H 166m 1 . . th th . . t. . th E 166 ·1 1 orlen· e o nuc el, Wl elr posl lOns ln e r · eve 

scheme ; from Me.tthias, Rosenblum, and Shirley. 27 

100 . 28 Level scheme of 
45

Rh ; from Matthlas et al. 

Gamma-ray spectrum from decay of Pd100 obtained with Ge(Li) spectrom-

28 
eter; from Matthias et al. 

Delayed coincidence curve of 84.0-74.8 keV cascade in Rh
100 

obtained 

with two Ge{Li) detectors; from Matthias et a1.
28 

Delayed coincidence curve of 84.0-74.8 keV cascade in Rh
100 showing 

! 

:, modulation of the time spectrum· caused by 2. 2 kG external magnetic 

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

the data after suitable analysis. 

Partial decay scheme of Mo9°; from Cooper et al.3l 
90ml 

Chemical gloved box and associated equipment for Nb · . decay-rate 

31 experiment; from Cooper et al .. 

View of Ge(Li) detector assembly in position by chemical glove box 

for Nb
9

0m1 decay-rate experiment; from Cooper et al.3l 

Mb90_Nb90ml Gamma-ray spectrum of in the 100-150 keV region, showing 
90m 

122-keV gamma. ray of Nb 1 and 133- and 142-keV gamma rays of 

daughter Nb9°; from :cooper et al.3l 
90m 

Growth curve of the 122-keV gamma ray of Nb 1 after change of 

chemical state from metal to fluoride complex. Note constancy of 
I 

133 i+ 142 keV ga:mma-ray intensity. 
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Fig. 50. 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 after 

a two-hour irradiation: A = 5.2 h:,. B = 54·7 h, C = 5·7 h. From 

Prussin, Harris, and Hollander.34 

Fig. 51. Gamma-ray spectra of activated aluminum showing long-lived activities. 

Tnese spectra were obtained 16.4 days after a 90-h neutron irradiation. 
. 4 

From PriJ.ssin et al. 3 

Fig. 52. Comparison of some widely-used methods of internal-conversio-n 

coefficient measurement. 

Fig. 53· Photograph of first conversion-coefficient spectrometer; from Easterday, 

. 36 
Haverfield, and Hollander. 

t 

Fig. 54. : Drawing of spectrometer of Fig. 53· 
' ' I 

Fig. 55· Modified version of conversion-coefficient spectrometer. 

Fig. 56. Drawing of modified spectrometer of Fig. 55· 

Fig. 57· Portions of Hg203 electron and gamma-ray spectra taken with conversion-

coefficient spectrometer. 

Fig. 58. Efficiency function for photopeak absorption of gamma rays in the 

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

spectrometer. 

Fig. 59· Normalized efficiency function for full-energy absorption of electrons 

in Si(Li) detector of the modified conversion-coefficient spectrometer. 

Fig. 60. Level scheme of the mass 197 isobars, showing the decays of Pt197, 

Ptl97m, Hgl97, and Hg197m into the levels of Au197 . 

Fig. 61. Electron spectrum of Pt197 + Pt197m taken with conversion-coefficient 

spectrometer. 
.-

• i 
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Fig. 62. Gamma-ray spectrum of Ptl97 + Ptl97m taken simultaneously with spectrum 

of Fig. 61. 

Fig. 63. 
86 

241-keV photon of Zr decay, recorded with Ge (Li) detector of 

conversion-coefficient s~ectrometer. 

Fig. 64. 
86 

Electron lines of 241-keV transition of Zr decay, recorded simul-

taneously with gamma line of Fig. 63. 

Fig. 65. 
86 . 

Analysis of electron lines of 241-keV transition of Zr from spectrum 

of Fig. 64. 

Fig. 66. Partial electron and gamma-ray spectrum of.Hgl95m; from Haverfield 

and Hollander. 38 

Fig. 67. Partial electron and gamma-ray spectrum of Hg195m; from Haverfield 

and Hollander .38 

Fig. 68. Partial electron and gamma-ray spectrum of Hgl95m; from Haverfield 

and Hollander. 38 

Fig. 69. Partial gamma-ray spectrum of Hgl95m, showing analysis of lines with 

Fig. 70. 

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

Hollander.38 

134 . 137 Spectra of Cs · and Cs made by mixed-source technique; the electron 

spectrum was recorded with a rr.J2 iron-free spectrometer, and the 

gamma spectrum with a Ge(Li) detector; from Brown and Ewan. 39 

Fig. 71. Gannna spectra of ~o166 and Hg203 , obtained with Ge(Li) detector; 

40 from Yamazaki and Hollander. 

Fig. 72. Schematic illustration of the use of a Ge(Li) detector in conjunction 

with an iron-free electron spectrometer for conversion-coefficient 

measurements. 

Fig. 73· Schematic view of electron-gamma angular correlation apparatus using" 

semiconductor detectors; from Yamazaki and Hollander. 
42 
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Fig. 74. Internal conversion electron spectra of Au196 taken with a 14 rom~ X 3 rom 

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

Fig. 75· Some electron-gamma angular distributions in Pt196; from Yamazaki 

and Hollander.
42 

~·· 
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APPROXIMATE TOTAL FULL-ENERGY ABSORPTION EFFICIENCY 

VS. ENERGY 

OF SEVERAL GAMMA-RAY SPECTROMETERS 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, 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 . 
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