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THE DECAY OF 61Cu AND 59Cu -- ENERGY 
LEVELS OF 61Ni AND 59Ni 

INTRODUCTION 

Progress in the understanding of nuclear structure has depended 

greatly upon the detection of gamma radiation emitted by nuclei as a 

result of transitions from one nuclear level to another. Accordingly, 

the techniques and instrumentation employed in the precision meas- 

urement of gamma -ray energies and intensities are of major im- 

portance. 

Until about 1950 the most widely used technique for gamma ray 

energy measurements was the absorber or attenuation method in 

which absorbers of varying thicknesses were placed between the 

source and an energy sensitive counter (40, 53). This technique, 

characterized by low accuracy and useful for the analysis of only 

the simplest decay schemes, proved to be quite inadequate in the 

case of multi- component schemes (68). The introduction of the 

curved -crystal focusing spectrometer by DuMond (36) in 1947 made 

exceedingly accurate measurements of gamma -ray energies possible. 

The diffraction spectrometer, despite its superlative resolution, 

possessed serious drawbacks: its inherent low efficiency and the 

fact that it was a single- channel instrument necessarily limited its 

use to relatively long -lived nuclides which could be prepared with 
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rather large activities. 

The development of photomultiplier scintillation counters in 

the late 1940's (9), especially those utilizing thallium- activated 

sodium iodide crystals, ushered in a new era in gamma -ray spec- 

troscopy. From their introduction until the present time they have 

played a dominant role in the accrual of information concerning 

nuclear systematics. The high efficiency, the moderately good reso- 

lution, the excellent timing characteristics, and the fact that these 

instruments are multi - channel devices assure their continued use 

for many years to come. Certainly not to be overlooked is the con- 

tinued improvement in scintillators and associated electronics evident 

in the recent symposia sponsored jointly by the IEEE Nuclear Science 

Group, the U. S. Atomic Energy. Commission, and the Institute for 

Basic Standards of the National Bureau of Standards (70). 

A development that was to have a most profound effect on the 

field of gamma -ray spectroscopy was the introduction of the semi- 

conductor nuclear particle detector in the late 1950's. The early 

emphasis was almost exclusively on silicon which was used pri- 

marily for the detection of charged particles. Difficulties encountered 

in the detection of beta particles served to point up the need for 

thicker detectors and it was this quest for a means of increasing 

detector thickness that led Pell to develop the method of lithium drift 

in 1960 (95). Though this method improved the detection efficiency 
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of silicon detectors they still were virtually useless in detecting 

electromagnetic radiation. 

In 1962 Freck and Wakefield (49) announced the development of a 

germanium p -i -n detector that had been lithium drifted using a tech- 

nique similar to that of Pell's in silicon. As expected on the basis 

of its higher Z, the germanium detector showed a great superiority 

over silicon in detecting gamma radiation. From the time of their 

introduction the resolution capabilities and efficiencies of Ge(Li) 

detectors have improved steadily and the resulting impact on the 

field of nuclear physics has been phenomenal. In the area of gamma - 

ray spectroscopy they have essentially replaced the NaI(T.Q) detector 

in all applications where the high efficiency of the scintillation de- 

tector is not a dominant consideration. For gamma ray analysis of 

nuclear decay schemes the Ge(Li) detector was especially attractive 

for its superior resolution held the promise of revealing the wealth 

of information which investigators suspected lay beyond the limited 

resolution capabilities of the NaI(Ti) scintillator. Accordingly, as 

the Ge(Li) detector was developed, one of its first and most important 

tasks was the reexamination of nuclear decay schemes which had 

previously been investigated by means of NaI(T.Q) scintillators. 

This background places the present study in proper perspective 

for at the time it was begun 3. 3 hour 61Cu which decays by positron 

emission and electron capture to 61Ni and 81 second 59Cu which 
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decays by positron emission and electron capture to 59Ni had been 

investigated by NaI(T1) detectors but had not been examined by 

Ge(Li) detectors. This, then, is the scope of the present investiga- 

tion: to examine the decay of 61Cu and 59Cu with a Ge(Li) detector 

in order to determine if the presently accepted decay scheme of 

either isotope can be improved in light of the superior resolution of 

the Ge(Li) detector. 

Prior to the development of the Ge(Li) detector the most im- 

portant investigations of the decay of 61Cu were carried out by Boehm 

(13), Owen (92), Nussbaum (91), and Butler (17). Only the latter 

two made use of NaI(T1) scintillators as detectors. Nussbaum's 

study is by far the most thorough of the four, since he and his col- 

laborators measured the positron spectrum and the gamma -ray spec- 

trum as well as positron -gamma coincidences whereas the Butler 

study measured energies for only ground state transitions. The 

findings of these studies are summarized in the decay scheme of 

Figure 1 which is taken from the Nuclear Data Sheets (124), but is 

essentially the 61Cu decay scheme proposed by Nussbaum (91). All 

energies in Figure 1 are in MeV. The configurations to the right of 

the figure convey transition information in the following format: 

E(MeV)( %p +, % e, log ft) where ß and e refer to the positron 

and electron capture modes of decay respectively. 

In the pre -Ge(Li) period the most important investigations of 
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the decay of 59Cu were carried out by Lindner (77), Prosser (97), 

and Butler (17). In each of these studies a scintillation spectrometer 

was utilized to examine the gamma -ray spectrum. For this isotope 

the Butler study is the most thorough, despite the fact that it con- 

siders only the 59Cu gamma spectrum. The findings of these three 

studies are summarized in the scheme of Figure 2 which is taken 

from the Nuclear Data Sheets (126), but is essentially the 59Ni level 

scheme proposed by. Butler (17). 

The present study directly observes the gamma -ray spectrum 

for 61Cu and 59Cu. Positron branching and log ft values are inferred. 

On the basis of these data consistent decay schemes for 61Cu and 

59Cu 
Cu are proposed which are substantial revisions of those shown in 

Figures 1 and 2. New information concerning the spins of excited 

states in both isotopes is also presented. 

Since the present study was begun, three papers have appeared 

describing the measurements of the 61Cu spectrum with Ge(Li) de- 

tectors (8, 14, 104). The results of the present study are in excel- 

lent agreement with each of these papers, although the energy meas- 

urements contained herein generally have smaller associated errors. 

These three papers will be discussed in detail in the chapter on re- 

sults. In contrast to the relatively few studies of the decay of 61Cu 

and 59Cu listed above there have been a great many studies of 61Ni 

and 59Ni involving direct reactions, neutron capture, and Coulomb 
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excitation. The most important of these will be discussed in conjunc- 

tion with the results of the present study. 

In addition to the decay scheme measurements, the half life of 

61Cu has also been measured in the present study. 
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EXPERIMENTAL APPARATUS AND PROCEDURES 

Figure 3 shows a block diagram of the system used to record 

the singles spectra in this study. Each of the components in the 

system will be described. 

Detector 

The principal detector used in this study was a Ge(Li) crystal 

with dimensions 2 cm2 area x 6 mm depletion depth which is on loan 

from the Lawrence Radiation Laboratory. In the early stages of this 

experiment the system resolution including detector and all subse- 

quent electronics was in the 3. 5 - 4. 0 keV range (fwhm) for the 

122 keV gamma ray of 57Co. During the course of the experiment 

various modifications of the system were carried out which resulted 

in an improvement in system resolution. By the end of the data tak- 

ing phase of the program, the resolution was in the 2. 5 - 3. 0 keV 

range (fwhm) for the 122 keV gamma ray of 57Co, although most of 

the 61Cu data were taken with resolutions of about 3. 1 - 3. 2 keV 

(fwhm). At any given time the resolution for the 1332 keV "Co 

gamma ray was N 1 keV greater than that for the 122 keV 57Co 

gamma ray. 

A cross - sectional view of the detector assembly is shown in 

Figure 4 (85). Liquid nitrogen in contact with the backing plate 
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maintains the detector at a temperature relatively close to 77°K. 

Liquid nitrogen is supplied from an overhead "chicken- feeder" type 

dewar having a capacity of ten liters. Liquid nitrogen consumption 

was approximately two liters per day. A Varian Associates eight 

liter /sec VacIon pump maintained a pressure of approximately 

5 x 10 -8 Torr. A 510 -volt detector bias supply was furnished by a 

step adjustable battery box containing two 300 -volt dry cells con- 

nected in series. 

Inasmuch as the distinctive feature of the spectrometer used in 

this investigation was its superior resolution, it is appropriate that 

the extent of this superiority and the reasons for it are presented in 

detail. Since the NaI(T1) scintillator is the detector which the Ge(Li) 

crystal has to a large degree replaced, it is helpful to begin with a 

comparison of the resolution capabilities of these two devices. 

Figure 5 is a pulse height spectrum of 60Co as detected by a 3" x 311 

NaI(T1) crystal mounted on a Dumont 6363 photomultiplier tube. 

The 1172 keV gamma ray and the 1332 keV gamma ray are displayed 

in the lower and the higher channels respectively. Figure 6 shows a 

60Co pulse height spectrum detected by the 2 cm2 x 6 mm Ge(Li) 

crystal. The peaks in each spectrum have been placed in approxi- 

mately corresponding channels and the pulse heights for the two 

figures have been made approximately the same. For the NaI(T1) 

detector the resolution of the 1332 keV gamma ray is about 
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92 keV (fwhm) or 7% (tE /E); for the Ge(Li) detector the resolution 

of the 1332 keV gamma ray is about 4 keV (fwhm) or 0. 3 %. 

An even more striking example of the advantage of the Ge(Li) 

detector is displayed in Figures 7 and 8. Figure 7 shows a 75Se pulse 

height spectrum as detected by NaI(T1); Figure 8 shows the same 

spectrum as detected by Ge(Li). It is evident that the moderately corn- 

plex structure of the 75Se spectrum is completely hidden as a result of 

the limited resolution of the NaI(T1) system. (The low energy peak at 

about 75 keV in Figure 8 can be attributed to a lead x -ray from some 

lead shielding in the vicinity of the detector when this spectrum was 

recorded. The same lead x -ray is a major component of the low 

energy peak in Figure 7. ) It is important to note that the marked su- 

periority in the resolution of the Ge(Li) detector is accompanied by a 

considerable sacrifice in detector efficiency. Some implications pre- 

sented by the relatively low efficiency of Ge(Li) detectors will become 

apparent as this paper progresses. At this point, however, the only 

noteworthy disadvantage resulting from the lower efficiency of the 

Ge(Li) detector was that the data of Figures 6 and 8 took considerably 

longer to collect than the data of Figures 5 and 7. 

In explaining the resolution superiority of Ge(Li) detectors it 

is necessary to analyze the mechanism whereby . the energy of radia- 

tion incident upon the detector is converted to an electrical pulse 

which appears at the output of the detector. Let us assume at the 

. 
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outset that the total energy, E, of the incident radiation is absorbed 

by the detector. Only under this condition will the desired propor- 

tionality between the incident energy and the amplitude of the result- 

ing electrical pulse be preserved. For simplicity, let us assume 

that the entire energy of the incident photon is transferred to an 

atomic electron by means of the photoelectric effect (ignoring the 

electron binding energy). In turn, the photoelectron may then inter- 

act with an electron in the lattice lifting it to the conduction band, 

thereby creating a hole in the lattice. By this process the initial 

energy is reduced by an amount E, the energy gap. (For germanium 
g 

The remaining energy, E - Eg, is at 77° K, Eg = 0. 75 eV (87) 

shared among the photoelectron (now degraded in energy), the 

secondary electron and secondary hole. This branching process con- 

tinues creating many electron -hole pairs. If this were the only 

process involved and if the pair creations were independent events, 

then the total number of electron -hole pairs, N, created by incident 

radiation of energy E would be given by N = E/E . However, the 

situation is complicated by the fact that energy may also be imparted 

to the lattice itself, i. e. , lost to optical and acoustic phonons (28), 

and, moreover, some energy is lost in the total kinetic energy of 

the many secondary electrons whose energy is eventually reduced to 

less than that of the ionizing threshold (61). Consequently, we can 

no longer think in terms of an energy E associated with each 
g 

g 
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electron -hole pair which is produced, but rather in terms of an 

average energy, E , necessary for the production of an electron -hole 

pair. From the preceding analysis it is apparent that E < E 

g 

The most accurate measurement to date (3) is E 2. 98 ± 0. 01 

eV /pair in germanium which is specified at 77°K since E has been 

shown to be a function of temperature (39). The total number of 

electron -hole pairs, N, created by incident radiation of energy E 

would now be given by 

N 
E 

. 
E 

To a first approximation the standard deviation in the number of 

electron -hole pairs created would be given by 

,r= 0I E 
Y E 

where N is the average number of pairs formed. But this would 

be strictly true only if the events in the branching process outlined 

above were truly independent. Then the Poisson distribution which 

would apply would lead to the above result. However, as van 

Roosbroeck has shown (112), the branching events are not actually 

independent since an energy constraint operates on the branching 

process by virtue of the fact that the total energy absorbed in the 

germanium crystal must be equal to the energy E of the incident 

. 

= 

= 

(N 
1\7)2 

Y 
- = ry _ 
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radiation. As a result of this interdependence, the Poisson distri- 

bution would not apply and the observed standard deviation would be 

less than that indicated above, i. e. less than f l . In terms of the 

variance, (N- N )2 , we can write (N - N)2 = F N where F< 1. 

(For a Poisson distribution, F = 1. ) Here F is called the Fano 

factor following a comparable development by Fano (46) which relates 

the actual mean square fluctuation to the number of ionization events 

for the case of ionization in gases. The value of the Fano factor is 

exceedingly important inasmuch as the above discussion shows that 

it, in conjunction with E, determines the ultimate resolution capa- 

bility of a detector. Earlier data for germanium indicated a Fano 

factor in the range 0. 38 - 0. 50 (43), but more recent studies suggest 

a Fano factor in the range 0. 05 (79) to 0. 15 (23). As an example we 

can compute the ultimate resolution capability of a germanium de- 

tector for a 1 MeV gamma ray assuming F = 0. 15 and E = 2. 98 

eV /pair and noting that the relationship between the standard devia- 

tion of the energy distribution 

and DE (fwhm) is 

(EeE)2 

(fwhm) = 2. 35 \i- (E - T>2 . 

. 

. 

, 

AE 
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Then DE (fwhm) = 2. 35 (E - .1-)2 = 2. 35 E 'V (N - )2 

= 2. 35E VF N = 2. 35 E V F(E/E) 

= 2. 35 AVE FE = 1. 6 keV. 

The relationship DE (fwhm) = 2. 35 4/EFE indicates the de- 

pendence of the ultimate resolution on E and F. It is on this basis 

that the superior resolution of germanium compared to silicon is 

usually demonstrated, for, assuming approximately equal Fano fac- 

tors for the two materials, the experimentally determined value of 

E = 4. 12 eV /pair for silicon at 78 °K (39) leads to an inferior resolu- 

tion capability for silicon which is seemingly verified by the results 

of current detector fabrication technology. However, contrary to 

this generally held view, Alkhazov (2), on the basis of a theoretical 

analysis, predicts that the ultimate resolution of silicon detectors 

should be higher than that for germanium detectors. This prediction 

stems from his theoretical Fano factor for silicon that is somewhat 

smaller than the corresponding factor for germanium. 

The inferior resolution of gaseous detectors compared to semi- 

conductor detectors follows from the fact that it requires about 30 eV 

to produce an ion pair and that the Fano factor for fill gases . is ap- 

proximately 0. 4 (72). 

The relatively poor resolution of NaI detectors results from 
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the basic inefficiency of the scintillation -light collection- photoemis- 

sion sequence involved. For NaI(T1), for example, about 300 eV are 

absorbed in the crystal for every photoelectron released from the 

photocathode of the accompanying photomultiplier tube (33). Conse- 

quently, the statistical fluctuations at the output of a scintillator- 

photomultiplier system are relatively large, 

In the case of the semiconductor detector there are numerous 

factors which prevent the realization of the ultimate resolution indi- 

cated above. One of the most important factors is noise which arises 

from statistical fluctuations in the detector leakage current. An ap- 

proximation for the root mean square line broadening, AW, due to 

this source of noise is given by Dearnaley and Northrop (33) as 

N 1/2 1/2 

AW 
= 

E (7-1 (1) 

where e is the average energy per electron -hole pair, N 
c 

is the 

total number of carriers in the sensitive region of the detector, Tc 

is the transit time for carriers in the absence of trapping, and T 

is the RC amplifier time constant determining the bandwidth over 

which noise is accepted. T can be computed from the definition of 

mobility v = µE. Then T = d2 /(µV) where d is the thickness of the 

depletion layer, µ.the carrier mobility, and V the reverse bias 

which produces the electric field E responsible for sweeping 

C 

c 

c 
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carriers out of the depletion region. The 2 cm2 x 6 mm detector 

used in this study was operated at a reverse bias of 510 volts. 

Therefore, d = 0. 6 cm, V = 510 volts, and µ 104cm2 /volts -sec at 

77°K (61), and T 7 x 10 
-8 

sec. T, determined by settings on the 

main amplifier, is equal to two microseconds. N 
c 

can be determined 

from the leakage current, I/ , which was measured as 7 x 10 -10 amp 

with a Kiethley Model 600A electrometer. Therefore, N ,: 300. 
c 

Using the above data, equation (1) yields oW Ñ 200 eV which is 

equivalent to a line broadening (fwhm) of almost 0. 5 keV. 

In addition to providing an estimate of the contribution from one 

of the principal sources of noise, the preceding calculation also ex- 

plains one reason underlying the choice to operate the detector at 

liquid nitrogen temperature. From data given by Ewan and Tavendale 

(43) for a Ge(Li) detector reasonably similar to the one used in this . 

study, the leakage current at 200° K can be estimated as 10 -6 amps. 

Then, 

OW( 200° K) 
oW( 77°K) 

Of course at room temperature this ratio would be even larger. In 

addition to reducing leakage current, operation at liquid nitrogen 

temperature is dictated by numerous undesirable effects which are 

attributed to the rapid diffusion and precipitation of lithium at room 

. 

I/(200°K) ti I ( 77°K) 40. 
-A 

V 
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temperature (43, 128). A detector which is permitted to come up to 

room temperature for more than a few hours will usually cease to 

exhibit proper diode characteristics even though it is again cooled to 

its original temperature. There is some question as to whether 77°K 

is the optimum temperature at which to operate Ge(Li) detectors. 

Recent evidence (101) indicates that it is not, although the convenience 

and practicality of liquid nitrogen strongly favors operation at 77°K. 

In addition to the above there are numerous other factors which 

contribute to line broadening. Some are quite negligible compared to 

others; some can be minimized by judicious pulse shaping in the 

main amplifier. Sources of line broadening will be enumerated below 

with a minimum of detail since many studies have been made of 

them as noted in the reference citations: 

1. Thermal noise. Strongly dependent upon the capacitance 

of the detector circuit. Accordingly it can usually be made negli- 

gible by minimizing capacitance of the detector, input capacitance 

of the preamplifier, and relevant stray capacitance (61). 

2. Detector leakage current. Treated above where it was 

shown to be non - negligible. This is assumed to be pure shot noise. 

Surface leakage currents which are not completely understood can 

be included in this category (56, 89). 

3. Series resistance noise and parallel resistance noise. 

Both can be made negligible (56). 

. 
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4. Input current noise. Due to fluctuations in the input current 

to the first amplifying device in the system (56). 

5. Generation -recombination noise. Arises from the discrete 

movements of charge carriers when they enter or leave traps. To 

some extent shot noise and generation- recombination noise are 

mutually exclusive (61). Both these kinds of current noise could be 

important in large volume detectors, but they can be reduced by 

using high resistivity material and by cooling (32, 34, 61, 89, 111). 

6. Excess noise. (Sometimes called flicker noise.) This is 

the current noise not attributable to shot noise or generation- recom- 

bination noise. It is usually related to surface effects and to the 

nature of the electrodes. It is a predominantly low frequency effect 

with a frequency dependence that usually varies as 1/f (61, 111). 

7. Fundamental statistical limitations. Described above and 

shown to be related to the Fano factor and E, the average energy 

necessary to produce an electron -hole pair. 

8. Incomplete charge collection. The desired proportionality 

between the incident energy and the amplitude of the output pulse 

from the detector is lost if the charge produced within the detector 

is not completely collected. Charge collection can usually be en- 

hanced by increasing the reverse bias on the detector. However, as 

noted above, large reverse biases produce large detector leakage 

currents, a fact that illustrates one of a number of compromises that 

. 
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must be made in the operation of Ge(Li) detectors. 

One reason for incomplete charge collection is recombination 

of the charge carriers along their initial track. Ordinarily, this 

process is quite negligible (34, 61). Another cause of incomplete 

charge collection results from the trapping of carriers as they tra- 

verse the electric field of the detector. Even though trapped carriers 

may subsequently be released, they may be released too late to con- 

tribute to the signal as a result of the short time constants which are 

typical in input circuits (32, 34, 83, 84). 

The region near the electrodes of a Ge(Li) detector is often 

poorly compensated. Gamma -ray events which occur in this region- - 

or in the intrinsic region but result in electrons whose path extends 

into the poorly compensated region (electron escape) -- produce charge 

which is not fully collected. Similarly, gamma rays interacting in 

the material supporting and housing the detector may result in elec- 

trons which scatter into the dead layer and give rise to defective 

pulses (108). 

At relatively high energies two additional effects can contribute 

to incomplete charge collection: electrons can possess sufficient 

energy to escape from the detector, or, even if they do not escape, 

bremsstrahlung, which is produced within the detector crystal, has 

a significant probability of escape (42, 71). Either process will 

destroy the desired proportionality between incident energy and 
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amplitude of the output signal pulse. 

9. Noise in system components other than the detector. These 

are most serious in the preamplifier (98) and the main amplifier. 

10. High counting rates. At high counting rates line broadening 

results from pulse pile -up and lack of base line restoration in the 

amplifier and multichannel analyzer. 

11. Gain drifts. System gain instability can contribute ap- 

preciably to line broadening especially during long runs. Accordingly, 

the resolutions quoted previously were for relatively short runs. 

For long runs, e. g.N 24 hours, they may be greater. A large ex- 

ternal electric fan blowing on the multichannel analyzer was used in 

this study in an effort to reduce this instability. 

Of the many sources of line broadening listed above, a few 

have been labeled as negligible. Even in cases where a factor is 

non -negligible its effect can often be minimized. This is particu- 

larly true in the case of some of the noise contributions for, as 

mentioned previously, judicious pulse shaping in the main amplifier 

can appreciably enhance the signal -to -noise ratio. This will be dis- 

cussed in conjunction with the main amplifier. 

Preamplifier 

The preamplifier used at the beginning of this study consisted 

of a TMC Model 323 preamplifier utilizing an EC 1000 (Amperex 
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8 254) input tube. This unit was designed by Goulding and Landis at 

the Lawrence Radiation. Laboratory. A schematic diagram of the 

circuit can be found in reference (57); a discussion of the operation 

of a similar unit can be found in reference (56). The charge sensi- 

tivity is about 2. 7 microvolts per electron -hole pair with the gain 

setting in the normal position. 

After about half of the 61 Cu data had been collected the above 

preamplifier was replaced with a TMC Model 327 preamplifier unit 

which utilized an FET (uncooled) input. The better resolutions 

quoted at the beginning of this chapter were achieved with the FET 

unit. For the Model 327 the charge sensitivity is 1. 25 microvolts 

per electron -hole pair with the gain setting in the normal position. 

Pulse rise times are of the order of 100 nanoseconds. Each of these 

preamplifiers was mounted directly on the cryostat in order to 

minimize the length of the lead -in wire from the detector to the input 

of the preamplifier so that stray capacitance could be kept to a 

minimum. Each of the preamplifiers used is a charge- sensitive am- 

plifier which is preferred to a voltage amplifier primarily because 

the capacitance of semiconductor detectors varies with bias voltage 

(62). (To a lesser degree input capacitance can also change slightly. ) 

Also, if a voltage- sensitive amplifer were used there would be the 

inconvenience of having each change in detector bias alter the sys- 

tem energy calibration. 
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Main Amplifier 

The main amplifier used is but one unit of a TMC Model 320 

amplifier- coincidence system originally designed by Goulding and 

Landis. In addition to a linear amplifier, the Model 320 also includes 

a bi -phase shaper, a zero crossing discriminator, a fast coincidence 

circuit, a single channel analyzer, a biased amplifier, a delayed 

amplifier, a linear gate, a slow coincidence circuit and an output 

shaping circuit. 

In addition to performing the obvious function of amplifying 

the signal it receives from the preamplifier, the main amplifier also 

offers various pulse shaping circuits which when optimally adjusted 

can selectively amplify the useful signal more than the noise. 

Various types of noise contributions were enumerated above. 

Goulding (56) groups the most important of these into three cate- 

gories: noise due to input current, shot noise, and flicker noise. 

He indicates that noise due to input current is predominantly low 

frequency noise, while shot noise in the input element is more im- 

portant at high frequencies. Flicker noise falls between these ex- 

tremes. Consequently, a low -pass network (e. g., an RC integrator) 

in the pulse shaping circuit of the main amplifier would be effective 

in reducing the shot noise; a high -pass network (e. g. an RC dif- 

ferentiator) would serve to reduce low frequency noise due to input 

. 
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circuit currents. Therefore, there exists an optimum main ampli- 

fier time constant for which the best signal -to -noise ratio, or, 

equivalently, the best energy resolution, can be obtained. The Model 

320 provides a selection of six integration time constants (rise times): 

0. 1, 0. 2, 0. 5, 1, 2, and 5 microseconds; it provides six differential 

time constants (decay times): 0. 1, 0. 2, 0. 5, 1, 2, and 5 micro- 

seconds. A seventh position of the differential time constant selec- 

tion switch inserts an 800 nanosecond single delay line into the cir- 

cuit. Optimum resolution for the system was achieved when the dif- 

ferential time constant control was in the single delay line position 

and the integration time constant control was in the two microsecond 

position. 

Biased Amplifier 

This component permits the setting of a threshold voltage. Only 

pulses with an amplitude above the threshold are passed, whence they 

can be further amplified in steps of X1, X2, X5, X10, or X20 by a 

post linear amplifier. By this means the biased amplifier allows a 

given portion of a spectrum to be selected and then expanded. 

There has been some criticism concerning the use of a biased 

amplifier (18, 60, 63) inasmuch as it contributes to the non -linearity 

of the system. However, in the absence of a large- capacity multi- 

channel analyzer, the biased amplifier provides a means for greatly 

. 
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extending the capabilities of small- capacity analyzers, making it 

feasible for them to be used in analyzing characteristically detailed 

Ge(Li) spectra. In defense of the utilization of the biased amplifier 

it is appropriate at this point to mention that the energy calculations 

in this investigation were carried out by means of a second order 

least squares analysis where the relationship between the energy E 

of a peak and the channel number N - -the abscissa associated with 

that peak --is given by E = a + bN + cN2. It is evident from this 

relationship that the coefficient c provides a meaningful measure 

of the non -linearity of the system. Numerous runs with and without 

the biased amplifier were compared. They showed no significant 

difference in the magnitude of c. This result suggests that the non - 

linearity in the system without the biased amplifier and the limited 

accuracy with which the energies of many of the calibration sources 

used were known were more significant factors than the non -linearity 

of the biased amplifier. 

Output Shaper Circuit 

This network prepares the linear output pulse from the 320 

system for the analog -to- digital converter in the multichannel 

analyzer. It does this by forming a stretched flat -topped pulse which 

has a duration of approximately 1. 5 microseconds. This satisfies 

the input requirements for the analog -to- digital converters in the 

. 
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analyzers used in this investigation. 

Multichannel Analyzer 

Two multichannel analyzers were used in the course of this 

study. The first was a Nuclear Data Model ND -130A 512- channel 

analyzer having an integral linearity of better than 0. 25% over the 

top 98% of the range. The second was a TMC Model 404 400 - channel 

analyzer having an integral linearity of 0. 5% of full scale over the top 

97% of the scale. All of the 59Cu data and about 90% of the 61Cu data 

were collected with the TMC analyzer. The TMC instrument has a 

provision for multi - scaler operation which was used in the half life 

measurement of 61Cu. 

The coincidence studies were carried out by using the Ge(Li) 

detector described above in one channel and a 3" x 3" NaI(T1) 

crystal mounted on a Dumont 6363 photomultiplier tube in the other. 

Figure 9 illustrates a block diagram of the coincidence system used 

when gating with the Ge(Li) detector and observing the energy spec- 

trum with the NaI detector. Timing signals for the fast coincidence 

input were derived from cross -over pick -off units. In the Ge(Li) 

channel a bi -phase shaper circuit associated with the main amplifier 

produces a bi -polar pulse by means of double delay line shaping. The 

cross -over pick -off unit develops a timing pulse at the instant the 

bi -polar waveform crosses the zero base line. By means of a 
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0 - 450 nanosecond continuously variable delay this timing pulse can 

be brought into coincidence with a corresponding timing pulse in the 

NaI channel which has been processed by similar circuitry contained 

in a Hamner Linear Amplifier, Model N308. A pulse inverter unit 

was used to change the negative pulse from the Hamner cross -over 

pick -off unit to a positive pulse which was necessary to satisfy the 

input requirements of the fast coincidence unit. The single- channel 

analyzer, one of the units included in the Model 320 system, served 

to select the energy interval in which the Ge(Li) channel would gate, 

i. e. , generate a logic gating pulse to the input of the slow coinci- 

dence circuit. The resolving time in the fast coincidence circuit was 

continuously variable from 10 - 110 nanoseconds by means of a ten - 

turn potentiometer. The setting varied from run to run, depending 

primarily upon the nature of the particular gamma rays under in- 

vestigation. 

A few coincidence runs were carried out by gating in the NaI 

channel and observing the energy spectrum in the Ge(Li) channel. 

The rather poor resolution of the NaI detector permitted this arrange- 

ment for only a few gamma rays. The block diagram for this system 

is shown in Figure 10. The Ge(Li) channel is similar to the singles 

system of Figure 3 except for the insertion of a 1. 4 microsecond 

delay amplifier and a linear gate which is opened only when the fast 

and slow coincidence requirements are satisfied simultaneously. 

. 
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The single channel analyzer in the NaI channel was a Hamner Model 

N 601 Differential Discriminator. 
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EFFICIENCY CURVE 

In addition to the energies of gamma rays incident upon the 

Ge(Li) detector, a thorough analysis of a singles spectrum also 

yields important information regarding relative intensities. However, 

in contrast to energy measurements, relative intensity information 

is less accurate although somewhat more difficult to extract. The 

principal reason for this is revealed in Figure 11 which indicates a 

rapid diminution in the photoelectric interaction with increasing 

energy for both silicon and germanium. The immediate implication 

of the steep slope in the photoelectric curve is that a high energy 

and a low energy gamma ray of equal intensity will produce a 

markedly dissimilar number of photoelectric events within the de- 

tector. In terms of the resulting singles spectrum the area under 

the peak corresponding to the lower energy gamma ray will be 

larger than that under the peak corresponding to the higher energy 

gamma ray. In order to compensate for this energy dependence of 

detection efficiency, it is necessary to construct an efficiency curve. 

The above discussion regarding the interaction of gamma rays 

in the detector is oversimplified in that it places emphasis only upon 

the photoelectric interaction. In actuality, however, the Compton 

and pair -production interactions also play a role depending upon the 

energy of the incident radiation, the geometry and volume, of the 
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detector, and the material of which the detector is made. Figure 11 

shows the attenuation coefficient for the three processes as a func- 

tion of energy for both silicon and germanium. (The data for silicon 

in this figure were taken from Grodstein (58); that for germanium 

from Chapman (19).) Figure 11 clearly shows why germanium, with 

its appreciably greater photoelectric attenuation coefficient, is a 

more efficient detector material than silicon. 

Figure 12 indicates a portion of the pulse- height spectrum for 

144Ce. 
The isolated peak in the higher channels corresponds to in- 

cident photons of energy 2186 keV. A count will be recorded in this 

peak not only as a result of photoelectric interactions in the detector 

but also through multiple processes. For instance, a Compton - 

scattered gamma ray may be totally absorbed by the detector; an- 

nihilation gamma rays following a pair -production interaction may 

also be totally absorbed. Indeed, the photoelectric interaction itself 

is a multiple process inasmuch as the x -ray emitted following the 

ejection of the photoelectron is invariably absorbed by the detector. 

(This was tacitly assumed in previous discussions. ) The essential 

point is that, irrespective of the type or the sequence of the interac- 

tions, if the total energy of the incident radiation is absorbed by the 

detector (and the resulting charge fully collected) a count will be 

recorded in a peak in the output spectrum that can be correlated with 

the incident energy. This peak is customarily designated as the 
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"photopeak" in the literature but this is something of a misnomer 

for in view of the possible contribution from processes other than the 

photoelectric effect it is more appropriate to refer to it as the full - 

energy peak. Accordingly, the efficiency curve permits the deter- 

mination of the relative intensity of incident gamma rays in terms of 

their relative areas under the full- energy peaks in the observed 

spectrum. 

For a given gamma ray of energy E the efficiency may be de- 

fined as the ratio of the number of counts in the full- energy peak to 

the number of gamma rays emitted from the source. Using this 

definition Hotz (69) expresses the efficiency E of a detector in terms 

of the absorption coefficient µ by 

E 

_ 
4n S(les)d St 

where S is the slant thickness of the depletion region of the detector. 

The integration is to be carried out over the solid angle d sub- 

tended at the source by the detector. If the source were far enough 

from the detector that the incident radiation could be assumed es- 

sentially parallel, then S would be constant, equal to the depletion 

depth d. Then 

2 

1 



42 

E = (1-e- µ ) 
d 

4Tr 

(2) 

= (1 -eµd)R 

where R represents the ratio of the solid angle subtended by the 

detector to 4Tr steradians. Multiplying both sides of equation (2) 

by I, the intensity of the incident gamma ray, gives 

E= I(1 - e µd) R_ I I i 
(3) 

This is an expression for absolute efficiency. Relative efficiency 

would be expressed as 

/ 
E I1 - I1 I2 

- since R1 = R2. -T 
E I2 I2 I1 

But the term I - I' is proportional to the area under the correspond- 

ing full- energy peak in the observed spectrum. Therefore the 

desired expression for relative efficiency is 

E l Al I2 

E 2 

_ 

A2 I1 
(4) 

In determining a relative efficiency curve only the contour of 

the curve is of importance. A simple method for determining this 

contour would consist of using an "ideal" reference source that had 
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the following characteristics: (1) an abundant number of gamma rays 

whose energies fully span the energy, interval over which relative 

efficiency is to be determined, (2) the intensities of these gammas 

should be sufficiently large to insure that all peaks of the observed 

spectrum are reasonably prominent, (3) the peaks should be clearly 

resolved, and should not lie on Compton edges, i. e. it should be 

clear just where to draw the background under each peak, (4) the 

relative intensity of the various gamma rays must be known with 

great accuracy, and (5) the half life of the source must be reasonably 

long. 

Unfortunately, no such source exists, and, for this reason, 

various compromises in the above "ideal" characteristics must be 

made. 

In this study a variation of the "pair point" method described 

by Donnelly (35) was used to determine the relative efficiency curve. 

Seven sources whose gamma -ray intensities were known with rea- 

sonable accuracy were used to determine the ratios A1/A2 in equation 

(4) at various energies. Three of these sources, 182Ta, 226Ra, and 
75Se, were "primary" sources in that they were used to define the 

slope of the efficiency curve through its linear region (on a log -log 

plot), i. e. in the energy interval N 100 keV to 600 keV. The values 

of the energies and relative intensities for these three "primary" 

sources as found in the literature are given in Table 1. Separate 

#; 



Table 1. Gamma -ray energies and relative intensities for 182Ta, 44 

226Ra, and 75Se. 

Isotope E(keV) 
Relative 
intensity Reference 

182Ta 
Ta 65.7 20 a 

67.7 295 
84.7 20 

100. 1 100 
113.7 14 
116.4 3. 3 

152.4 49 
156.4 20 
179.4 24 
198.4 11 

222. 1 52 
229. 3 24 
264. 1 23 

1122 246* 
1189 113. 2* 
1222 199. 3'" 
1231 83. 6* 

226Ra 186 62 b 

241.9 126 
295. 2 318 
352. 0 604 
609. 4 786 

1120.4 270 
1378. 2 90 
1764.4 300 
2117.0 24 
2204. 2 100 
2440 33 

75Se 96. 7 5. 3 c 

121. 1 28 
135.9 95 
198.6 2.3 
264.6 100 
279. 5 43 
303.7 2. 4 
400. 5 22 

These relative intensity values were calculated from those 
given in reference a by multiplying by the factor 2. 46. (See note 
on page B1 -1 -12 of reference 117. ) 

a = reference 117, b = reference 118, c = reference 119. 
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plots were made for Al 100 keV < E < 600 keV for each "primary" 

source. A weighted least- squares program was then used to deter- 

mine the line of best fit for each plot. Next, a graphical superposi- 

tion was made of the three lines of best fit, and the data points were 

plotted once more. Another weighted least squares fit was made for 

this composite plot and the resulting line of best fit was taken as the 

efficiency curve in the range n/ 100 keV < E < 600 keV where the 

curve is assumed linear. In order to determine the curve below and 

above the linear region the unused energy- intensity data of the pri- 

mary sources as well as the data of the "secondary" sources were 

then plotted. The "secondary" sources used were 207Bi, 203Hg, 46Sc, 

and 22Na. The energy and relative intensity values used for these 

sources are given in Table 2. 

The resulting relative efficiency curve is shown in Figure 13, 

which is a log -log plot. All values plotted on the efficiency curve 

are summarized in Table 3. The errors given for the efficiency 

represent a propagated error that includes the intensity measurement 

error from the literature and the experimental error in, measuring 

the areas under the full- energy peaks. Inmost cases the intensity 

error from the literature accounted for the major portion of the total 

error. The errors for intensity measurements had to be estimated 

in some instances since authors did not always include them. Errors 

also had to be estimated for the reference intensity to which the 

. 

. 
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Table 2. Gamma -ray energies and relative intensities for 207Bi, 
203Hg, 465c, and 22Na. 

Relative 
Isotope E(keV) intensity Reference 
207Bí 

74. 2 57. 6 a 
85.5 16. 9 

569. 6 100 b 
1063. 5 72.9 
1769.7 9.8 c 

203Hg 
72.9 11.9 d 
82.6 3.44 

279, 2 100 

46Sc 
889. 3 100 e 

1120. 5 100 

22Na 
511. 0 180 f 

1274. 5 100 

aAverage x -ray intensity values of references 99 and 114 were 
separated into Ka and Kß components according to data of reference 
115. 

bEnergy values are those of reference 80, intensity values are 
averages of references 74, 86, 96, 99 and 114. 

c cEnergy value is that of reference 15, intensity values are 
as above. 

dReference 132. 

eEnergies are from reference 11, intensities are from refer- 
ence 122 which shows the gammas in cascade with negligible con- 
version coefficients. 

f Energies are from references 11 and 80, intensities are 
determined from the level scheme of reference 121. 
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Table 3. Energy and relative efficiency data plotted on efficiency curve. 

Isotope E(keV) 
Relative 
efficiency Isotope E(keV) 

Relative 
efficiency 

182Ta 
67. 6* 1333 74 

75Se 
96.7 964 ± 59 

84. 7 999 + 52 121. 1 733 ± 27 
100. 1 986 + 50 135.9 659 ± 15 
114. 2* 717 ± 53 198. 6 295 + 38 
153. 6* 472 ± 264.6 146.5 ± 4. 4 
179. 4 298 25 279.5 126.5 + 6. 0 
198. 4 246 ± 12 303.7 97.2 ± 8. 
224. 4* 213 ± 13 400.5 61.1 6.1 
264. 1 164 ± 15 

1122 9.1 ± 0.4 207Bí 74.2 1331 ± 115 
1189 8.9 + 0.4 85.5 1186 +140 
1222 8. 0 + 0. 3 569.6 31.5 + 2. 6 
1231 6. 9 + 0. 8 1063.5 11. 7'± + 1. 0 

1769.7 3. 7 ± 0. 3 226Ra 
186 311 ± 27 
241. 9 179 ± 9 203 

Hg 72. 9 1325 + 57 
295. 2 128 ± 9 82. 6 1139 ± 67 
352.0 92 ± 8 279. 2 131 ± 7 
609.4 32 ± 4 

1120. 4 10. 4 ± 1. 0 46Sc 889. 3 13. 5 ± 0. 2 
1378. 2 6. 9 ± 0. 7 1120. 5 10. 5 ± 0. 2 
1764.4 5.4± 0.3 

22Na 2117. 0 3. 7 0. 3 511.0 35.7 1. 0 
2204. 2 3. 3 + 0. 1 1274. 5 7. 7 ± 0. 2 
2440 2. 9 ± 0. 5 

These energy- efficiencytalues are for double peaks that could not be fully resolved. 
co 

2 
: 

. 
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various spectrum intensities were normalized, since all authors 

represent the reference intensity value as an errorless quantity. 

Figure 13 shows that the efficiency curve begins to bend in the low - 

energy region. If lower energy gammas E < 70 keV had been used 

to construct the efficiency curve, the curve would go through a dis- 

tinct maximum at E ^' 70 keV and would fall off abruptly with a large 

positive slope as indicated in the efficiency curve of Yamazaki and 

Hollander (132) for a Ge(Li) detector of approximately the same di- 

mensions. This behavior is explained by the presence of a dead 

layer on the surface of the detector through which gammas must pass 

as well as the 0.028 mil (Ñ O. 7 mm) aluminum window of the cryo- 

stat assembly (47, 65), and serves to emphasize that the relative 

efficiency as defined in this study includes any attenuation effects that 

occur between the source and the depletion region of the detector (35). 

The shape of the efficiency curve in the high- energy region can 

be understood by examining the second curve plotted in Figure 13. 

This curve is a theoretical photoelectric absorption curve for 

germanium which was plotted from the data of Chapman (19). Devia- 

tions from this theoretical curve indicate the extent to which multiple 

processes occur within the detector. This is particularly true in the 

region where pair -production becomes possible, as would be even 

more evident if the efficiency curve were plotted for higher energies. 

Full- energy peaks in the energy region above the 
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pair -production threshold introduce an additional complication for 

in conjunction with pair formation the concomitant escape peak 

phenomenon becomes evident. Escape peaks are easily explained 

as resulting either from the escape of a single annihilation photon 

(single escape peak) or the escape of both annihilation photons (double 

escape peak) following the annihilation of a postron within the de- 

tector. In the case of the former, a peak will appear at an energy 

E - m 
0 

c2; in the case of the latter a peak will appear at an energy 

E - 2m 
0 

c2, where E is the energy of the full- energy peak. (The 

kinetic energy of the electron pair is almost completely absorbed 

(133).) Figure 12 shows the escape peaks associated with the 144Ce 

2186 keV full- energy peak. The single escape peak appears at an 

energy of Esep = 2186 - 511 = 1675 keV; the double escape peak at an 

energy Edep = 2186 - 1022 = 1164 keV. 

It is important to know the relationships between the intensity 

of a full- energy peak and its related escape peaks, first to help 

identify escape peaks when they appear and secondly to apply the 

proper correction in those instances where escape peaks related to 

higher- energy full- energy peaks fortuitously coincide with lower - 

energy full- energy peaks. Such a situation occurs in the spectrum 

of 61Cu. 

In order to make the above correction a plot of A( ep) /A(f ep) 

v. E is needed, where A(ep) /A(fep) is the ratio of the area under 

. 

P 

sep 
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an escape peak to the area under the related full- energy peak. Such 

a plot for the detector used in this study is shown in Figure 14 for 

both the double escape peak and the single escape peak. The follow- 

ing gamma rays were used in the preparation of Figure 14: 

1274. 5 keV (22Na); 1332. 5 keV (60Co); 1769.7 keV (207Bí); 2186 keV 

(144Ce); 
1764. 4, 2204. 2, and 2440 keV (226Ra). 

One fact that emerges clearly from this figure is that the 

probability of both annihilation quanta escaping from the detector is 

markedly greater than the escape probability of just a single quan- 

tum. Another important fact shown in Figure 14 is that there exists 

an energy -- almost exactly 2 MeV for the detector used in this 

study- -above which the area under the double escape peak is greater 

than the area under the related full- energy peak, i. e. the probability 

of both annihilation quanta escaping from the detector is greater than 

the probability of their being absorbed. This phenomenon invites the 

use of germanium detectors in the indirect observation of rather 

high- energy gamma rays by means of studying their more intense 

double escape peaks. 

Equation (3) for the absolute full- energy peak efficiency can be 

rewritten as 

E(fep) = constant A(fep) 
I 

, 
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Figure 14. A(escape peak) /A(full- energy peak) v. energy. 
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Extending this expression by analogy to escape peaks, gives 

Then 

E(ep) = constant A(ep) - constant A(fep) 
A(fep) 

E(ep) = E(fep) A(eP) 
A(fep) 
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(5) 

(6) 

It would be inappropriate to call E(ep) an efficiency since it would 

be an "efficiency" that possessed the unusual property of decreasing 

as detector size increased. Yamazaki (133) refers to the quantity 

E(ep) in equation (6) as a ratio of escape -peak yield to photon in- 

tensity, a definition that clearly follows from the form of equation (5). 

The value of E(fep) can be taken from the full- energy peak effi- 

ciency curve of Figure 13; the value of A(ep) /A(fep) from Figure 14. 

. 

A(ep) 
I 
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THE DECAY OF 61Cu 

61Cu decays by electron capture and positron emission to 

stable 61Ni with a half life of approximately 3. 3 hours. The 61Cu 

sources used in this study were made by bombarding natural nickel 

foils with the internal beam of the Oregon State University 37 inch 

cyclotron. The beam energy was approximately 6 MeV and the dura- 

tion of the bombardments was about two hours. The targets were 

made of 0. 25 mm spectroscopically pure nickel foil which was spot - 

welded to stainless steel backings. The nickel foil was obtained from 

Jarrel -Ash Company, Waltham, Mass. Estimates of the quantities 

of the impurities as specified by the manufacturer (Johnson, Matthey 

and Company, Limited, London) were as follows: Iron. 2 ppm, 

Silicon 2 ppm, Calcium 1 ppm and Copper 1 ppm. The natural 

abundances of the stable nickel isotopes are as follows (55): 58Ni 

(67. 88 %), 60Ni (26. 23 %), 61 Ni (1. 19 %), 62Ni (3. 66 %) and 64Ni (1.08 %). 

The predominance of the expected (d, n) and (d, p) reactions at 

the ry 6 MeV bombarding energy leads to the possible formation of 

the following radioactive nuclei: 59Cu, 59Ni, 61Cu, 62Cu, 63Ni, 

65Ni. The formation of each of these nuclei is expected on the basis 

of the positive Q value for each of the corresponding (d, n) or (d, p) 

reactions (10, 24, 109) and also on the basis of the excitation func- 

tions given by Cogneau (24). Neither 59Ni nor 63Ni emits gammas 

. 
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or positrons in the course of its decay. However, 2. 6 hour 65Ni 

does emit gamma rays. These gammas were observed and they 

matched accurately the 65Ni gamma -:ray energies and intensities 

given by Spring (107). The 65Ni gamma rays could not be ignored 

since the 1117 keV gamma, the second most intense in the 65Ni spec- spec- 

trum, overlapped a 1118 keV gamma ray in the spectrum of 61Cu. 

In order to remove the nickel isotopes from the copper an ion ex- 

change separation was carried out following the procedure described 

by Dyer and Leddicotte (37). This chemical separation also removed 

other contaminants, particularly a 56Co contaminant, the lines of 

which could be readily identified in runs that were made without a 

chemical separation. 

The only isotopes remaining for consideration, therefore, are 
59Cu, 

61Cu, and 62Cu. Inasmuch as the chemical separation 

quired an hour or more to complete, the activities of any 81 second 
59Cu or 9. 9. 8 minute 62Cu that might have been present were negligible 

by the time observations were begun on the 61Cu source. The 

presence of 62Cu was never verified directly. However, a small 

amount of 62Cu activity is assumed on the basis of the half -life meas- 

urement of 59Cu as will be discussed in more detail in the next 

chapter. 

Representative gamma -ray spectra for 61Cu are shown in 

Figures 15, 16 and 17. Figure 15 shows the low- energy region from 
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about 50 keV to 700 keV; Figure 16 shows the intermediate- energy 

region from about 600 keV to 1200 keV; and Figure 17 shows the 

high- energy region from about 800 keV to somewhat beyond 2300 keV, 

which is above the disintegration energy for 61Cu. The structure 

between 1000 keV and 1140 keV in Figure 17 is seemingly approaching 

the resolution limit of the system. In Figure 16, however, the situa- 

tion is improved, illustrating the utility of the biased amplifier. 

The expansion of selected energy regions was made in numerous runs 

in this work. In toto somewhat more than one hundred bombard- 

ments for 61Cu were made during the course of this study. These 

were required in order to analyze every region of the spectrum with 

care, to carry out the coincidence runs, and to analyze the decay 

rate of each of the peaks observed, but the large number of runs was 

necessitated primarily because of the extreme difficulty presented 

by the numerous contamination lines that appeared, especially in 

the high- energy region. The previously -mentioned 65Ni contaminant 

appeared on occasion. In addition 56Co and 58Co impurities were 

observed. Both of these isotopes have half lives greater than 70 

days and so were observed in strength only after the 61Cu source had 

decayed appreciably. These contaminants posed a potential problem 

since the 846. 6 keV gamma ray of 56Co could overlap the 842. 5 keV 

gamma ray of 61 Cu, and the 810. 5 keV gamma ray of 58Co could 

broaden the 61Cu peak at 817. 3 keV. The effect of these 
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contaminants could be observed as the 61Cu decayed, for if the peak 

intensities of 61Cu were followed over a long period of time the 

two 61Cu peaks at 817. 3 keV and 842. 5 keV were seen to broaden and 

grow in time relative to the bona fide 61Cu lines. In following the 

decay . of the 817. 3 keV and the 842. 5 keV lines, a half life of almost 

3. 3 hours was observed over a time interval of three or four half 

lives. Beyond this interval, however, the half life curve bent 

abruptly indicating a half life considerably greater than 3. 3 hours. 

The appearance of the other moderately intense lines of 56Co made 

the identification of this contaminant a certainty inasmuch as excellent 

agreement in energy and intensity was found between the lines ob- 

served and those reported in a recent study on 56Co by Chasman and 

Ristinen (21). The presence of 58Co was less certain since its spec- 

trum consists of only one intense line at 810. 5 keV (78). The 56Co 

and 58Co presumably arise from the 58Ni (d, ¢)56Co and 60Ni(d, a)58Co 

reactions, each of which has a positive Q value (67). A few other 

contamination lines, all in the high- energy region, could not be 

identified. 

The various contaminants mentioned above appeared only after 

the 61Cu source had decayed through about five or six half lives. 

Therefore, in order to minimize their influence, good statistics were 

somewhat compromised by avoiding excessively long runs, particu- 

larly when studying the high- energy region. 

. 
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In order to establish that the lines of the observed spectrum 

could truly be attributed to the decay of 61Cu, each peak was fol- 

lowed -- wherever it was possible with respect to intensity verify 

that its decay was reasonably consistent with the 3. 3 hour half life 

of 61Cu. 

The particular forte of the Ge(Li) detector, its superior reso- 

lution capability, played a major role in the measurement of gamma - 

ray energies. However, the inability to realize the full energy - 

measurement capabilities of the detector could be attributed pri- 

marily to four factors: 

1. An observed shift in pulse height position with counting 

rate, 

2. The unfortunate fact that many of the energies used for 

calibration -- especially in the high- energy region --were known with 

less precision than the spectrometer system was capable of 

achieving, 

3. The occasional appearance of long -term system drift or 

instability, and 

4. The presence of a small, but non -negligible non -linearity 

in the analog -to- digital converter. 

While these factors could not be eliminated entirely, each 

could be minimized to some extent as follows: 

1. For unipolar pulses, as used in this study, count -rate 
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shift is attributed to a shift in the base -line. The use of a double - 

delay -line amplifier, i. e. the production of a bipolar pulse, where 

the base -line becomes independent of counting rate, would reduce 

count -rate shifts but only with a concomitant sacrifice in resolution 

(20). An alternate solution that was utilized to minimize this shift 

was to install a survey meter probe adjacent to the Ge(Li) detector 

so that the source intensity could be monitored. In this way calibra- 

tion counting rates could be made approximately the same as the 

61Cu counting rates. 

2. Because of the disparate errors associated with the various 

calibration sources, a weighted least squares program was used in 

the determination of gamma -ray energies. The calibration energies 

used and their errors are given in Table 4. In a.few instances recent 

studies have appeared indicating more precise energy values, but 

those listed in Table 4 are the ones used at the time the energy- 

measurement program was run. Since both 61Cu and 59Cu are posi- 

tron emitters, the annihilation was also available as an internal 

calibration. Also, double escape peaks were infrequently used for 

calibration. 

3. To assure that long -term drift did not influence the data 

chosen for analysis, calibrations were made prior to and subsequent 

to each run and in the few instances where long -term instability ap- 

peared to be appreciable, the data from that run were neglected. 

, 



Table 4. Calibration gamma rays. 
Isotope Energy (keV) Reference Isotope Energy (keV) Reference 

22Na 

46Sc 

54Mn 

57Co 

60Co 

65Zn 

75Se 

511. 006 
1274.7 

889. 60 
1120.65 

835. 12 

121. 97 

1173. 226 
1332. 483 

1115.6 

66. 05 
96. 74 

121. 12 
135. 99 
198. 60 
264. 62 
279. 57 
400. 7 

+ 0. 002 
± O. 

± 0. 15 
± 0. 12 

± 0. 

± 0. 03 

± 0. 040 
± 0. 046 

±0.18 
±0.01 
± 0. 01 
±0.01 
± 0. 02 
± 0. 06 
± 0. 07 
± 0. 08 
± 0. 2 

b 

a 

a 

a 

a 

c 

113Sn 

124 
Sb 

137Cs 

144Ce 

170Tm 

182Ta 

203Hg 

207Bí 

392.6 

602.8 
1691.3 
2090.7 

661. 595 

696.7 
1487.0 
2186.0 

84. 262 

101. 101 

279. 15 

569. 62 
1063. 51 
1769.71 

±0.5 
± ±0.7 
± 1. 1 

+ 1. 

± 0. 076 

±0.6 
± 1. 1 

±2.2 

± 0. 004 

± 0. 012 

± 0. 02 

± 0. 06 
± 0. 08 
± 0. 13 

d 

e 

a 

f 

g 

a 

a 

a 
a 
h 

This value of the error is used instead of the obviously miscalculated error of reference 80. 

aReference 80. bReference 94. 

dThe energy is the mean of three values listed 
standard error of the mean of the three values. 

eReference 82. (Reference 86. 

cReference 38. 

in reference 123; the error indicated is the 

gReference 81. hReference 15. 

- 

2 

a 
_ 
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In almost all runs, even those of 15 - 20 hours duration, long -term 

shift rarely exceeded a few tenths of a channel in the output analyzer. 

4. In order to minimize the effect of non -linearity in the 

analog -to- digital converter a second order least squares program was 

used in finding the curve of best fit for each calibration plot. The 

polynomial used was of the form E = a + bN + cN2 where E is the 

energy and N is the channel number. This program was run on 

the Oregon State University CDC 3300 computer facility. Non - 

linearity errors were also minimized by avoiding the lower channels 

of the pulse height analyzer, where non -linearity was most serious, 

whenever practicable. 

The relative intensities of the various gamma rays of 61Cu 

were determined by using equation (4) in the form 

I = I x o E 

e A 
o x 

A x o 
(7) 

in conjunction with the efficiency curve of Figure 13. In equation (7) 

I , E , and A refer to the gamma ray under investigation and I, 
x x x o 

e , and A refer to the line to which all the other intensities are 
o 

normalized. The 656. 1 keV line was chosen for normalization for 

61 
Cu since it was prominent and could be conveniently related to 

both high- and low- energy portions of the spectrum. Prior to using 

equation (7) to calculate the intensity of the 1100.0 keV line, 

o 
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however, an escape peak correction had to be made using the double 

escape peak curve of Figure 14. This was necessary since calcula- 

tion shows that the double escape peak from the 2124. 6 keV gamma 

ray accounts for more than 10% of the area of the relatively weak 

1100. 0 keV peak. It is also found that the double escape peak from 

the 1609. 4 keV gamma ray contributes to the peak at 588. 8 keV. 

However, calculation shows that this contribution is less than 0. 1% 

and so is negligible. 

One final correction must be made in order to determine the 

relative intensity of the gamma rays emitted from the source. This 

is a correction for attenuation by a 6 mm lucite absorber placed im- 

mediately in front of the source. According to range- energy tables 

for lucite (88) this absorber assured that the positrons emitted from 

6 1C would be annihilated at the source. This absorber also had the 

effect of reducing the counting rate appreciably -- particularly the 

large fraction due to positron emission- -thus helping to minimize the 

disadvantages related to high counting rates that were cited above. 

The attenuation coefficient for lucite was determined by the 

method outlined by Hine (66), who gives the following formula for the 

mass attenuation coefficient for a heterogeneous substance: 

_ > - pi . (8) 
1 Pi 
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The i's refer to the constituent elements of the substance and the 

p's represent their percentage by weight. Taking the constituents 

of lucite as 8. 05% hydrogen, 59. 98% carbon, and 31. 97% oxygen (102), 

equation (8) can then be written as 

(E) = 0. 0805(L) + 0. 59980) +0.31970 ) 
p lucite p hydrogen p carbon p oxygen 

The values of the mass attenuation coefficients for hydrogen, carbon, 

and oxygen for various energies were taken from reference (58). A 

plot of (L) v. energy was then drawn permitting the absorption 
p lucite 

correction to be made for each gamma ray in the 61Cu spectrum. 

The results of the energy and intensity . measurements are given 

in Table 5. The intensities have been normalized to 100 disintegra- 

tions. Energy errors represent standard errors of the mean. For 

almost all the energies at least 35 measurements were made; for a 

few energies it was twice this number. The errors listed for the in- 

tensities include errors in measuring the areas under the full- energy 

peaks plus an estimated error from the efficiency curve. The latter 

error usually accounted for the greater part of the total error. 

In order to fit the various observed gamma rays into a com- 

prehensive and consistent decay scheme gamma -gamma coincidence 

measurements were made using the circuitry described previously. 

There are a number of factors that combine to produce the poor 

statistics which generally characterize coincidence experiments. In 

. 
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Table 5. Gamma -ray energies and intensities observed in the decay 
of 61Cu. 

Energy(keV) 
Intensity per 100 

disintegrations of 61Cu 

67.3±0.3 4. 26 ± 0. 42 

283. 3 ± 0. 1 13.16 ±1.25 
373. 3 ± 0. 2 2.34 ± 0. 23 

529. 2 ± 0. 1 0. 265 ± 0. 037 

588. 8 ± 0. 1 1.10 ±0.13 
656.1 ±0.1 10. 01 ± 0. 63 

817. 3 ± 0. 3 0. 29 ± 0. 032 

842. 5 ± 0. 3 0.19 ±0.022 
909. 0 ± 0. 2 1.04 ±0.11 

1032. 7 ± 0. 3 0. 047 ± 0. 007 

1065.6±0.2 0. 033 ± 0. 005 

1075.1 ±0.3 0.016±0.002 
1100.0±0.2 0.20 ±0.027 
1117.810.2 0. 041 0. 006 

1132.6±0.2 0. 068 ± 0. 021 

1185.2±0.2 3. 89 ± 0. 37 

1445.8 ±0.3 0. 032 ± 0. 005 

1541.8 ±0.3 0. 030 ± 0. 005 

1609.4±0.4 0. 023 ± 0. 004 

1661. 6 ± 0. 3 0. 042 ± 0. 007 

1729. 7 ±0.4 0. 043 ± 0. 007 

2124.6 ±0.7 0. 038 ± 0. 006 

. 

. 

. 
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this study the unhappy alliance of the low efficiency of the germanium 

detector and the relatively short half life of 61Cu are the principal 

sources of difficulty. The most restrictive factor is certainly the 

low efficiency of the germanium detector. This necessitates the use 

of the NaI(T1) detector, with its relatively low resolution, in the 

second channel. The efficiency limitation essentially rules out the 

coincidence study of those 61Cu gamma rays with energies greater 

than 656 keV, and the resolution limitation makes it impossible to 

investigate the 529 keV gamma ray because of the high intensity 

511 keV gammas. The large and numerous Compton components in 

the 61Cu spectrum are also formidable sources of difficulty since 

they can open electronic gates that under ideal circumstances would 

be triggered only by pulses which correspond to full- energy peaks. 

A more subtle difficulty arises from the fact that a pulse from 

electron -hole pairs produced at the center of the Ge(Li) detector 

will rise to its full amplitude in approximately half the time required 

for that from electron -hole pairs produced near either surface. 

When intermediate positions are taken into account the resulting dis- 

tribution of pulse shapes is spread continuously between these ex- 

tremes. The magnitude of the spread depends upon detector size. 

The spread in pulse shapes is further amplified by factors such as 

the disparate mobilities of electrons and holes, non -uniform electric 

fields, and the effect of multiple processes in the detector. The 
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cross -over pick -off timing circuit employed in the Ge(Li) coinci- 

dence channel in this study offers no solution to this fundamental 

problem as pointed out by Ewan (44) and Goulding (56) who indicate 

that this difficulty can be minimized by using leading edge timing with 

a fast discriminator. 

Figures 18 through 22 illustrate some coincidence spectra. 

Figure 18 is a coincidence spectrum for the case where the Ge(Li) 

channel is gated on the 656 keV gamma ray. It has not been cor- 

rected for chance coincidences. Many of the counts in the 511 keV 

peak are true coincidence counts arising from the annihilation of 

positrons that populate the 656 keV level; some are chance counts 

which are expected since the annihilation radiation is more than 12 

times the intensity of the 656 keV gamma rays. The small peak at 

283 keV does not represent a 283 -656 keV coincidence. It arises 

from the fact that gammas with energies greater than 656 keV- -and 

in true coincidence with the 283 keV gamma (there are three such 

gammas) -- produce a Compton distribution, a portion of which lies 

within the 656 keV gate. Moreover, since the 283 keV gamma ray 

is the most intense line in the 61Cu spectrum, chance counts are ex- 

pected. 

Figure 19 shows a coincidence spectrum for the case where the 

Ge(Li) channel was gated on the 589 keV gamma ray. The chance 

spectrum has been subtracted in this instance. The counts in the 
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Figure 20. Gamma -gamma coincidence. Ge(Li) gate - 373 keV. 
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511 keV peak represent the true coincidence between the 589 keV 

gamma ray and the positrons which populate the 656 keV level. The 

prominent low- energy peak represents a true 67 -589 keV coincidence. 

The intensity of the 511 keV peak and the 67 keV peak are in good 

agreement with the adopted decay scheme. Again, the suggestion of 

a peak at 283 keV is explained by Compton events from higher- energy 

gammas. 

Figure 20 shows a spectrum where the Ge(Li) detector was 

gated on the 373 keV gamma ray. It clearly shows a 283 -373 keV 

coincidence. Many of the counts in the 511 keV peak arise from 

higher- energy Comptons, particularly the intense 656 keV; many are 

chance which is expected from the fact that the annihilation radiation 

is more than 50 times as intense as the 373 keV peak. 

Figure 21 shows a coincidence spectrum for the situation where 

the Ge(Li) detector was gated on the 283 keV gamma ray. The 

presence of the 283 keV gamma in this spectrum is explained in part 

by bona fide coincidences between Compton counts from the 373 keV 

gamma ray in the 283 keV gate. The 283 keV gamma lies just below 

the Compton peak of the annihilation radiation as is shown in the 

singles spectrum. Accordingly, true coincidences would be expected 

between the counts in this Compton distribution which lie within the 

283 keV gate and the 283 keV peak itself. True coincidences with the 

annihilation also arise from the Compton distribution from the 373, 
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589, and 656 keV gamma rays. Figure 21, then, shows a Coinci- 

dence between the 373 keV and the 283 keV gammas. The absence of 

a 909 -283 keV coincidence is significant since on the basis of a study 

of the decay of 61Cu by Nussbaum et al. (91) a gamma ray of ap- 

proximately this energy was attributed to a transition between a level 

at 1190 keV and a level at 284 keV (124) as shown in Figure 1. 

Figure 22 illustrates the coincidence spectrum that results from 

gating the Ge(Li) detector on the 67 keV gamma ray. The 67 keV 

gamma appears because of annihilation Comptons as well as Comptons 

from the many higher- energy gamma rays that are in coincidence 

with the 67 keV gamma. Coincidence with the 589 keV gamma ray 

can be seen. The absence of a 656 keV peak is conspicuous. There 

is also a suggested coincidence at about 840 keV. Again the large 

511 keV peak is explained by true coincidences and Compton events. 

The 283 keV gamma is not in coincidence here. Its presence is ex- 

plained by (1) the 373 keV and other higher- energy gamma Comptons 

in the 67 keV gate, (2) annihilation Comptons from positrons feeding 

the 656 keV level which are in coincidence with the 283 keV gamma 

via the 373 keV gamma, (3) annihilation Comptons from positrons 

feeding the 283 keV level, and (4) chance. 

The impossibility of making coincidence measurements in the 

high- energy region and the uncertainties arising from poor statistics 

even in the low- energy region were mitigated to a large degree by 

. 
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the stringent energy requirements that could be imposed on cross- 

over and cascade gamma rays. Since the germanium detector is 

able to measure gamma -ray energies to some tenths of a kilovolt, 

energy balance or energy matching, i. e. demanding agreement be- 

tween cross -over energies and cascade energy sums, proved to be 

a powerful technique. Fortunately, 61Cu with its numerous cross- 

overs and cascades lends itself quite well to this method. 

On the basis of the energy and intensity measurements given in 

Table 5 and the preceding coincidence results, the 61 Cu decay scheme 

of Figure 23 is proposed. The figure in parentheses after each 

gamma -ray energy indicates the transition intensity normalized to 

100 decays of 61Cu. These correspond to the gamma -ray intensities 

of Table 5 except in the case of the 67- and 283 -keV gammas which 

have been corrected for internal conversion according to the coef- 

ficients given by Nussbaum et al. (91). It is seen that the energy 

balance between cascade and cross -over gamma rays is in good 

agreement with the energy errors indicated in most instances. The 

values for the capture -positron branching were deduced on the basis 

of the transition intensities and theoretically derived tables. Since 

a backscatter correction for positrons from the lucite absorber was 

not deemed reliable the value of the positron feeding of the ground 

state was taken as that measured by Nussbaum et al. (91). This 

61 permitted the determination of the branching to each of the Ni levels. 
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Values of K capture -positron ratios were taken from the tables of 

Zweifel (134); capture from higher shells was calculated with the 

methods and tables given by Wapstra et al. (115). The 61Cu disinte- 

gration energy used in these calculations was 2231 ± 5 keV as given 

by Evening (41). The log ft values, which appear immediately fol- 

lowing the positron- capture intensities in Figure 23, were deter- 

mined from the methods, nomogram, and graphs of Wapstra (115) 

and Wu (131). 

The half life of 61Cu was measured by using the TMC multi- 

channel analyzer in dwell mode. The analyzer was gated externally 

in one -minute intervals by a dwell- advance timer which has been 

described in detail elsewhere (54). Observations were made over 

periods ranging between 20 and 60 hours in order to determine the 

long -lived background that was present despite the fact that ion ex- 

change chemistry had been performed twice on the 61Cu sources 

prior to the half life measurements. In the half life measurements 

the background was always less than 1/2% of the initial count rate. 

Because of relatively high counting rates a correction for the pulse 

pair resolution of the multichannel analyzer was necessary. This 

was given by the manufacturer as eight microseconds. After this 

correction was made and the long -lived background subtracted, a 

line of best fit was determined by an unweighted least squares pro- 

gram. The results give a 61Cu half life of 3. 32 ± 0. 01 hours. 
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THE DECAY OF 59Cu 

59Cu decays by electron capture and positron emission to long- 

lived 59Ni(T1 
/2 

N 8 x 104 years) with a half life of about 81 seconds. 

The investigation of this decay differed in many respects from that of 

61Cu. Virtually all of these differences were dictated by the short 

59Cu half life. This factor ruled out any possibility of doing chem- 

istry on the source prior to observing its decay; coincidence meas- 

urements were similarly impractical. As a result of the latter re- 

striction, the construction of the 59Cu decay scheme relied heavily 

upon energy balance between cascades and cross -overs as described 

previously. 

The same spectroscopically pure nickel targets that were used 

in the study of 61Cu were used here. The production of 59Cu relied 

upon the 58Ni(d, n)59Cu reaction. The targets were bombarded for a 

period of two to four minutes, withdrawn as quickly as possible from 

the cyclotron and placed before the detector. In an effort to improve 

statistics the data from successive runs were accumulated in the 

memory of the multichannel analyzer. Either one of two methods 

was employed in taking the data. 

In the first method, the decaying source was observed for ten 

live -time minutes, a value preset on the multichannel analyzer. 

This was followed by a pause of about ten minutes. Then, exactly 

Cu. 

. 
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ten live -time minutes of data were subtracted from the analyzer 

memory. The above sequence was carried out while maintaining a 

fixed source -detector geometry. The net effect of this technique was 

to accumulate reasonably pure 59Cu data. The pause assured that 

the 59Cu had decayed so as to be negligible. The final subtraction 

removed data from any unwanted isotopes whose half life was some- 

what longer than 81 seconds --61Cu particularly. 

In the second method, data were accumulated with variable 

geometry in an effort to maintain a relatively constant count rate, 

thus minimizing troublesome count rate shifts. The survey meter 

described previously was used to monitor the intensity at the surface 

of the detector. Data was accumulated until the prominent 283 keV 

61Cu 
Cu peak became apparent. After a pause of about five to eight 

minutes data was subtracted - -again maintaining a constant count 

rate - -until the 283 keV 61Cu peak was removed. This subtraction 

served the same purpose as in the above method. 

The second of the preceding methods was used most frequently. 

The gamma -ray spectrum for 59Cu is shown in Figures 24 and 25. 

Figure 24 shows the low- energy region from about 250 keV to 900 

keV; Figure 25 shows the high- energy region from about 750 keV to 

1800 keV. Inasmuch as exceedingly poor statistics hampered the 

study of the high- energy region, it was found impractical to investi- 

gate the energy region much above 1800 keV. In view of the 
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4. 8 MeV 59Cu 59Ni disintegration energy (41) the existence 

of gamma rays of energy higher than 1800 keV is possible. The in- 

vestigation of this high- energy region with a large volume germanium 

detector might well be rewarding. 

The sources listed previously in Table 4 were employed for 

energy calibration. The technique of using a survey meter to assure 

that comparable counting rates were used for calibration sources 

and 59Cu decay was followed as in the 61Cu decay study. The same 

weighted least squares program was used in the determination of 

gamma -ray energies. Equation (7) was used to determine relative 

intensities and the correction for the lucite absorber was carried out 

as before. 

The results of the energy and intensity measurements for 59Cu 

are given in Table 6. The intensity measurements have been 

normalized to 100 disintegrations of 59Cu. Energy errors represent 

standard errors of the mean. The intensity errors include errors in 

measuring the areas under the full- energy peaks plus an estimated 

error from the efficiency curve. In order to measure the intensity 

of the annihilation radiation the area under the 511 keV peak was 

measured and a correction was applied for the lucite absorber on the 

basis of the results of the 61Cu investigation. 

In constructing the decay scheme for 59Cu, great reliance was 

placed on energy balance between cross -over and cascade gammas. 

-)1,- 
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Table 6. Gamma -ray energies and intensities observed in the 
decay of 59Cu. 

Energy(keV) 
Intensity per 100 

disintegrations of 59Cu 

339. 2 ± 0. 4 5. 24 ± 0. 92 

423. 2 ± 0. 3 2. 60 ± 0. 36 

465. 3 ± 0. 3 5. 37 ± 0. 76 

511. 0 196. 8 ± 27. 7 

836. 9 ± 0. 3 2.14 ±0.34 
878. 6 ± 0. 3 11. 2 ± 1. 2 

1190. 6 ± 0. 6 0. 44 ± ± 0. 13 

1302.1 ±0.6 13.1 ± 1.9 

1341. 3 ± 0. 6 1. 03 ± 0. 18 

1396. 2 ± 1. 4 0. 72 ± 0. 20 

1735 ± 1 1.00±0.17 

On the basis of the energy and intensity measurements given 

in Table 6, the decay scheme of Figure 26 is proposed for 59Cu. 

As in the case of 61 Cu, the values of K capture -positron ratios 

were taken from Zweifel (134); capture from higher shells from 

Wapstra et al. (115); and log ft values from Wapstra et al. (115) and 

Wu (131). The 59Cu disintegration energy used in these calculations 

was 4798 ± 20 keV (41). 

An attempt was made to measure the half life of 59Cu using the 

dwell mode of the TMC multichannel analyzer adjusted so that it ad- 

vanced in one-second intervals. The attempt was unsuccessful since 

the measurements yielded a value somewhat greater than 84 seconds 



33
9.

 2
(5

. 
24

) 

1
3
9
6
.
 
2
(
0
.
 7
2
)
 

n I n 

O 0 

E(keV) CO 

Ñ n 
ó 
N 

M 
O 

,--I 

oM 

.. 

O 
. 

a N N Ó 
01 [V to 

Ñ lp M O 
o`o 

0.-'1 

.-, 

(1) 

3 
1 

3 

1 

1 

3 

1 

3/2; (1/2, 5/2)- 

5/2' 
1/2- 
5/2- 

3/2; (1/2)- 

1/2- 

5/2 

3/2- 

.--i 

1735 

1341.3 

ti 
M 

,-+ 

m 
.-, 

1302.1 
1190.6 

Y 878. 6 

v 465.3 

339.2 

59 

28Ni 31 

Figure 26. Decay scheme of 
59 

Cu. 

1 3/2- 

Y 

85 

(1.62%ß+, 

(1. 00% (3+, 

0.10%E )5.4 

0.03% E )5. 9 

23% (3+, 0. 57% E)4. 8 (17. 

(0. 43% (3+, 0. 01% E )6. 5 

(8. 46% 0. 18% ) 5. 3 13+, E 

19% ß+, 0. 045% 0 E )6. (3. 

46% +, 0. 06% )5. 9 (4. 13 E 

(62. 0% (3+, 0. 6% E )5. 0 

m 

.: 
tó 

R M 
ui 

M 
vi 

r r 

59 

29Cu30 

I 

i 



86 

in marked disagreement with previous studies. (Reference (127) lists 

the four most recent values as follows: 81, 81, 81, and 81. 5 

seconds.) There are two possible explanations for this discrepancy: 

1. The count rate for this measurement was extremely high- - 

between 15000 and 30000 cps at t 0 -- making the correction for 

pulse -pair resolution an important factor. There is no indication as 

to the accuracy of the eight microsecond pulse -pair resolution quoted 

by the manufacturer in the literature and in a telephone conversation. 

This correction was of little significance in the measurement of the 

61Cu half life where much lower count rates were used, but for the 

59Cu measurement it was an important factor. 

2. There is a strong possibility that a weak contaminant with 

a half life somewhat greater than that of 59Cu was present. The iso- 

tope most suspect is 62Cu which would be produced in a 61Ni(d, n)62Cu 

reaction. 62Cu has a half life of about 9. 9 minutes (125). Its 

presence was never verified directly, even though a careful analysis 

of the 59Cu spectra sought to observe 62Cu gamma rays. The failure 

of such an analysis might have been anticipated for two reasons: 

first, because of the small natural abundance of 61Ni; secondly, be- 

cause the intensities of the gamma rays following the decay of 62Cu 

are exceedingly weak --95% of the decays are to the ground state of 

62Ni (120). The only prominent peak in the 62Cu spectrum is that 

arising from the annihilation radiation as shown in the 62Cu spectrum 

= 



87 

of Heath and Cline (64). The presence of 62Cu annihilation radiation 

would predictably be masked by annihilation radiation from 59Cu 

and 61Cu. Nevertheless, the presence of a small amount of 62Cu 

activity is inferred on the basis of the 59Cu half -life measurement. 

The poor statistics resulting from the severe restrictions im- 

posed by the short 59Cu half life should be mentioned once not 

only to point up the contrasting quality of the data in the 61Cu and 

the 59Cu phases of this study, but also to emphasize the desirability 

of investigating the 59Cu spectrum with a detector of larger volume 

and greater efficiency, preferably in conjunction with recently - 

developed techniques (12, 90) that make practicable counting rates 

that were prohibitive with the electronic apparatus used in this study. 

The possible existence of gamma rays of energy greater than 

1800 keV has already been mentioned. In addition, however, indi- 

cations of the existence of a number of low- intensity gamma rays in 

the energy region below 1800 keV which were obscured by poor sta- 

tistics in the present study are worthy of future investigation. 
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DISCUSSION OF RESULTS 

A comparison of the 61Cu and 59Cu decay schemes from the 

pre -Ge(Li)- detector era given in Figures 1 and 2 and the decay 

schemes proposed on the basis of this study, given in Figures 23 

and 26, shows many significant differences. Not only do the older 

schemes display fewer lines but, on the basis of the present meas- 

urements, some of the transitions indicated in Figures 1 and 2 have 

been improperly assigned. In this discussion little emphasis will 

be placed on the various investigations that were instrumental in de- 

veloping the decay schemes of Figures 1 and 2; rather this discussion 

will strive to correlate the decay schemes which it proposes with the 

varied information on the 61Ni and the 59Ni nuclei that has appeared 

since the decay schemes of Figures 1 and 2 were published. Prior 

to the present study there has been no investigation of the decay of 

59Cu since the appearance of the decay scheme of Figure 2. Conse- 

quently, in the case of 59Ni, this discussion will deal primarily with 

neutron capture, and direct reaction studies. In the case of 61Ni, 

however, the discussion will also include a detailed review of the 

papers on the decay of 61Cu that have appeared since the present 

study was begun (8, 14, 104). 

As mentioned in the introduction, each of these three recent 

studies was performed with a Ge(Li) detector. Bolotin (14) used the 
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59Co(a, 
2n)61Cu reaction to produce 61Cu and his coincidence meas- 

urements were carried out with a Ge(Li) -Ge(Li) system. Some of 

his runs were made with separated isotopes. 61Cu was produced by 

the 60Ni(d, n)61Cu reaction in Schöneberg's study (104) whereas 

Béraud (8) used the 59Co(a, 2n)61Cu reaction. Furthermore, Béraud 

measured the life time of the 283 keV level and determined an upper 

limit of the life time of the 656 keV level. In order to facilitate a 

comparison of these studies and the present, the results of the energy 

and intensity measurements of each are given in Table 7. All in- 

tensities listed are transition intensities, i. e. ; the 67 keV and the 

283 keV gamma -ray intensities have been corrected for internal con- 

version. Bolotin (14) assigns the same error, ± 0. 5 keV, for each 

energy measurement which seems a questionable practice inasmuch 

as efficiency, and hence statistics, varies markedly with energy, as 

does resolution to a lesser degree. Moreover, the accuracy with 

which a peak can be located is sensitively dependent upon intensity as 

well as the location of the given peak with respect to other peaks, 

Compton edges, etc. Béraud (8) did not measure the energy or in- 

tensity of the 67. 40 keV gamma ray. The precise energy measure- 

ment is presumably that of Chupp et al. (22); the transition intensity 

is that of Nussbaum et al. (91). Schöneberg (104) represents the 

1075 keV transition on his decay scheme as a dashed line, indicating 

its uncertainty. This might be advisable in the present study since 

. 



Table 7. Comparison of gamma -ray energies and intensities observed in the decay of 
61Cu. 

Present study 

Energy (keV) Intensity* 

Bolotina 

Energy (keV)d Intensity* 

b 
Schöneberg 

Energy (keV) Intensity* 

Béraudc 

Energy (keV) Intensity *e 

67.3 +0.3 4.78 +0.47 67.3 5.00 +0.50 67.7 + 0. 3 4.41 +0.30 67.40 +0.01 4 

283. 3 + 0. 1 13.20 + 1, 25 282.8 14. 89 + 0. 15 282. 9 + O. 3 12. 02 + 0, 36 283.0 + 0. 4 11.6 
373. 3 + 0,2 2, 34 + 0. 23 372. 7 2.04 +0.20 372. 3 + O. 4 2.08 + 0.08 373, 1 + O. 5 1.75 
529.2 + 0. 1 0. 265 + 0.037 529.6 0, 20 + 0, 10 529. 5 + 0, 8 0. 32 +0,03 529.2 + 0. 5 0.44 
588.8 + 0, 1 1. 10 + 0, 13 588, 4 1.07 +0,32 588.4 + 0.2 1, 11 + 0.04 588.7 + O. 5 1.2 
656.1 +0.1 10,01, +0.63 655.7 10,08 +0.50 656.0 +0.2 9.34 +0,30 656,0 +0.4 10.6 
817,3 +0.3 0.29 +0.032 817.5 0.25 +0.13 816.5 +0.3 0.308 +0.015 816.4 +0.7 0.42 
842.5 +0,3 0.19 +0.022 841.2 0,17 +0,08 840.8 +0.3 0.214 +0,012 842.4 +0,7 0.26 
909. 0 + 0. 2 1.04 + 0, 11 908, 8 0, 97 + 0. 10 907. 9 + 0. 3 0. 958 + 0. 050 909, 8 + 0. 5 1.13 

1032.7 + 0. 3 0.047 + 0.007 1032, 5 + 0, 8 0.053 + 0.009 1033.0 + 0. 8 0. 080 + 0. 010 
1065.6 + 0. 2 0.033 + 0.005 1065.4 + 0.7 0.037 + 0. 006 1064.8 + 1. 0.072 + 0.010 
1075.1 + 0. 3 0.016 + 0.002 1075.0 + 1.0 0.008 + 0. 006 1075.4 + 1.0 0, 057 + 0.022 
1100.0 + 0.2 0.20 + 0.027 1100, 2 0. 23 + 0.08 1099. 8 + 0. 4 0. 243 +0,012 1100.6 + 0. 6 0.31 
1117.8 +0.2 0.041 + 0. 006 1117.8 0,043 +0,013 1116.8 + 0,5 0.025 +0.005 1118.4 + 1. 0 0.045 + 0.007 
1132.6 +0.2 0.068 +0.021 1132.4 0.060 +0.018 1132.7 +0.6 0.060 +0.012 1132.0 +1.0 0.085+ 0,012 
1185. 2 + 0, 2 3, 89 + 0, 37 1185.5 3, 33 + 0. 17 1186.8 + 0.4 3. 22 + O. 09 1185.5 + 0. 5 4. 2 

1445.8 + 0. 3 0.032 + 0, 005 1446, 9 0. 043 + 0, 013 1446.6 + 0.6 0.025 + 0, 008 1446.2 + 1.0 0. 037 + 0.012 
1541.8 + 0. 3 0.030 + 0.005 1544.6 0. 029 + 0.090 1542.3 + 0.7 0. 017 + 0. 007 1542.2 + 1.0 0.041 + 0.010 
1609.4 +0,4 0, 023 + 0.004 1611, 8 0.027 + 0.080 1610.6 + 0.7 0.018 + 0.006 1609.9 + 1.0 0.030 + 0.009 
1661.6 + 0. 3 0.042 + 0.007 1663. 2 0.045 + 0. 013 1662.7 + 0. 5 0.034 + 0. 009 1662.7 + 1. 0 0.045 + 0.011 
1729. 7 + 0. 4 0.043 + 0.007 1730.2 0.042 + 0.013 1730.8 + 0. 5 0.028 + 0.007 1729.9 + 1.0 0.044 + 0.006 
2124.6 +0,7 0.038 + 0.006 2119.8 0.038 +0,013 2128.0 +0,8 0.034 +0,010 2124 + 1 0.044 

areference 14. breference 104. 

energy uncertainty is given as + 0. 5 keV in each case, 

eintensity accuracy is given as + 10% except where indicated otherwise. 

*all intensities are per 100 disintegrations of 61Cu. 

c 
reference 8. 

_ 
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the poorest energy balance agreement obtained was between the 

1075 keV - 656 keV cascade and the 1730 keV cross over. 

As seen by the data in Table 7 there is excellent agreement 

between the present investigation and the others with which it is com- 

pared. However, aside from the fact that Bolotin did not observe the 

three low- intensity gamma rays in the vicinity of 1 MeV, there is 

one fundamental point of disagreement with his decay scheme. This 

concerns his assignment of the 1446 keV gamma ray. Bolotin 

chooses to represent this gamma ray as a transition between a level 

at 1446. 9 keV and the ground state whereas the present study at- 

tributes it to a transition between the 1729. 7 keV level and the 

283. 3 keV level. The check with energy balance is in good agree- 

ment with this assignment as a cascade gamma ray. However, there 

is additional support for the cascade assignment as will be mentioned 

in the following discussion of the 61Ni reaction studies. 

In his 1958 study of the decay of 59Cu, Butler (17) mentions 

weak evidence of the existence of a gamma ray with an energy of 

420 ± 20 keV. Perhaps because he speculated on three different ex- 

planations of its origin, this gamma ray was not included in the decay 

scheme of Figure 2. It is quite remarkable to note the agreement 

between this gamma ray and the 423. 2 keV gamma that the present 

study ascribes to a transition between the 1302. 1 keV and the 878. 6 

keV levels in Figure 26. Butler's observation is all the more 
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impressive in view of the proximity of this relatively weak gamma ray 

to the large annihilation peak. 

The assignment of spins and parities to nuclear levels is one 

of the principal objectives of nuclear spectroscopy. With this in 

mind, the following discussion will analyze the experimental data 

summarized in Table 8 for 61Ni and that in Table 9 for 59Ni to show 

the extent to which the results of the present study are consistent 

with information that has been reported in recent years on the energy 

levels of 61Ni and 59Ni. The spin assignments of the decay schemes 

of Figures 23 and 26 are based partly upon this analysis. 

Early investigations of the 61Ni energy levels were hampered 

by poor and ambiguous data until 1959 when Paris (93) reported the 

results of high -resolution studies of the proton groups from the 

60 61 61 Ni(d, p) Ni reaction. His values of the Ni energy levels are 

given in column (1) of Table 8. Columns (2) and (3) list energy levels 

found by Coulomb excitation of 61Ni. Alkhazov (1) observed gamma 

rays that were in coincidence with inelastically scattered quadruply 

charged nitrogen ions. Fagg (45) analyzed the gamma spectrum that 

resulted from the Coulomb excitation of 61Ni by alpha particles. His 

coincidence studies showed no coincidences between any of the three 

gamma rays listed. Columns (4) and (5) contain the results of 

neutron capture experiments by Groshev (59) and Cots (31) respec- 

tively. Groshev observed the gamma -ray spectrum following neutron 



Table 8. Experimental data on the energy levels of 
61 

Ni. 

(1) 

Paris (a) 

60 
Ni (d, p)61Ni 

E (keV) 

(2) 3, 

Alkhazov fib) Fagg(c) 
Coulomb Coulomb 
excitation excitation 

E(MeV) E (keV) 

( 4) ( 5) ( 6) 

Groshev(d) Coté(e) Fulmer 
60Ni 

)61Ni 60Ni (n, YY)61Ni 60 ( rP)61Ni Ni d 

E (keV) E (keV) I n E (keV) In I 

0 0 0 1 3/2 
68 0.66 70 69 3 5/2 

284 282 290 284 1/2 290 1 1/2 
660 657 654 1 1/2 
915 0.92 908 3 5/2 

1019 1.02 1019 
1104 1105 1105 1 1/2 
1137 1139 3 5/2 

1190 1195 1195 1 1/2 
1460 1454 3 5/2 
1616 1622 
1735 1750 1 1/2 
1812 

1994 
2007 
2023 

2127 2123 2133 { + 
4 9/2 

(continued) 

Ni (ii,Y 

1/2 

JD 



Table 8. Continued. 

( 7 ) (8) (9) (10) (_11) ( 12) 

Cohen(g) Lee(h) Cosman(1) Sherr (i) Fulmer(k) Tee(l) 
60 61 60 60 61 60 61 62 61 62 61 61 61 

Ni (d, p) Ni Ni(d, p) Ni Ni (d, p) Ni Nip, d) Ni Ni(d, t) Ni Ni(p, p ) Ni 

E(keV) i2n I E(MeV) I E(keV) n IT E(MeV) In IT E(MeV) In I E(keV) 

_* 
0 1 3/2 0 3/2 0 1 3/2 0 1 3/2 0 1 3/2 

69 3 5/2 68 3 5/2- 0.068 3 5/2' 0.07 3 5/2 65 
290 1 1/2 0.29 1/2 284 1 1/2 0.28 1 1/2-* 0.29 1 1/2 280 
654 1 1/2 661 1 3/2- 0.65 1 (1/2-, 3/2-)* 0.65 1 1/2 654 
908 3 5/2 916 (3) 5/2' 906 

1020 ns 1014 
1105 1 1/2 1.105 1/2 1106 1 1/2- 1.11 1 (3/2) 1099 
1139 1139 3 5/2- 

1 1/2_ 1134 

1.17 and and 1.17 1 3/2 
1195 1 1/2 1.195 3/2 1192 1 3/2- (3?) 3/2-* 1184 
1454 3 5/2 1462 ns (7/2)- 1.46 3 7/2- 1.45 3 (7/2) 1452 

1618 ns 1.61 1606 
1750 1 1/2 1737 1 1/2- (1.76) ? 1.73 1 1/2 1724 

1814 ns 1807 
1978 

1996 ns (7/2)- 1991 

2009 ns (7/2)- 2.00 3 7/2 2010 
2025 ns (2.07) (3) (7/2-) 

1 1/2 1 (3/2-) 1 1/2 2114 
2133 

4 9/2 
2130 4 9/2+ 

2.14 fi- 
9/2 2123 

ns angular distribution shows a nonstripping pattern. 
* - These values of I are assignments from previous studies with which the results of Sherr are consistent. 
a = reference 93. b = reference 1. c = reference 45. d = reference 59. 

e = reference 31. f = reference 52. g = reference 26. h = reference 75. 
i = reference 30. j = reference 106. k = reference 50. 1 = reference 109. 

- 

-'" 

. 
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capture by a natural mixture of nickel isotopes and was able to relate 

the energies listed in column (4) to the 60Ni(n, 61 
Ni process. Coté 

studied the angular correlation of the cascade gammas related to the 

284 keV level in 61 
Ni and was able to infer I = 2 for this level. 

Neutron capture results are significant since the 60Ni target has 

zero spin (Z and N even) indicating that capture is into a 2 state. 

The capture state frequently decays by strong El gamma transitions 

to low -lying levels with J = 
1- 2 or 2 

Columns (6), (7), (8), and (9) contain information derived from 

(d, p) reactions. Fulmer (52) analyzed proton groups resulting from 

the deuteron bombardment of isotopically enriched 60Ni foils. The 

values of j, the angular momentum transfer, were determined by 

analyzing the angular distributions of proton groups. The spin values 

listed in column (6) were not determined directly. Simple shell model 

considerations were used to assign spin I = 5/2 to each 2 = 3 level 

for, according to the shell model, the f712 shell is filled for the 

nickel isotopes. Similarly, the shell model predicts that the lowest 

energy ,Q = 4 level should be a g9/2 state. The p3/2 or 131 /2 
ambiguity for the ,Q = 1 levels was removed merely by assuming 

that all f = 1 levels have spin 1/2 except the ground state which 

is known to have spin 3/2. This method of spin assignment is a 

perfect illustration of the situation described by Way (116) when she 

commented that information on spins and parities is used to support 

N) 

. 
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or modify an existing model, but often the reverse is true - -the model 

becomes the ground for assignment. She cautions that the two 

processes should be kept distinct from one another. Column (7) 

contains results from the 60Ni(d, p)61 Ni reaction by Cohen (26). The 

values were determined from an analysis of angular distributions 

of proton groups; values of I were determined on the basis of simple 

shell model considerations, as well as agreement with pairing theory 

predictions of ES. (S is the spectroscopic factor.) Column (8) 

shows the spin assignments for four 61Ni energy levels as made by 

Lee (75). His spin assignments are made only for .Q = 1 levels and 

are based on the novel observation that there is a discernible differ- 

ence between the angular distributions of proton groups for 1/2 

and 3/2 final states in (d, p) reactions (103). The differentiating 

phenomenon is a dip which occurs at about 135° in the angular dis- 

tributions for I = 1/2- but which is absent in the distributions for 

I = 3/2-. Column (9) gives the results of a recent investigation of 

the 60Ni(d, p)61Ni reaction by Cosman (30). The f values listed 

were determined from experimental data. However, the values of I 

were arrived at by various means. Spins for some of the ,Q = 1 

levels were determined by the presence or absence of the dips ac- 

cording to the method of Lee (75) described above. Other spins were 

determined by analyzing the results of (p, d) and (d, t) reaction data, 

pickup data, and the results of direct spin measurements such as 
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that for the ground state. In addition, shell model considerations 

were also used. In the results of (p, d) reaction studies by Sherr (106) 

listed in column (10) some of the spin values were taken from pre- 

vious studies and some were arrived at by analyzing the results of 

(d, p) reaction studies. The I = 5/2 or 7/2 ambiguity for the ,Q = 3 

levels was removed by observing that there is a strong dependence 

of the shape of the forward -angle maxima on the spin of the final 

state following the pickup of an I = 3 neutron from a spin -zero target 

(105). This I dependence is seemingly similar to that observed by 

Lee (75) for I = 1 levels, but indications are that the two effects 

have different origins. Column (11) indicates the spin value assign- 

ments by Fulmer (50) in a study of the 62Ni(d, t)61Ni pickup reaction. 

He uses two rather different methods for determining values of the 

total angular momentum. The first method is based on the finding 

that for the p levels in the nickel isotopes the (d, t) angular distri- 

butions are strongly I dependent at large scattering angles (51). 

This permits I = 3/2 levels to be distinguished from I = 1/2 levels. 

Fulmer has also observed that to a lesser extent (d, t) angular distri- 

butions also show some I dependence for I = 3 transitions. This 

permits the removal of the I = 5/2, I = 7/2 ambiguity. A second 

method used by Fulmer to determine I values entailed comparing 

(d, p) and (d, t) cross sections for exciting the level in question. The 

(d, t) cross section for exciting a nuclear level is proportional to the 
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"fullness" of the single -particle state to which the nuclear level be- 

longs, whereas the (d, p) cross section is proportional to the 

"emptiness" of the single -particle state. Consequently, levels be- 

longing to shell model states which are not equally full will have dif- 

ferent (d, p) /(d, t) cross section ratios. In the nickel isotopes this 

so- called ratio technique is applicable to the f7/2 and f5/2 levels 

as well as the p3/2 and p1 levels. According to the shell model 

the f7/2 level should be full whereas the f5/2 level is just begin- 

ning to fill. Thus, ,Q = 3 levels having very small (d, p) /(d, t) cross 

section ratios may be designated as f7/2, and levels with relatively 

large cross section ratios as f5/2. Similarly, the p3/2 state is 

fuller than the pl./2 state because it is more deeply bound. Ac- 

cordingly, high or low values of the cross section ratios will permit 

the two states to be differentiated from one another. In actuality, it 

is the ratio of the spectroscopic factors, i.. e. S(d, p) /S(d, t), that is 

used (25) since in this ratio the Q dependence of the single- particle 

cross section has been removed. 

Column (12) contains the 61Ni level energies of Tee (109) de- 

termined from the 61Ni(p, p')61Ni reaction using samples of enriched 

nickel. These values have been included here because by virtue of 

the high resolution achieved (approximately 11 keV (fwhm)) they 

represent the most accurate measurements to date of 61Ni energy 

levels as determined by reaction experiments. This fact will be 
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utilized to make an important point in the following discussion. 

The foregoing details regarding the information contained in 

Table 8 serves to emphasize the wide variety of methods that have 

been employed to determine information on the energy levels of 61Ni. 

Many 61Ni studies have been excluded from Table 8 either because 

they more or less duplicated one of the studies that has been included 

or because the resolution achieved in a particular experiment was 

poor enough to render the results of the study of questionable value. 

Such was the case for a number of older studies. Of the studies in- 

cluded in Table 8 there is excellent agreement with respect to f 

values, and, except for the 656 -, 1190 -, and 1460 -keV levels, there 

is reasonable agreement with respect to spin assignments. The 

energies are sufficiently accurate to identify the levels observed in 

the various studies with reasonable certainty. 

It was mentioned previously that the principal discrepancy be- 

tween the 61 Ni decay scheme of this study and that of Bolotin (14) was 

the assignment of the 1446 keV gamma ray. In addition to the com- 

ments made previously, it can now be seen that the energy designa- 

tions of the various reaction studies in Table 8 are also inconsistent 

with Bolotin's assignment. The high -resolution study of Paris in 

column (1), for example, shows reasonably good agreement with the 

energy values found in the present study -- indeed, the energies ad- 

jacent to Paris' 1460 keV level agree within 5 to 7 keV. In fact, the 

. 
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observed systematic discrepancy suggests that the energy of the level 

observed by Paris would more accurately be at about 1466 keV in 

marked disagreement with the observed gamma ray energy of 1446 

keV. A similar analysis can be made using the more accurate 

energy values given in column (12). These energies of Tee are in 

exceedingly good agreement with those of the present study -- within 

1 to 3 keV in most instances. Again, the energy discrepancy between 

Tee's 1452 keV level (it would be slightly higher if the apparent 

systematic correction were applied) and the 1446 keV gamma ray is . 

sufficiently great to rule out the assignment made by Bolotin. 

The consistency of the spin assignments for the low -lying levels 

of 61Ni as given in the decay scheme of Figure 23 can now be dis- 

cussed in detail. 

1. Ground State. In addition to the measurements given in 

Table 8 the 61Ni ground state spin has been directly observed to be 

3/2 in an electron spin resonance experiment performed.by Woodbury 

(130). This spin value is consistent with the prediction of the shell 

model since the shell model neutron configuration for 61 61Ni is given 

as (100) 

(Is )2 
1 

2 

(1P3)4(1P_1)2 

2 2 

(ld5)6(2s1)2(1d3)4 
2 2 2 

(1 )8 (2p3)3(lf5)2 . 

2 2 

. 
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This configuration demonstrates the modified shell model rule which 

states that if a high -spin shell follows a low -spin shell, the high -spin 

shell begins to fill before the low -spin shell fills completely. The 

log ft value of 5. 0 given in the decay scheme of Figure 23, indicative 

of an allowed transition from the I = 3/2 ground state of 61Cu, is 

consistent with this 61Ni ground state spin assignment. 

2. 67. 3 keV Level. The log ft value of 6. 2 indicates an /- 

forbidden transition which is consistent with the f = 3 value assigned 

to this level. Figure 1 shows the allowed transition (log ft = 5. 2) 

from the I = 7/2 ground state of 61Co to this level. The only value 

of I consistent with these two transitions to the 67. 3 keV level is 

I = 5/2---entirely consistent with the results of the various studies 

in Table 8 (including the fact that this level is not observed in neutron 

capture studies). 

3. 283. 3 keV Level. The log ft value of 5. 4 indicates an al- 

lowed transition. The value j = 1 restricts I to 1/2 or 3/2 -, con- 

sistent with the designation of I = 1/2 from Table 8. This designa- 

tion is also consistent with the fact that there is no observed gamma 

ray between this state and the 67. 3 keV state. 

4. 656.1 keV Level. The log ft value of 4. 9 indicates an al- 

lowed transition. The value ,Q = 1 leaves an I = 1/2-, 3/2 am- 

biguity which, unfortunately, is not clearly resolved by the studies 

of Table 8. With respect to this ambiguity, it is significant to note 
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that Schöneberg (104) designates this spin as 1/2 whereas Béraud 

(8) designates it as (3/2)-. The fact that this level decays to levels 

with spin 5/2-, 3/2-, and 1/2 with the transition to the 3/2 level 

considerably more intense than the transitions - -of similar 

intensities --to the 5/2 and 1/2 levels favors the assignment of 

I = 3/2-. Accordingly, the spin designation in Figure 23 is given as 

3/2 -, (1/2) -. 

5. 909. keV Level. The log ft value of 5. 6 indicates an al- 

lowed transition though not necessarily an ,Q- forbidden one. However, 

I = 5/2 is the only choice of spin consistent with the allowed transi- 

tion and the ,Q = 3 value from Table 8. The fact that this level is not 

observed in neutron capture studies supports the 2 = 3 assignment. 

6. 1100. 0 keV Level. The log ft value of 5. 8 indicates an al- 

lowed electron capture transition. This is consistent with the 1/2 

spin found by all but the data in column (11) of Table 8. 

7. 1132. 6 keV Level. The log ft value of 6. 5 indicates an 

i- forbidden electron capture transition, consistent with the ,Q = 3 

results of Table 8. Only I = 5/2 is consistent with the fact that the 

transition is allowed, a choice that is confirmed from Table 8. The 

intensities of the gamma transitions from this level are also con- 

sistent with this assignment. 

8. 1185. 2 keV Level. The 4. 8 log ft value indicates an al- 

lowed transition consistent with the 2 = 1 results of reaction studies. 

0 
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Unfortunately the I = 1/2-, 3/2 ambiguity is not resolved by the 

findings of Table 8. 

9. 1609. 4 keV Level. Table 8 reveals no information on this 

level; nor was any reaction data found elsewhere in the literature. 

The transition is allowed which would limit the spin to I = 1/2-, 

3/2-, 5/2-. The log ft value suggests an . -forbidden transition, 

which, if accepted, would remove the ambiguity, establishing 

I = 5/2-. 

10. 1729. 7 keV Level. The allowed electron capture transi- 

tion (log ft = 5. 8) is consistent with the 2 = 1, I = 1/2 assignments 

shown in Table 8. 

11. 2124. 6 keV Level. The electron capture transition is 

allowed (log ft = 5. 0). The I = 1/2 -, 3/2 ambiguity is not clearly 

resolved in view of the findings of the recent study by Cosman given 

in column (9) of Table 8. (See note on p. 124.) 

There is one final argument against Bolotin's (14) assignment 

of the 1446 keV gamma ray that can now be presented. In interpret- 

ing this gamma ray as a transition from a 1447 keV level to the 

ground state Bolotin accepts the 2 = 3 value from experimental evi- 

dence; indeed, his log ft value of 6. 8 is fully consistent with this 

assignment. However, he is then forced to accept a spin value 

I = 5/2 for this level despite the uncertainty indicated in Table 8 

concerning this spin assignment. If Bolotin's .Q = 3, I = 5/2 
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assignment were correct a gamma ray transition to the i=3, I = 5/2 

67. 3 keV level would be highly probable. However, no such gamma . 

ray was observed. In view of the absence of this gamma ray and on 

the basis of the arguments previously presented, Bolotin's assign- 

ment of the 1446 keV gamma ray is rejected. 

The fact that reaction studies observe a level at approxi 

mately 1460 keV which is not observed in the decay of 61 Cu can 

furnish some positive information inasmuch as Table 8 indicates an 

uncertainty in spin assignment although there is agreement upon the 

value I = 3. It can be concluded, then, that the spin of the unob- 

served level is probably 7/2 making the transition from 61Cu 

forbidden. 

Table 9 summarizes the experimental results of various neutron 

capture and direct reaction studies of 59Ni. Some of these have 

already been discussed in introducing Table 8, so will not be de- 

scribed again. In column (3) of Table 9 the spin values of 

Bartholomew (7) for three 59Ni energy levels are given. These spin 

values are based upon (n, y) gamma -ray directional correlations to 

distinguish between I = 3/2 and I = 1/2 spin values for levels show- 

ing f = 1 in (d, p) stripping experiments. Column (5) lists the energies 

and I values observed by Cosman (29) in studies of the 58Ni(d, p)59 Ni 

reaction. In column (9) the results of the 60Ni(p, d)59Ni pickup 



Table 9. Experimental data on the energy levels of 
59 

Ni. 

(1) ( 2 ) (3) (4) (5) ( 6) 

Paris (a) 
58 59 

Ni(d, p) Ni 

Groshev(b) 
58 59 

Ni(n,Y ) Ni 

Bartholomew(c) 
58 59 

Ni(n,_;(,) Ni 

Coté(d) 
58 59 

Ni(n, ,( Ni 

Cosman(e) 
58 59 Nid, p) Ni 

Fulmer(ID 
58 59 

Ni(d, p) Ni 

E(keV) E(keV) E(MeV) I E(keV) I E(keV) 
/ 

n E(keV) 
/ 

n 

0 0 0 1 0 1 

341 341 3 340 3 

466 471 0.47 1/2 470 1/2- 466 1 471 1 

880 887 0.89 3/2 870 3/2- 880 1 887 1 

1193 1193 ns 

1309 1318 1.32 3/2 1310 1/2' 1307 1 1318 1 

1344 1345 ns 1348 

1683 1685 3 1696 (3) 

1736 1737 ns 

1747 1748 1748 ns 1748 (1) 

1774 1776 ns 

1952 1953 ns 1967 

2416 2418 2 

(continued) 



Table 9. Continued. 

(7) (8) (9) (10) (11) 

Lee(g) Cohen(h) Legg(1) Sherr(l) Whitten(k) 
58 59 58 59 60 59 60 59 60 59 

Ni(d, p) Ni Ni(d, p) Ni Ni(p, d) Ni Ni(p, d) Ni Ni(p, d) Ni 

E(MeV) I E(keV) ^o n I E(MeV) In I 7 E(MeV) in 
ITr E(keV) n I7 

0 3/2 0 1 3/2 0 1 3/2' 0 1 3/2-* 0 1 3/2 
340 3 5/2 0.34 3 0.33 3 5/2' 340 3 (5/2') 

0.47 1/2 470 1 1/2 0.47 1 1/2- 0.48 1 1/2-* 471 1 1/2' 
0.89 3/2 887 1 1/2 0.91 1 3/2' 0.88 1 3/2-* 887 1 3/2- 

1.32 1/2 1318 1 1/2 1.29 1 1/2- 1.29 (1) 1/2-* 1318 1 (1/2') 

1696 (3) (5/2) 1696 3 (5/2') 

1967 4 9/2 1.90 3 1.96 3 7/2- 
2422 1 1/2 

(continued) 

v 



Table 9. Continued. 

(12) (13) (14) ( 15) 

Fulmer(1) Brussel(m) Fou(n) Walt er(P) 
60 59 

Ni(d, t) Ni 
60 59 

Ni( He, .) Ni 
60 3 5J 

Ni( Hg, cc ) Ni 
59 59 

Co(p, n Y) Ni 

E(MeV) 
/ 

n I E(MeV) ITr E(MeV) n Iv E(keV) ITr 

0 1 3/2 0 3/2 0 1 3/2 0 3/2- 
0.34 3 5/2 0.35 5/2- 0.34 3 5/2 342 5/2- 
0.47 1 1/2 0.47 1 1/2 465 1/2- 
0.89 1 3/2 0.87 3/2 0. 89 1 3/2 875 1/2 , 3/2- 

1206 5/2-, 7/2 
1.32 1 1/2 1.33 1/2 1.32 1 1/2 1300 1/2-, 3/2 

1343 5/2-, 7/2 
1.70 1.70 5/2 1700 

3 (5/2, 7/2) 1, 98 (3) 1.96 7/2 1. 97 5 
4 (9 /2) 

ns - angular distribution shows a nonstripping pattern. 
* - These values of I are assignments from previous studies with which the results of Sherr are consistent. 

a = reference 93. 
e = reference 29. 

i = reference 76. 
m= reference 16. 

b = reference 59. 
f = reference 52. 
j = reference 106. 
n = reference 48. 

c = reference 7. 

g = reference 75. 
k = reference 129. 
p = reference 113. 

d = reference 31. 
h = reference 26. 
1 = reference 50. 
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reaction investigated by Legg (76) are given. Here the I values for 

the I = 1 levels have been assigned on the basis of the argument that 

3/2 state reaction strengths should have the same ratio to the 

ground state strength in the (d, p) and (p, d) reaction, while reactions 

to 1/2 states should be much stronger relative to the ground state 

in the (d, p) reaction than in the (p, d) reaction. The values of I 

listed in column (11) for the study by Whitten (129) are based on an 

observed I dependence in the angular distributions of (p, d) reac- 

tions. This I dependence permits I = 1/2 states to be differen- 

tiated from I = 3/2 states for cases where I = 1, and I = 5/2 states 

to be differentiated from I = 7/2 states for cases where .Q = 3. 

Columns (13) and (14) of Table 9 give the results of the 60Ni(3He, ct)5 Ni 

pickup reaction studies of Brussel (16) and Fou (48). The spin assign- 

ments of Fou are taken from the (p, d) study of Sherr (106). Brussel's 

spin assignments are arrived at by a more circuitous procedure. He 

begins by accepting certain 57Ni and 59Ni spin values as determined 

by previous studies. He then analyzes the angular distribution 

curves of his experiment and concludes that there is an I dependence 

3 for both the .Q = 1 and .Q = 3 angular distributions in ( He, cc) pickup 

reactions. This I dependence is then used to assign spins to levels 

whose spins are unknown. A second method is then used to verify 

the spin assignments: ratios of cross sections of states with the 

same I values are analyzed. It is observed that the (7/2-05/2-) 
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cross -section ratio displays a characteristic behavior which differs 

from that of the (5/2)0(5/2) ratio. Contrasting behavior between 

the (3/2-03/2-) ratio and the (1/2-)/(3/2-) ratio is also observed. 

Except for a contradiction in the spin assignment for one level of 

57Ni, the two methods yield consistent results. Column (15) contains 

data from an investigation by Walter (113) which included, in part, 

the observation of gamma radiation following the 59Co(p, nY)59Ni 

reaction. Based on his measurements as well as data from other 

studies a decay scheme for 59Cu is proposed. The energies and 

spins for the 59Ni levels of this decay scheme appear in column (15) 

of Table 9. 

The consistency of the spin assignments for the low -lying levels 

of 59Ni as given in the decay scheme of Figure 26 can now be dis- 

cussed in detail. 

1. Ground State. In addition to the ground state data contained 

in Table 9, Trumpy (110) studied the circular polarization of the 

gamma rays emitted from 59Ni following the capture of polarized 

neutrons. His results showed that for the ground state of 59Ni 

Q = 1, I = 3/2-. These results are consistent with the values in 

Table 9 and also with the shell model which predicts a 59Ni ground 

state neutron configuration of 

(lp3)4(1p1)2 
2 2 

(ld5)6(2s1)2(ld3 
2 2 2 

(íf7)8 

2 

(2p3)3 

2 

. 

(ls)2 
2 

n 
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The log ft value of 5. 0 given in the decay scheme of Figure 26, indica- 

tive of an allowed transition from the I = 3/2 ground state of 59Cu, 

is consistent with this 59Ni ground state spin assignment. 

2. 339. 2 keV Level. The log ft value of 5. 9 suggests an /- 
forbidden transition which is consistent with the findings of Table 9. 

The fact that this level is not observed in neutron capture also sup- 

ports this assignment. 

3. 465. 3 keV Level. The log ft value of 6. 0 suggests and /- 
forbidden transition, but then one would expect a transition to the 

339. 2 keV i = 3 level. The findings of the studies of Table 9, 

ing the neutron capture studies, dictate f = 1, I = 1/2-. 

4. 878. 6 keV Level. The log ft value of 5. 3 indicates an al- 

lowed transition. Except for the spin 1/2 value given by Cohen (26), 

Table 9 suggests a spin of 3/2. The designation 3/2-, (1/2) in 

Figure 26 indicates this uncertainty. 

5. 1190. 6 keV Level. Table 9 contains almost no information 

on this level other than the fact that it has been observed. The log 

ft value of 6. 5, however, suggests an /-forbidden transition, i. e. 

Q = 3. This assignment is supported by the fact that this level is not 

observed in neutron capture studies. Since the transition to this 

level is allowed I = 5/2 can be assigned unambiguously. No previous 

studies have assigned an unambiguous spin to this level. 

6. 1302. 1 keV Level. The log ft value of 4. 8 is allowed. The 

includ- 
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measurements of Table 9 indicate I = 1/2 for this level except for 

the I = 3/2 assignment of Bartholomew (7) in column (3). Whitten 

(129) has commented on Bartholomew's spin assignment stating that 

it was based on an observed (n, yy) anisotropy which was barely out- 

side statistical errors. Whitten implies that Bartholomew's assign- 

ment is incorrect and that a similar angular correlation measurement 

subsequently made by Coté (column (4)) yielding a spin value of 1/2 

is correct. This value is consistent with the findings of reaction 

studies. In view of this, the assignment taken for the decay scheme 

of Figure 26 is ,Q = 1, I = 1/2-. 

7. 1341. 3 keV Level. Table 9 gives little information on this 

level. Walter (113) has observed a 1347 keV gamma ray in the decay 

of 59Cu and has attributed it to a transition between a level at 1343 

keV and the ground state of 59Ni. The present study makes the same 

interpretation. The 5. 9 log ft value suggests a possible ,Q- forbidden 

transition, which is supported by the fact that this level is not ob- 

served in neutron capture studies. The 5/2-, 7/2 spins suggested 

by Walter for this level are based on the fact that in the 59Co(p, ny) 

59Ni 
Ni reaction near threshold where f and /n = O. only levels with 

p 

spins of 5/2-, 7/2-, and 9/2 can become excited because the spin 

of the ground state of 59Co is 7/2-. Walter's observation that the 

levels at 1206 and 1343 keV are intensely excited in the 59Co(p, ny) 

59Ni reaction leads him to conclude that the spins of these levels 

. 

. 

n 
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could not be less than 5/2-. He points out that the 342 and the 1343 

keV levels are excited most intensely in the 59Co(p, ny)59Ni reaction. 

His observations are consistent with the f = 3 assignments in the 

present study for the 339. 2, 1190. 6, and the 1341. 3 keV levels. 

Walter excludes the 9/2 spin possibility for his level at 1347 keV 

on the basis of shell model considerations. The acceptance of the 

Q = 3 assignment for the 1341. 3 keV level in the present study permits 

the unambiguous I = 5/2 assignment for this level in view of the fact 

that the transition from the I = 3/2 ground state of 59Cu is allowed. 

8. 1735 keV Level. Table 9 provides no information on this 

level other than verification that it has been observed in (d, p) reac- 

tions on 58Ni (29, 93). The only clue as to a spin assignment can be 

derived from the log ft value of 5. 4 indicating an allowed transition 

which is probably not /-forbidden. The designations ,Q = (1), 

I = 3/2-, (1/2, 5/2) indicate that ,Q probably is 1, but that 2 = 3 

cannot definitely be ruled out; ,Q = 1 implies I = 1/2 or 3/2-. But 

the observed intensity of the gamma cascade transition to the 5/2 

state favors an assignment of I = 3/2 . 

The fact that the level between 1683 and 1700 keV observed in 

various studies of Table 9 (but not in neutron capture) was not ob- 

served in the present study implies that .Q = 3 and I = 7/2 for this 

level. This is consistent with the various i -value assignments of 

Table 9 but is in disagreement with the few spin assignments of 

. 
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I = 5/2 that have been suggested for this level. 

The nickel isotopes have received considerable theoretical at- 

tention. Some important treatments have appeared quite recently, 

and, in those instances where the theoretical investigation includes 

a calculation of energy levels, a comparison can be made with the 

experimental results of the present study. 

The nickel isotopes are especially interesting because they, are 

spherical and exhibit strong effects of configuration mixing. Within 

the context of the shell model, these nuclei are magic in protons, 

i. e. Z = 28. In fact, the usual point of departure in a shell -model 

analysis of the nickel isotopes is to take a 56Ni core which, by virtue 

of the fact that it is doubly magic --Z = N = 28 --can, at least to a 

first approximation, be considered inert. One important factor in 

determining the range of validity of this simplifying assumption is 

the extent to which the excitation of the íf7/2 shell in the 56Ni core 

can be ignored. Some information on this question can be obtained 

from an examination of the excitation energies of 57Ni. The experi- 

mentally observed excited state at approximately 2. 6 MeV has been 

identified as a lf7/2 single -hole state by Sherr (106) and Fulmer (50). 

This corresponds to the excitation of the 56Ni core and implies that 

ignoring core excitations may not be too severe a simplification with 

respect to low -lying energy levels. Then, too, it is possible that 

the influence of core excitations on level energies can be allowed for 

: 

- 
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by perturbative corrections which are added to the shell -model inter- 

actions that are assumed (73). 

Since the shell -model analysis of the nickel isotopes, 

, is based on the doubly -closed 1f712 56Ni core, the 28 
Ni 

28 n 

possible configurations for the n active neutrons outside the core 

are (2p3/21f5/22p1/2, 
1g912, . . 

.) n 
. The question is to decide how 

many single -particle orbits to include in an analysis that makes a 

reasonable compromise between simplicity and accuracy. Again, the 

energy levels of 57Ni serve as a guide, for it is estimated that the 

1g9/2 single -particle state is probably at least 3 or 4 MeV above the 

2p3/2 ground state of 57Ni (5, 27), higher in fact, than the 1f7/2 

single -hole state mentioned above. Consequently, configurations con- 

taining the 1g9/2 orbit can justifiably be ignored on this basis and 

also on the basis that configurations which contain one g9/2 neutron 

n cannot combine with configurations of the form (2p3/2, 1f5/2, 2p1 

because of opposite parities. Therefore, the simplest analysis that 

would hold some prospect of successfully predicting low -lying energy 

levels would necessarily include configurations of the form 

(2p3/2, 1f5/2, 2p1 /2)n. 

A recent theoretical calculation for the nickel isotopes embrac- 

ing most of the simplifying assumptions mentioned above has been 

performed by Lawson (73). In this study Lawson uses four different 

shell -model interactions for his analysis and calculates excitation 

1 
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energies for the nickel isotopes on the basis of each. The four inter- 

actions are described as follows: 

A) The matrix elements of the shell -model interaction are 

those of the reaction matrix deduced from the Hamada- Johnston po- 

tential with no correction included for core polarization. 

B) Perturbative corrections are added to the reaction -matrix 

elements to allow for core ,excitations wherein a single nucleon is 

promoted from a core orbit to a valence orbit or empty orbit. 

C) Perturbative corrections are added to the matrix elements 

2 of B to allow for pair excitations of the form j j. 
c_ 

or 

2 2 
j --).-(lg9/2) where j stands for one of the orbits 2p3/2, 1f5/2, or 

2p1/2 and jc stands for one of the core orbits. 

D) A phenomenological interaction whose matrix elements were 

determined by an 8- parameter least- squares fit to 38 observed level 

energies in the isotopes 58Ni to 65Ní. 

Table 10 compares the results of the present study with the 

energy levels of 59Ni and 61Ni as computed by Lawson using the 

shell -model interactions A, B, C, and D described above. It should 

be pointed out that Lawson's results are given for 58Ni .65Ní. so 

that an analysis on the basis of 59Ni and 61Ni is not necessarily 

representative of the general agreement (or disagreement) with ex- 

periment. The first observation that can be made from Table 10 is 

that none of the interactions derived from the reaction matrix 

. 

, 

2 --* 

, 

' 



Table 10. Comparison . of calculated and observed 59Ni and 61Ni excitation energies. 
Excitation Energies (MeV) 

Isotope 
Calculateda Observed in the 

L A B C D _Present Study 
59 

61 

Ni 3/2 0 0 0 0 0 
5/2- 0.77 1.21 1.27 0.21 0.339 
1/2- 0. 79 0. 85 0. 92 0. 30 0. 465 
3/2- 1.57 1.86 2.02 0.83 0.879b 
1/2 1.74 2.36 2.56 1. 11 1.302 

Ni 3/2 0 0 0 0 0 
5/2- -0.98 0.13 0.51 0.00 0.067 
1/2 -1.42 -0.96 -0.52 0.02 0. 283 
5/2- 0.27 1.46 2.02 0.90 0.909 
7/2- 0. 18 1.57 2. 15 0.90 c 
9/2 0.34 2.24 2.83 1.05 d 

aReference 73. A, B, C, D refer to the various interactions described in reference 73 and briefly 
in the text of the present paper. 

b 
bAlthough the decay scheme of Figure 26 indicates an uncertainty in spin designation, it is clear 

from Lawson's paper that he is referring to this level. 

cSince a transition from 61Cu to a 7/2 state of 61Ni is forbidden, this level would not have been 
observed in the present study. However, earlier in this chapter we have speculated that the unobserved 
level at N 1462 keV probably had spin 7/2-. 

dA spin 9/2 level would also be unobserved in this study. Moreover, Lawson indicates this level 
with negative parity, which, if not a misprint, means that it is a 1h9/2 level, i. e. f = 5. Cosman (30), 
in his recent high -resolution study of the 60Ni(d, p)61Ni reaction beyond 6 MeV, observes no k = 5 
level. It is even more disconcerting to note that Lawson actually labels this level as 9/2-2, .i. e. , the 
second 9/2 excited state of 61Ni. 

. 

. 
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provide an adequate agreement with experiment. In general, this is 

true of Lawson's results relative to all the odd -A nickel isotopes. 

The second observation that can be made is that the phenomenological 

interaction D gives moderately good agreement with the experimental 

results. This is true in general for the various nickel isotopes con- 

sidered by Lawson. However, as Lawson indicates, this agreement 

with low -lying levels'is seriously misleading for the phenomeno- 

logical interaction D predicts many unobserved levels just above the 

energy region covered in the fitting procedure. Footnote d of Table 

10 describes an apparent illustration of this difficulty. 

An important series of theoretical analyses of the nickel iso- 

topes by Auerbach has appeared recently (4, 5, 6). In addition to 

the simplifying assumptions given above, the first paper in this 

series (6) adds the further assumption that the low -lying excited 

states of the odd -A nickel isotopes can be given approximately by 

states of seniority v = 1. States of higher seniority, i. e. v = 3 and 

v = 5, are not considered under the assumption that they are higher 

in energy than the low seniority states and are weakly coupled to 

them. A comparison of Auerbach's results with experiment will not 

be made until a discussion of his third paper in the series, but 

several conclusions drawn from his first paper are important in the 

understanding of 59Ni and 61Ni: 

1. The consideration of only the p312, f512, 
and p112 orbits 

. 

. 

. 
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is sufficient in order to reproduce the energies of the low -lying states 

of the nickel isotopes. 

2. It is necessary to introduce configuration mixing in order 

to obtain satisfactory agreement with the experimental data. 

3. The low -lying states of odd -A nickel isotopes have large 

seniority v = 1 components. 

Auerbach shows that the I = 3/2 ground state, the I = 5/2 

first excited state, and the I = 1/2 second excited state of 59Ni are 

large seniority one states. Moreover, he comments on the experi- 

mentally observed I = 3/2 0. 89 MeV state and I = 1/2 1. 32 MeV 

state. (The correlation with Figure 26 is obvious.) Though these 

states were not considered in his analysis he indicates that they seem 

to be seniority three states. 

Auerbach's second paper (4) is significant in that the earlier 

restriction to states with lowest seniority is removed. Although 61Ni 

is not considered in this second paper, the spectrum of 59Ni is calcu- 

lated allowing possible admixtures of v = 1 and v = 3 states. The wave 

functions derived in this second paper are found to be consistent with 

the assumption made in the first paper that the lowest I = 1/2-, 3/2 

and 5/2 levels of the odd -A nickel isotopes are mainly v = 1 states. 

Indeed, the v = 3 admixtures in the lowest I = 3/2- and 5/2 states of 

59Ni are found to be less than 5 %; the v = 3 component in the I = 1/2 

state is about 9 %. In his first paper Auerbach suggested that two 

. 
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states of 59Ni (mentioned above) might be states with large v = 3 

components. This is confirmed in his second paper. 

Auerbach's third paper (5) uses the same set of two -body matrix 

elements that were derived in the second paper in order to calculate 

the energy levels and wave functions of all the isotopes from 57Ni to 

67Ni. Again, the earlier assumption of an inert 56Ni core and the 

assumption that contributions to the low -lying energy levels arise 

solely from configurations of the form are ac- 

cepted. A comparison between Auerbach's calculations and the ex- 

perimental findings of the present study is given in Figure 27 for 59Ni 

and Figure 28 for 61Ni. The levels at approximately 1460 keV in 61Ni 

and 1685 keV in 59Ni for which this study has suggested spin 7/2 as- 

signments have also been included in Figures 27 and 28. Auerbach 

indicates that the wave functions for the three lowest levels (I = 3/2-, 

5/2-, 1/2-) of 59Ni and 61Ni (as in all other odd -A nickel isotopes) 

are composed predominantly of v = 1 components. The higher 

I = 1/2-, 3/2-, and 5/2 states have small v = 1 admixtures and are 

mainly v = 3 components for 59Ni, or combinations of v = 3 and 

v = 5 components for 61Ni. In the case of 59Ni Auerbach comments 

upon evidence that some of the levels with "nonstripping" character 

as observed by Cosman (29) have spin I = 7/2 , and hence 59Ni ad- 

mixtures could be of the form 1p3/24(0), 

f7/2 p3/2 (0.), etc. However, it should be noted that the 

1f5,24(0), f7/2 
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E (MeV) 

2, 0 - 

Experimental Calculated Calculated 

(this study) (Auerbach) (Cohen) 

1.8 - 
3/2-(1/2,S/2)- 

7/2- 

1.6 - 

1.4 - 
5/2- 
1/2- 

1.2 - 

1.0 - 

3/2- (1/2)- 

0.8 - 

0.6 - 
1/2- 

0. 4 - 
5/2- 

0.2 - 

0.0 - 3/2- 

3/2- 
7/2- 

3/2- 
5/2- 

7/2- 

/ 2- 

1/2- 
3/2- 

1/2- 

3/2- 

5/2 
7/2- 

5/2- 1/2- 
5/2- 

3/2- 3/2- 

Figure 27. Comparison of 
59Ni 

energy levels: Experimental (this study), calculated (Auerbach), 

and calculated (Cohen). 
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61Ni 

E(MeV; Experimental Calculated 
(this study) (Auerbach) 

5/2 
2. 2 - 1/2" 

1/2-,3/2- llf 2- 
1/2- 

2.0 - 

1.8 - 
1/2 

1.6 
5/2 -(1/2, 3/2)- 

7/2- 
1. 4 - 

1. 2 -1/2, 3/2- 
5/2- 
1/2- 

1; 0 - 
5/2- 

5/2- 

3/2- 
5/2- 
3/2- 
7/2- 

7/2- 

Calculated 
(Cohen) 

5/2 

11/2 

3/2- 
9/2_ 
7/2- 

3/2- 
1/2- 9/2 -1/2- 

5/2 7/2- 

0. 8 - 3/2- 

3/2- (1/2)- 

0. 6 - 

0. 4 - 
1/2- 

0. 2 - 

5/2- 

0.0 - 3/2- 

5/2- 
1/2- 

1/2- 
3/2 5/2- , 3/2- 

Figure 28. Comparison of 61Ni energy levels: Experimental (this study), calculated (Auerbach), 
and calculated (Cohen). 
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three lowest "nonstripping" levels given by Cosman were observed 

in the present study. None of these was assigned spin 7/2 . Hence, 

if Auerbach's comment is valid, it would apply to higher- energy 

levels. It should also be mentioned that in Auerbach's third paper 

(5) his theoretical results are compared to experimental results 

which contain numerous uncertainties in spin assignment. The fact 

that the present study is able to identify spins that Auerbach con- 

sidered either uncertain or unknown --e. g. , for levels at 1191 keV, 

1302 keV, and 1341 keV in 59Ni and for levels at 909 keV, 1100 keV, 

1133 keV, and 1730 keV in 61 Ni -- actually makes his results for 59Ni 

and 61Ni look better than he himself was able to show in his paper. 

In a recent paper by Cohen (27) the nickel isotopes are de- 

scribed by a shell model with a phenomenological effective interac- 

tion. As in the papers described above, the restrictions imposed 

included the assumption of an inert 56Ni core, the assumption that 

core excitation is negligible, and the assumption that configurations 

including the 1g912 orbit can be ignored --i. e. , the configurations 

considered are of the form (2p3/21f5/22p1/2)n. Cohen begins with 

a potential interaction containing central (singlet and triplet), tensor, 

and two -body spin orbit parts. It is found that the resulting best -fit 

potential does not provide a satisfactory description of the nickel 

isotopes. It is concluded that the inflexibility of the assumed form 

of interaction potential is the source of difficulty. In order to 
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improve the situation additional parameters are introduced in the 

form of four diagonal radial matrix elements. 

oo 

Ino 
= SR 2(r)V(r)r2 dr (n = 1-4) 

0 

of the central interaction in relative s states. The resulting effec- 

tive two -body interaction thus depends on eight parameters - -the four 

original interaction strengths described above and the four radial 

integrals I. The resulting best -fit interaction provides a satis- 

factory description of the low -lying spectra of the nickel isotopes. 

A comparison between Cohen's results, the experimental results of 

the present study, and the results of Auerbach's calculation is given 

in Figure 27 for 59Ni and Figure 28 for 61Ni. 

In investigating the seniority quantum number, Cohen shows 

that in his model of the nickel isotopes seniority is fairly well con- 

served. He finds that the lowest I = 3/2-, 5/2-, and 1/2 states of 

the odd -A nickel isotopes contain approximately 90% or more 

seniority v 1 components. Furthermore, he concludes that 10% 

admixtures of higher seniority have little effect on level energies. 

Both Cohen and Auerbach conclude that their results give an 

adequate description of the nickel isotopes. Although Figures 27 and 

28 present only a portion of the results of the two studies, it can be 

concluded that, at least for 59Ni and 61Ni, the models and methods 

. 

no . 

. 

= 
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of Auerbach and Cohen give an adequate description for only the first 

few energy levels. 

.4 * t. 
1 

Note added in proof: 

In this study the I = 1/2-, 3/ 2 ambiguity for the 2124.6 keV 

level of 
61 

Cu was considered unresolved in view of the (d, p) study 

by Cosman (30). However, a recent (3He, p) study indicates that 

Cosman now accepts a 1/2- spin for this level. (Cosman, E. R. , 

D. N. Schramm and H. A. Enge. A study of 61Ni by the 

59Co(3He, 
p)61Ni reaction. Nuclear Physics A109:305 -315. 1968.) 

Consequently, a 1/2 spin is accepted for this level and 

Figures 23 and 28 in this paper should be modified accordingly. 
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