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ABSTRACT

Enriched 58Ni targets were bombarded with Hl+ ions
of energy varying from 900 to 2000 kev. A 30 cc Ge(Li)
detector was used to detect the gamma rays following
the-radiative.proton capture. Nine resonances were
studied and the spectra analysed to give gamma ray
branching ratios and energy levels in 590u. From the
decay of the resonance level for Ep = (1423.6L + .43)
kev and Ep = (1843.45 = .56) kev the Q of the reaction
was calculated to be (3418.5 + 2.4) kev. Partial proton
and gamma ray widths were determined by integration
of the 1303 kev and 878 kev gamma ray peaks following
the a¥ disintegration of °2Cu. A Doppler shift
measurement performed on the Ep = 142, kev resohance

-15

level gave a value 7 < 2 x 10 second.
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1. INTRODUCTION

With yields in the region of lO":LO gamma rays per

proton, radiative proton capture reactions on light
elements (A < 20) using Nal detectors has ﬁroven to be
a very useful and productive tool in nuclear spectros-
copy. The extension of radiative proton capture work
to elements of higher Z using the new high resolution
but low efficiency Ge(Li) gamma ray detector requires
a high current proton beam. The beam current that one
can expect to extract from a Dynamitron makes this
machine most suitable for continuing the radiative
préton capture work to heavier elements using the
latest detectors.

The odd-mass Cu isotopes have been the object.
of severél theoritical studies during récent years..
Inelastic scattering of a particles on Ni isotopes
(Cr.,60) and Coulomb excitation experiments (Te.,He.,
56) on 63’65Cu suggest some type of collective vibra-
tional motion for the lowest levels of the odd-Cu

isotopes. Quite good agreement was obtained with

experimenté by calculations based on some Type of




core excitation model (Bo.,Va.,62) in which the low
levels of the odd-Cu isotopes are described in terms

of the coupling of the odd proton outside the Z = 28
closed shell to one or more excited states of the
nickel core. However recent stripping exﬁériments
(Bl.,6L) have shown that the excited states of the
odd-Cu isotopes have large single particle strengths.
The large single particle strengths suggest a shell
model approach (Bo.,Bo.,68). In view of the theoretical
interest of these isotopes additional information

is being sought throught radiative proton capture
reactions using the joint Carleton - Ottawa University
Dynamitron accelerator. Some data as been obtained

at several resonances and analysed to give gamma ray
branching ratios and partial proton and gamma ray widths

for 590u}




2. TARGETS: PREPARATION AND PROTECTION

The target backing consists of a 2.1/4 inch
diameter copper disc 1/8 inch thick. For low back-
ground conditions l/lOdO of an inch of gold is electro-
pléted on the disc.' This thickness is sufficient to
stop all protons up to 2 Mev in energy; 58Ni is
electroplated on to the central part of the disc
which is one inch in diameter. The procedures for
the preparation of the NiO solution and the plating
are described in reference (Bu.,Go.,57). The enriched
nickel oxide compound was obtained from the Atomic
Energy Research Establishment, Harwell England. The
jisotopic abundance of 58\i is stated to be 99.76%
with 0.11% and 0.12% of 60y: and 62y respectively.

The target and target chamber assembly is shown in
figure 2.1. Direct water cooling is used to prevent the
target from over heating and thus to avoid deteriora-
tion. Ton pumps were used instead of diffusion pumps
on the beam line in order to eliminate target contamina-
tion due to oil vapours. A cylihdrical cold finger

was used before the target chamber to condense
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contaminating vapours thereby reducing condensation

on the target.

3. RESONANT GAMMA RAY YIELD

Excitation curves were obtained using a 3" x 3%
NaTl (T1l) detector which was placed at approximately
90° with respect to the direction of the proton beam
and at a distance of about twelve inches from the
target. Figure 3.la shows the relative thick target
yield of gamma rays having an. energy greaﬁer than
1.7 Mev. The target used to obtain this excitation
curve was measured to be approximately 20 kev thick
for 1 Mev protons. The proton energy was increased
by steps of 5 kev and for each step a charge of 1.3
milli-coulombs was collected. The beam current was
10 micro-amperes. Figure 3.la shows only those
58 Ni (p,v) 59Cu resonances which were well above the
background levgl in the 900 kev to 1500 kev proton
energy region. 'The 20 kev target wés much thicker

than the energy resolution of the accelerator and it

was decided to prepare a thinner target in order
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to be able to better separate adjacent resonances.

The thickness of this target was determined from a
measurement of the width observed for the 1424 kev
resonance. Steps of 3 kev were taken and the gamma

ray yield obtained for the region 1.4 Mev = EY < 3.5 Mev
in order to exclude gamma rays from the well known

19F (p:CI.Y) 16

the high cross-section for this reaction.

0 which are very prominent on account of

Using the relation:

(1)2 = (p)2 + (6)2 +. ()3 . (1)

where T is the observed-half-width of the resonance,
Ap the beam energy spread which was determined to be
about 6 kev at 1 Mev and T is the total natural width
of the resonance which is of the order of electron
volts and can in this case be neglected.

This gives a value for the target thickness of
7 kev. Proceeding similarly as for figure 3.la a
yield curve waé obtained using this target for proton
energies from 1200 kev to 2000 kev for gamma rays in

the region 1.4 Mev =< EY < L.5 Mev and with 15 micro-~




amperes beam current. The results are shown in

figure 3.1b. Identification of background resonances
was Tacilitated by using a table (Bu.,59) of well known
radiative capture reaction resonances for many different
target isotopes. The principle background arises from
proton resonances for (p,ay) reactions on 19F and 15N

targets. (See section 8.3).
L. GAMMA RAY SPECTROMETER

4.1 GENERAL DESCRIPTION

The gamma ray spectrometer consists of a Ge(Li)
detector and its associated electronics. A block
diagram of spectrometer used is shown in figure L.1.
The spectrometer without the Northern Scientific digital
spectrum’stabiliéer will be referred to as system no. 1.
For system no. 1 the electronics is located in a
air conditioned room. The improved version of the
spectrometer wé will designate as system no. 2, and
this comprises system no. 1 plus the specirum stabilizer.
A1l the linear stages of the electronics of system no. 2,
excluding the preamplifier, was kept in a thermally

insulated rack. The preamplifier was thermally insulated
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rack. The preamplifier was thermally insulated by
itself.
4.2a DESCRIPTION OF Ge(Li) DETECTOR

The Ge(li) detector used was obtained from
Ortec and is of the open-ended coaxiél type with
an éctive volume of 28.3 cm3. An actual scale
drawing is given in figure 4.2a. The optimum energy
resolution is 2.6 kev for the 6000 1333 kev gamma ray.
During most of the experimental runs the resolution
was typically 12 kev for 6 Mev gamma rays.

L.2b EFFICIENCY CALIBRATION ‘

A set of standardized gamma scurces of known
intensity was used to determine the absolute efficiency
of the full energy peak in the energy range below ‘

3 Mev. The sources were obtained from the International

Atomic Energy Agency and calibrated by them to within

1% typically. The absolute efficiency is defined as:

¢ DO of gamma rays detected (2)
~ no. of disintegrations

The sources used are listed in table L4.2b. The
efficiency was determined by placing'the sources on
the backing where the beam hit the target and by

positioniﬁg the detector at an angle of 125° with
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' ‘ 12 table 4.2b
CALIBRATION SOURCES FOR FULL ENERGY PEAK EFFICIENCY

Element EY (kev) ) €
*7to 122 (7.1320.53) x107%
139 ' 166 (6.4720.51)x107%
2034, 279 (2.8€20.23)x107
22y, 511 (2.76£0.30)x10™>
1374 667 (1.0840.02) x1073
Sty 835 - (9.10;0.40)x10‘4
88y 898 (8.00£0.50) x10™%
60¢q 1173 (6.0020.25) x10™*
222 1273 (5.1840.20)x10™%
600 1333 (1.8120.10) x107%
88y . 1836 (3.5120.20) x10™%
*2hya | 2753 (1.980.05)x10™ %
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respect to the direction of the proton beam and at

a distance of 6 cms from the target. This reproduced
the experimental arrangement fqr the 58Ni (p,y) 590u
measurements. Several independent determinations of €
were made for each gamma ray energy. The standard
deviation was calculated for.each point and used

as the uncertainty in the measurement. Since the
calibration was done with "point" sources except for
2LPNa which was of the same size as the beam spot, 1.e.
approximately 3/8" in diameter, corgection due to the
finite size of beam was calculated using ﬁhe equation

(Bur.,49) given below:

G=0.5(1L-A-By - Cy2 - Dy3) (3)
where
1
A=
(1 6)1/2
3 5
B= —
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5 8 35 52
C= - — b e
~ 6 (1.8) Y2 6, (1. 8) 92
35 5 315 52 1155 53
D = *

128 (1. 8) 92 256 (1. 8) Y2 102 (2 . 5) 13/2

G is the percentage soiid angle subtended by the
sensitive volume of the detector,d is the square of
the ratio of the radius of the detector to the source
to detector distance and y is the square of the

ratio of the source radius to-the scurce to detector
distance. Calculations showed that the point source
estimate were 0.5% too large. Results are listed

in table 4.2b. The absolute efficiency for the full
energy peak of all gamma rays with energies between
122 and 2753 kev is obtained by drawing a smooth curve
through the data points (see figure L.2b). To obtain
the full energy peak efficiency for gamma rays greater
than 2.753 Mev, the measured absolute efficiencies for
all gamma rays from 662 to 2753 kev were corrected

for attenuation due to absorption layers between the
target and the detector. A straight line extrapolation

through these values on a logarithmic plot of absolute
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figure 4.2b
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efficiency at zero attenuation versus gamma ray energy
is expected to be accurate to within 2% (Ka.,67)
(Au.,69). Since the attenuation in the reéion of
interest is approximately 6.5% the absolute efficiency
curve at this attenuation is shown in figufe L.2c.

The absolute efficiency of the escape peaks was determined
from the gamma ray spectra obtained dﬁring the radiative
proton capture study of 58Ni. This was done by taking
the ratio of the area under the escape peaks to tﬁe
area under the corresponding full energy peak.

Figure 4.2d shows the curves obtained for the absolute

efficiencies of the single and double escape peaks.

% Because of its short lifetime the 2kNa source was
obtained by neutron irradiation of 2-3Na. The irradia-
tion was done at A.E.C.L. (Commercial Products Division),

Ottawa.
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figure L .2c
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4.3 NON-LINEARITY OF ELECTRONICS: SYSTEM NO. 1
The gamma ray energy calibration can be written

where E stands for energy and c¢ for the observed
channel number. The terms a2c2 + ... determine the
non-linearity of the electronics. Obviously the
energy calibration will vary with changes in the

Zero lével and gain of the eléctronics. A high
precision pulse generatof with an applied d.c. voltage
known to an accuracy of a few parts per million was
used to determine the non-linearity of the electronics.
The pulse generator was coupled capacitively to the
input stage of the preamplifier with the detector
under normal operating conditions.’ The centroids of
the pulser peaks were determined corresponding to a
series of voltage settings and the deviations from

the best square linear fit of voltage and centroid
positions were determined. From these the corrections
to be applied to the centroids of the peaks to convert

them to the linear fit were determined. The non-
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linearity corrections obtained in this way should

be the same as those that would be obtained by using
gamma rays absorbed in the detector provided the

pulse shapes are closely the same. The accuracy in
gamma ray energy determination that can be obtained
with the above method is limited by temperature
fluctuations that can change the gain or zero level
during the course of the experiment. The accuracy
with which gamma ray energies can be determined after
applying the above corrections will be dependent on
the precision with which gamma ‘ray peak positions

for unknown and calibration lines can be determined
from the spectra. An accuracy of + 4 kev was obtained
for spectra having a dispersion of 6 kev/channel and
for those having a dispersion of about 2.6 kev/chénnel
the accuracy was + 3 kev. This precision was checked
by compafing the energy value obtained with the best
value of the known calibration lines and by calcﬁlating.
energy differences between full energy peaks and their

escape peaks.
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4.4 NON-LINEARITY Of ELECTRONICS: SYSTEM NO. 2

A more systematic attempt to make precision gamma
ray energy measurements possible even over a period
of several days was developed by A.L. Carter. In
résumé it consists in trying to maintain tﬁe temperature
of the electronics constant and independent of fluctua-
tions in room temperature and in stabilizing against
any residual gain or zero level drifts in the electronic
system by means of a spectrum stabilizer. The
preamplifier which was located neaf the target was
thermally insulated and the reét of the electronics
including the amplifier, the analog to digital converter,
the spectrum stabilizer and the pulse generator and
associlated voltage supply were enclosed in a thermally
insulating rack. The pulse generator provides the
gain stabilizing pulse when accumulating a spectrum
and was élso used to generate the sliding pulses for
the non-linearity measurements. The exact relationship
between voltage and centroid channel number for the
thermally controlled and gain stabilized system was
obtained with every precéution taken to eliminate
éffects due to short term drifts during the measurements.

The non-linearity correction curve deduced is shown in
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fiéure L.4h. It is seen that a drift of one channel
would only displace the non-linearity curve by one channel
and would produce at maximum a change of 0.008 channel
in the non-linearity corrections. Because the non-linear
terms are little sensitive to drifts, chanées in

the energy calibration due to changes in the non-linear
terms which are caused by drifts makes it a second
order effect. The two remaining terms ag and a;c
however are quite sensitive to drifts and can change

" the energy calibration. A zero level drift would
correspond to a change in ag and a gain variation
would correspond to a change.in ay . The gain variation
is magnified by a factor c, so that in order to obtain
best gain stabilization possible the amplitude of the
stabilizing pulse was such that it occured within

the last 50 channels of the fourth quadrant of the
A.D.C. (énalog to digital converter). The accuracy

in determining gamma ray energies with this stabilized
system was tested when attempting an angular distribu-
tion on the 1424 kev resonance. The test was done

in the following way: The centroid of the peak of the
é615‘kev gamma fay coming from ThC" was determined

after every spectrum accumulated for the 1424 kev
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resonance. Spectra were obtained for four different
angles. Once the angular distribution was completed
standard gamma ray sources were used to obtain an

energy calibration. Then the non-linearity of the
electronics was obtained by finding the centroids of

the pulses generated by the sliding pulser. The pulse
height ranged from 0.5 to 10 volts and were varied in
such a way that a pulse occured at about every 80 channels.
The position of several pulser peaks was checked and

all repeated within .03 channels. Stability was

checked by switching the pulser back to the ten volt
reference and remeasuring the corfesponding channel
number between each point in order to monitor any slight
drift. The channel number for each point was then
normalized to correspond to the same mean value fér

the average of the two channel numbers found for the

ten volt reference peak measured before and after

‘the measurement of a point. More recently this procedure
is simplified by using two standard ultra high precision
pulse generatoré selected alternatively by a mercury
relay operating 90° out of phase to both. One is
used for gain stabilizing and the second as a precision

sliding pulser providing a fast check on the system
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non-linearity. A linear least square fit was obtained
for the centroids of the sliding pulser peaks, the

deviations from which are shown in figure 4.4 where:
A channel = true channel no. - observed channel no.

" Then the channel corrections found were used to correct
the centroids of the peaks of the standard gamma ray
sources to standard channels of a linear system. A
linear least square fit of the corrected peaks of the
standard gamma fay sources gaveé an linear energy
calibration such that ay = - 126.817 kev, a; = 1.8627
kev/channel. Then the five épectra obtained for the
1424 kev resonance were analysed. The centroid of
every peak of the spectra are found and corrected.
for the non-linearity of the electronics; The corrected
centroid is substituded in the energy calibration
equation and the energy of each peak is thus obtained.
The background gamma rays occuring in the 1424 kev
resonance spectra which have no angular dependence and
whose energies are well known are compared in tablé L.y
with energies determined from the spectra analysis.

The energies of the gamma rays, EY’ were taken from
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(Ma.,68), the statistical uncertainty in the centroid
determination Oz was calculated using the following

equation:

0.424,9 F.W.H.M.
- =
X (N) 1/2

- (5)

which gives the standard deviation of the mean value
for a small sample (Ev.,53). F.W.H.M. stands for the
full width of the peak at half maximum height and N
stands for the number of measurements in the sample
which in this case is the number of counts in the
peak. Results are tabulated in table 4.4.

[EY - EY (obs)]

observed between the calculated and accepted value of

max. gives the maximum deviation
the gamma rays over a time of 70 hours. In addition
the maximum deviation between corresponding escape
peaks and between full energy peaks and their corres-
ponding escape peaks was 1.5 kev and the standard
deviation was 0;5 kev. From table 4.4 one sees that
the gamma ray energies can easely be determined with

a precision of one kev. The statistical uncertainty in
the position of the centroid of peaks is much less

than the méximum deviation observed even with the best

statistics. Results could be improved if the centroid
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determination was done after better background subtrac-

; ~ tion. Background subtraction was achieved by positioning
two markers on each side of the peaks, where there

may be large background fluctuations, a straight

line drawn through these determined the background

to be subtracted.
5. EXPERIMENTAL SET UP AND DATA ACCUMULATION

The spectra were taken with the 30 cm Ge(Li)
detector. The detector itself.was mounted‘on a turn
table rotating about a vertical axis going through
the center of theﬂbeam spot on the target. The voltage
pulses from the detector were encoded by 4096 channel
analog to digital converter. The spectrum was stored
in the memory of an on line PDP 9 computer. The
stored information could be punched out on paper tape,
stored on magnetic tape, plotted out and displayed
on the screen of an oscilloscope. A pulse height

- analysis program developed by Dr. A.L. Carter of
Carleton University was used to analyse the spectra.
With this program centroids, integrated counts and

width at half maximum height of peaks could be determined.
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6. GAMMA RAY SPECTRA

With spectrometer at stage referred to as system
no. 1, for each resonance studied three spectra were
taken. Two of these were taken on resonance: one with
the detector making an angle of 125° with respect to
the direction of the proton beam and for the other it
made an angle of 90°. The spectra taken with the
detector at the 125° position were used to determine
the gamma ray intensities (see section 8.1) while
those taken with detector at 90° position gave the
unshifted energies of the gamma rays. The third

" spectrum was taken off resonance at a proton energy
such that any possible drift in the proton beam
energy could not bring it back on resonance. A1l
peaks occuring in these spectra were taken to be
backgrouﬁd peaks. An accumulation time of twc hours
was required on the average to obtain reasonable
statistics in a given spectrum with a beam current of

20 microamperes.

Note: These spectra were obtained with system no. 1-

because system no. 2 was not available at that time.
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7. SPECTRA ANALYSIS

7.1 'GAMMA RAY ENERGY DETERMINATION
The energy of each peak is determined from the
spectra accumulated at 90°. As mentioned in section
4.3 the centroids are found and corrected for the
non-linearity of the electronics. Background peaks
such as AOK peak and the fluorine peaks along with
standard gamma ray sources which are used repeatedly
during the experiment give the energy calibration.
7.2 TRANSITION INTENSITIES
| The gamma ray intensity of each gamma ray
appearing in the 125° spectra is determined by
dividing the integrated full energy peak by the
absolute full energy peak efficiency of the detécﬁor.
The competing process of internal conversilon gives
for K shell electrons having.k = 1 the following
-k

internal conversion coefficient, aq ~ 10 = 1073

, By

for Z = 33. (S1,,Ba.,56). Here k = EY/mocz,

ag = N(K)/N(E1) and By = N(K)/N(M1). Internal conversion
coefficients decrease rapidly with energy and are

larger for higher multipolarity. Also as Z increases

the internal conversion coefficient increases. The
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above shows that transition intensities are the gamma
ray intensities and that the former need no correction
for internal conversion.
7.3 DETERMINATION OF A DECAY SCHEME

The'proton capture results in a nucleér alignment
which is achieved by particle absorption. The initial
state is aligned but not polarized. As a consequence
of this alignment the probability of emission of a
gamma ray is angular dependent and the empirical

dependence can be written as:

wexp.(e) = E akaPk(cose) (6)

The a; dépend on quantities which charactarize the
nuclear transition and on quantities describing the
alignment of the initial nuclear state. The Q

afe attenuation coefficients due to finite size of
detector. The Qk depend on the geometry of the
experimental set up and on the gamma ray absorption
coefficient for.the detector. The Pk(cose) are the
Legendre polynomials. If the initial state formed
has definite parity then the sum is over even values

of k. In practice the contribution from terms for
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k > L is negligible. So that the expression used 1is:

w ag + a2Q2P2(cose) + athP#(cose) (7)

exp.(e) =

So that in principle in order to get' the relative
strength of given gamma rays one should average the
intensity of each peak over several angles. The
angular dependence of the gamma rays can be decreased
by choosing an angle such that the generally predominant
angular dependent term a2Q2P2(cose) vanishes. PZ(COSG)
is zero for 6 = 1250. So observing the gamma rays at
125O reduces the angular dependence and gives generally
the relative strength of each gamma ray without
having to average out over several angles.

Intensities of gamma rays were obtained from
1250 spectra. Before trying to establish a decay
scheme, possible gamma ray transition energies between
previously reported values of energy levels of 590u
were found. Thé probable uncertainty in these values
was about # 19 kev. This also indicates all those
gamma rays which may not resolved by the spectrometer.
A branch of the decay is not regarded as established

unless both the sum of the energies and the intensities
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of the cascading gamma rays are consistent within

the estimated experimental uncertainties.
8. RESULTS

8.1 CALCULATION OF PARTIAL WIDTHS
For radiative proton capture the nuclear reaction

process is of the type:
a+ X-»0Ck->Y+y

where a is the incident particle, in this dase a proton,
X and Y are the target and residual nucleus and C* the
compound nucleus. Letting il denote the intrinsic
spin of particle a and IO the total angular momenta
of the target nucleus and J1 the corresponding quantity
for the éompound nuclear state formed in the interac-
tion, the cross-section for the process can be
written as:

mx% (29, + 1) v T.T

1 “ TPy

o(E) = (8)
' (21; + 1) (21, + 1) (B - Er)2 + (r/2)%
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whére Tp and FY are the widths for formation and decay
respectively and the sum implies that all possible

channel spins and orbitals are included in Pp and that
all multipole mixtures are included in rY., Er
represents the resonant proton energy and A is the
4 center of mass waveléngth of the incident particle.

T is defined as:

T =T_+7T (9)

In practice one obtains the experimental cross-
section by measuring the resonant gamma ray yield
for a given resonance. The gamma ray yield from
targets of finite thickness including effects of

straggle can be written as:

© -]

t
y(E,,t) =n £o Ejlm g. g(E,E;) w (E;,E,x) o(E) dE dE; dx (10)

where n is the number of atoms per gram of the target,
6(E) is the cross-section per atom in em? at an
energy E, w(Ei,E,x) dE is the probability that a proton

incident on the target with an energy Ei has an




35

energy between E and E + dE at a depth of x g/cm? in

3 ~ the target, g(E )dEi is the probability that a particle

a’Ei
in the incident beam of mean energy Ea has an energy
between Ei and Ei + dEi and t is the target thickness
in_g/cmz. The integrals involving energy can be

takeh with a lower limit of - « since 0, g, and w are
all assumed to quickly vanish on both sides of their
maximum values. Calculations, assuming certain

dependence of o, g, w and letting the thickness t - =

(see En.,De.,59), to obtain the step in the thick

target yield y(=,=) gives:

V(o,=) = %T o (E) dE (11)

y(e,») is a measure of the number of reactions per
incident particle and n/k is the inverse stopping
power of the target in units of energy times cmz/atom

it can easily be shown that:

2
A (2J. + 1) T
o{E) 48 = — 1 z pPY (12)

2 (217 + 1) (21 + 1) r

g8
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whence:

s T°.T :
Py (234 + 1) _2 k (e, ) (13)

. 2
T (21l + 1) (21o + 1) A< n

For protons incident on an even nucleus such as

58

Ni one as:

s T r (2, +1) 4
_PY 1 = ¥(w,=) ‘ (14)
T 12 n

Arguments pertaining to the relative values of

Fp and r, are given in (Bu.,Go.,57). They conclude

that for resonances below 1.5 Mev, the assumption that

Tp >> TY breaks down at leasp for some resonances.

Since all the resonances below 1.3 Mev are relatively
weak it appears reasonable to assume that for most

of these resonances rp < PY. So that for all strong
resonances between 1.3 Mev and 1.5 Mev and all

resonances above 1.5 Mev equation (14) becomes:

pX FY,(2J1 + 1) L Xk

== — y(w, ) (15)
A n
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from which one can oBtain the total gamma ray width if
Jl, the spin of the resonant compound state, is known.
This also requires a calculation of the center of

mass wavelength of the incident proton, a knowledge

of the stopping power and a knowledge of the number

of reactions per incident proton.

The number of reactions that occured may be
calculated by making use of the fact the 590u resulting
from the proton capture on 58Ni is B+ active with
a half life of 80 seconds. 10.9% of the 8" decays
populate the 1303 kev level of 29Ni while 7.8% of the
8T decays populate the 878 kev level. Both levels
decay by gamma ray emission to the ground state. Thus
the number of reactions N¥*, i.e. the number of 59Cu

nucleus formed, is given by:

© I(1303) x 100 1(878) x 100 (16)

N=

¢(1303) x-10.9 <(878) x 7.8

where I stands for the number of counts in the integrated
peak and e stands for the absolute full energy peak
efficiency for that given energy. The number of

protons corresponding to N*, for a given resonance,
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was measured by a current integrator.

The protons incident on the target produce
secondary electrons which may result in an over estima-
tion of the current. To prevent this one must apply'

a suppressor bias in order to prevent electrons leaving
the target. However this was not done when the

spectra were obtained and used for the partial width
calculation. More information on the effect due to
secondary electron emission was obtained from further
measurements made on the 1424 and 1844 kev resonances
with another thick target in a different target
chamber. This time a suppressor bias of -300 volts was
applied. This bias would have been sufficient to repel
all secondary electrons see (Kr.,Ni.,Ba.,6l).
Unfortunately analysis of the data indicated thaﬁ

even before beginning accumulation of the spectra

'a short circuit had rendered the suppressor bias
ineffective. In spite of the different geometry

the measurements of y(w,=) for both the 1424 and the
1844 kev resonances repeated within 25%. In order to

correct the measured current, I the data on

meas.?
secondary electron emission for Hl+ jons normally

incident on conditioned thick targets of Ni obtained by
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B. Aarset et al. (Aa.,Cl.,Tar.,54) was used. A smooth

e

curve drawn through their data points gave the true
value of proton current, I(Hl+), for the different
resonant proton energies studied, see figure 8.la.

The word conditioned used above means that the target

was subject to a period of bombardment before any

charge collection measurements were performed. This
conditioning period is essential. Contamination and
adsorbed gases increase secondary electron emission

and must be minimized. Hence the nature of the target
surface is critical. The conditioning period was

found by B. Aarset et al. to be two to. three hours with
several microamperes of current. The fact that the
measurements of y(w,=) repeated within 25% indicapes

that targets were well conditioned and that secondary
electron emission from 19F contamination was not that
important. However the correction due to this contaminant
introduces an unknown uncertainty into the calculations

in which the value of y(w,») is used. As can be seen
from spectra (sée section 8.2) several gammé ray

peaks can be 1identified as due to proton capture on

Cu and Zn isotopes. This obviously indicates an

additional uncertainty in the number of protons hitting
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the target. The first spectrum obtained for the 1424 kev
resonance is one of those and yet the repeated resonance
which did not have these peaks gave a value for the step
in the thick target which is in agreement within 25%

of the previously established value. Out of the 25%
uncertainty, 12% can be attributed to measurement of

%, thus indicating an uncertainty of about 13% in the

‘measurements of I(H1+).

Shown in table 8.la are the calculated integrated
cross-section which are compared with the previous
estimation of Butler and Gossett. Comparison of the
results show in several cases a descrepancy larger than
a factor of two, which was the estimated uncertainty of
Butler and Gossett. The resulting partial gamma ray
widths are given in the table. A spin between pafentheses
indicates that it is not fully establiéhed but is suggested
tentatively from the decay of the resonance levels as
discussed in the subsections of section 8.2. These spins
are assumed in order to obtain an order of magnitude
for the values 5f the partial gamma ray widths. The
experimental partial gamma ray width for some transitions
is given in Weisskopf units in table 8.1b. The average

value of IMI? for transitions shown is 0.04 W.U. which
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maf be compared with Wilkinson's most probable speed
of 0.15 Weisskopf unit (Wi.,56) for magnetic dipole
transitions in light nuclei (A < 20) with a spread
of a factor of twenty either way. The radiative widths
calculated by Weisskopf assume one particle of spin J
making a trasition in an infinitely massive and uncharged -
potential well and ending in a final state of zero
orbital angular momentum. Because of this simplified
model it is expected that observed transitions strengths
will vary widely relative to Weisskopf's single particle
strength estimates.

Values of |M|2 greater than unity usually indicate
collective effects which tend to enhence the speeds
of transitions since for cbllective effects we must
multiply the one parﬁicle matrix representing the
transition by the number of particles needed for a
full specification of the states between which the
transition takes place.
8.2 BRANCHING RATIOS

Branching ratios for the 947, 1100, 1376, 142k,
1716, 1833, 1844, 1883 and 1923 resonances of the
58Ni (p,v) 59cu reaction have been determined from

125° spectra obtained with the Ge(Li) detector. The
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decay of some of theée can be compare with previous
58y4 (p,v) 59cu work.
8.2a THE 947 KEV RESONANCE (Ex = 4.350 Mev)

The spectrum at 125o of the 947 kev resonance is
shown in figure 8.2a. Table 8.2a gives the data obtained
from the 94,7 kev spectra and the resulting decay
for the resonance level is shown in the summary figure
which is figure 8.2k. The decay of the resonance level
populates a 1837 kev level which is probably that

observed previously only in the 58Ni (d,n) 590u,

58n3 (3He,d) 5%y stripping

see (Ma.,St.,67), while the
reaction has not populated that level, see (Pu.,Ro.,Ho.,67).
A1l non-background gamma rays are accounted for.
8.2b THE 1100 KEV RESONANCE (Ex = 4.500 Mev)

The spectrum at 125° of the 1100 kev resonaﬁce
is shown figure 8.2b. The data of the analysed spectra
is shown-in table 8.2b and the resulting consistent
decays scheme shown in figure 8.2k. Three branches
have been established: a strong ground state transition
and two weak branches to the first excited level and
to the 2263 kev level. The strong branch to ground
suggests a spin of 3/2 or 5/2 for the resonance levél.
In tables oﬁ data for each fesonance a star against

a gamma ray energy indicates an unexplained non-background

gamma ray and given in the transition column corresponding
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figure 8.2b

52
U
'ESONANCE 125 degree SPECTRUM (2 HOURS AT 45 MICROAMPS )

)
R

,V
V

60%

0722 — -

0912

*H°d goge -

o San? u,_

18 W g v

Cgaa*

o e |

&

gogz "3
et
)

%

it

26T

_-,D.H..h‘zg_[--_.:__._..-_._

A

. e b a1 T

‘D' 6KT e

960 Ty

.

"".'A'.;I\-IAJ;’A,&_

e

PR ——— ]

( 3) . 03.[9 ds_t—

(0) Léwy -~

-a { (0) 2Suy -
(0) glih--—

0

78

(0) GO0t

(2) Léuk

(2) 2Sun—
(e) gih——

*o°d + (2) ek

CHNL NO

(3L99um.#ﬂ-~4:"
(2)_ e N

1680

CHNL NO

SLN10D

SLNAOD

1800




49

.

ASY 00$H =&

ST =+ 16670 (0) 09T G0z 67 - 692

ST ¥ TA M) (0) o%t L6

ST = L7S°0 (0) 9¢€2 2ES T

e+ ™S’ 0 (0) ote 9T Tx 96T - 82TE

oc = 14E°0 (0) ST2 BETTx

0¢ F 252°0 (0) 0$T 02 TTx

ST F T6T°0 (0) 06 80T T

ST = €5T°0 (0) 96 0LOT: 96T ~ OY0€

ST + 0T6°0 (0) 921 GE€OTx

6T ¥ KA (0) oge €96

ST ¥ ¢te 0 (0) 08T €68 x

6T ¥ 12€°0 (0) 6L¢ TL9 = 69¢2 ~ 0%0€

0¢ ¥ 90%°0 (0) 0$9 019 =

€1 F $8€°0 (0) 00T €922 0 - €922

€T F . 2ESTo (0) o%t ogee €922 - Nm .

- == (0)_ 08¢ 6 0 - T6%

¢T 7 TIS°0 (0) €9 S00% 6 -~ g

L ¥ L€ (0) L6€ L6 0 « Tm

% TV ( Aiisuatu SLNNOS A € F >ov> ILISNVY
: ~“OTIX

% g0T (RHSUMU) T | g yyoginy | AN E F (ho¥) 3 NOILISNVYL
8¢ g 91qel ¢ A9) -Q0TT umm

)




so=

50

t0 each unexplained gamma ray energy is given a possible

source of that gamma ray. Eight of the unexplained

‘gamma rays of table 8.2b correspond to gamma ray

energies obtainable from radiative proton capture
on.Cu and Zn isotopes while only four correspond to
energy differences between the known levels of

59Cu up to an energy of excitation of 3128 kev 'as shown
in table 8.2b. A most probable explanation is that
for the off resonance spectrum the proton beam was
well focussed on the target while for the on resonance
run the beam was not so well focussed on the target
and was hitting the brass target chamber hence giving
rise to gamma rays which did not appear in the off
resonance spectra and as such could not be identified
as background gamma rays. '

g8.2c THE 1376 KEV RESONANCE (Ex =1.767 Mev)

The 125o spectrum of the 1376 kev resonance is
shown in figure 8.2c. The data of the analysed spectra
are given in table 8.2c. Figure 8.2c! compares the
results of the present work with the previous
58y; (p,v) 59cu work of Butler and Gossett (Bu.,Go.,57).
The dashed line with strength [2] indicates that a

transition,to the 1383 kev level is not observed in the
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E§=l.376 kev figure 8.2c!
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125° spectrum and is less than 2% of the total decay.
Butler and Gossett estimate their uncertainties in

the branching ratios to be % 10% of the total decay
while a maximum uncertainty of 15% in each branch of

the decay is estimated for the present work. The
transition to a 2.00 Mev level determined by Butler and
Gossett is most probably the transition to the 1.988 Mev
level of the present work. The uncertainty in the

energy levels found is x 4 kev, while in the previoué
work done with a NaIl (Tl) detector an uncgrtainty of

+ 20 kev is quoted. Although-the primary gamma ray

(or rays) feeding the possible 1383 kev level was not
observed, the 1383 kev gamma ray is exceptionnally listed
as a gamma ray of the decay corresponding to a transition
between the 1383 kev level and the ground state 6f 590u.
This exception was made since the level was previously
reported to be populated by this resonance by Butler and
Gossett and in addition the 90O spectrum of this
resonance showed a weak péak having the same energy

as that of the primary gamma ray feeding the 1383 kev
le?el from the excited state. Even though the cascade

is consistent in energy within experimental uncertainties

the consistency in the intensity could not be checked
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because of unknown attenuation effect at this angle.
Three other unexplained non-background gamma rays
are listed, two of which correspond to energy differences
bétween known levels of 590u up to an excitation
energy of 3128 kev. The necessary primary gamma ray
feeding the 3040 kev level 1s not observed so that the
origin of the gamma ray leaving the 3040 kev level and
the gamma réy in cascade with it are classified as
unexplained.
8.2d THE 1424 KEV RESONANCE (Ex = 4.817 Mev)

The 1250 spectrum for 142, kev resoﬁance is
shown in figure 8.2d and the analysed spectra tabulated
in table 8.2d. A compapison with previously established
decay of the.resonance level is given in figure 8.2d4°.
The transitions to the 1383 and 2319 levels are not
observed but are both less than 1% of the total decay.
The secondary gamma ray ffom the most probable 1383 kev
level to ground was however observed. Additional transi-
tions have been observed to the second excited level
and to the 1988 kev level. The two most intense lines
are to ground and to the first excited state. Four
ﬁnexplained hon-background gamma rays are listed in table
8.2d and their possible origin from transitions between

the known levels of 59Cu are given.
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Ep-’-‘ 1.424 Mev figure 8.2d'"

BUTLER-GOSSETT : PRESENT WORK
JTT Ex
_ . (Mev)
3/2  4.820 . L.816 : :
‘ . |
| [
| |
% 35 50 10 5 % 30 549 [1] 7 [1]
|
I
! |
' |
' |
I |
' |
| |
| |
I |
. | l
(3/27) 2.32 2.319 |l ¢
%
1.987 :
|
|
1
) | &
(5/2) 1.38 1.383
5/2° 0.915
1/2° 0.491 0.491
3/2" 0 , 0 :
59CU. 15901,1
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8.2¢ THE 1716 KEV RESONANCE (E_ = 5.107 Mev)

Figure 8.2e shows the 125° spectrum. Table 8.2e
lists the data after analysis of the spectra for
this resonance and figure 8.2e! gives a comparison
with the previous study. A transition to the 2319 kev
leQel is not observed and is less than 2% of the total
decay. Again two additional branches have been
observed; to the first excited state and the 1988 kev
level. The most intense two lines are to ground and
to the second excited level. The 1988 kev gamma
previously observed in the 1376 and 1424 kev resonances
shows a strong angular dependence. It's intensity
.is approximately 80 integrated counts at 125° increasing
to 290 integrated counts at 90° for the same charge
collection. A descrepancy of 17% in the intensify
between the primary gamma ray feeding the 1988 kev
level from the resonance level and the intensity
of the secondary gamma ray leaving the 1988 kev level
and going to ground is observed. There are three
unexplained noﬁ—background gamma. rays, only one of
which corresponds to three possible transitiﬁns
between known levels of 59Cu. The three transitions

are: 3128 - 2263, 2699 - 1837 and 2263 — 139.
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Ep= 1.716 Mev figure 8.2e"
. BUTLER-GOSSETT PRESENT WORK
g7 Ex ' Ex .
(Mev) {(Mev)
3/2° 5.107 5.107 ,
|
|
I
|
% 65 30 5 % 43 12 35 10 [2]
|
I
l
|
I
|
' . l
(3/27) 2.32 - 2.319 ¢
1.988
5/2~ 0.908 . 0.915
1/2" 0.490
3/2° 0 0
3 9% 59%u
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g.2f THE 1833 KEV RESONANCE (Ex = 5.222 Mev)

The spectrum at 125° is given in figure 8.2f
and the analysed data obtained from the spectra of
this resonance 1isted in table 8.2f. The resulting
decay scheme is given in the summary of figure 8.2k.
There is evidence of a 1398 kev level. Two gamma
rays of energy of 914 and 3627 kev indicate that
the 914 and the 3627 kevAleveISuafe populated. The
intensity of the primary gamma ray feeding the
4533 kev level is three times smaller than the
intensity of the cascading gamma ray gecing to ground.
Since this is unlikely it can only be said that the
4533 kev level is populated by this resonance.
However it is impossible to fit them into a consistent
decay scheme. The 914 level is not mainly fed |
directly from the resonance level since no indication
. of the primary gamma ray leéving the resonance level
is observed even with an expected observable second
escape peak intensity (approximately 80 counts) if
population occﬁfed only from the resonance level.
also unobserved even with an expected strong intensity

(approximately 280 counts) of the full energy peak.
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The number of integrated counts listed in table
8.2f for EY = 1398 kev could possibly have a background
contribution of approximately 25% since a gamma ray
of this energy appeared in the background spectrum
which was taken approximately 15 kev above the 184L kev
resonance. However this background gamma ray did not
appear in the 1844 kev resonance and since the 184L and
1833 kev resonances are only 11 kev apart the 1398 kev
gamma ray would be expected to appear in both the
1833 and 1844 spectra. Further the consistency in
the intensity and energy of the cascade is good.
In summary there is substantial evidence for the
existence of a new level at 1398 kev. Independent
experimental evidence for the existence of a close
doublet at this excitation energy was obtained by
Blair (B1.,6.4). Because the resonance is weak and
does not. decay to any of the known lower 5/2 levels
the spin of the resonance level is expected to be
high, probably 7/2 or higher.
8.2g THE 1844 KEV RESONANCE (Ex = 5.233 Mev)

A consistent decay scheme of the 1844 kev resonance
level is shown in figure 8.2g' while the spectrum at

125° and the tabulated data are given in figure 8.2g
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1.844 Mev
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and in table 8.2g respectively. The decay of the
resonance level is characterized by a strong decay
to ground. The transition to the 2319 kev level previously
reported by Butler and Gossett is not observed and is
less than 1% of the total decay. Three additional
transitions are observed; two weak gamma rays to
levels at 494 and 2260 kev and a weak transition
to the 3453 kev level. The strength of the line to
the 3453 kev level is less than 1% of the total decay.
However the 90° spectrum clearly shows that the transition
occurs. Three unexplained gamma rays were observed
at 807, 1563 and 1729 kev. The energy of one of these
is consistent with known energy differences between
established levels in 59cu below 3128 kev.
g.2h THE 1883 KEV RESONANCE (E, = 5.269 Mev)

The spectrum at 125° is shown in figure 8.2h.
The analyzed data obtained from the spectra for the
1883 kev;résonance.is listed in table 8.2h and a
resulting decay scheme for the resonance lével is
shown in figuré 8.2k. As in the case of the 947 kev
resonance a level at 1837 kev level reported previously
only by Marusak and Stelson via the 58y (d,n) 59%cu
reaction (Ma.,St.,67). The intensity of the 1291 kev

gamma ray'resulting from the 3128 - 1837 transition
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iﬁ 590u was obtained by subtraction of the contribution
due to a similar transition in 59Ni which was calculated
from the intensity observed for the 878 kev peak in
59Ni. Several non-background gamma rays remain
unexplained one of which corresponds to energy level
differences in the known lower levels of 59Cu. The
decay of the 5269 kev resonance level is predominantly
to ground and to the first excited state, this suggest
a spin of 3/2 or 5/2 for the resonance level.
8.2i THE 1923 KEV.RESONANCE (Ex = 5.297 Mev)

The spectrum at 1250 for'the 1923 kev resonance
is shown in figure 8.2i. The tabulated data and a
resulting decay scheme for the 5.297 Mev level are
given in table 8.2i and figure 8.2k respectively.
The decay is predominantly to the second excited
state with spin and parity 5/27, but de-excitation
gamma rafs show that the 1837 kev, the 2913 kev
and the 491 kev levels are also populated, although
fhe primary transitions are unobserved. The decay
suggest a 3/2 or 5/2 spin for' the resonance level.
As for the 1837 kev levél, the 1965 kev level populated
b&'this resonance has been observed previously only

" by the 58Ni‘(d,n) 59cu reaction. The 90° spectra shows
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a weak primary gamma ray feeding the 3709 kev level
in 59Cu. The cascade gamma ray to ground would be
masked by the 3707 background gamma ray.
8.23 DECAY‘OF LOWER LEVELS

Information on the de-excitation of four of the
lower excited levels was obtained. Results are shown
in figure 8.2j. Previous worker have established
the spins and parities of ﬁhe 2319 and 3128 kev levels
to be 1/27 or 3/27. 1If they are both 1/2° rather than
3/27, then the felatively strong transitions from
the levels to the 5/2° second excited state most
probably would be electric quadrupole in character
which would be consistent with the levels being due
to collective excitation.
8.2k SUMMARY

All of the resonance levels studied were observed
to decay directly to both the ground state and the
first excited state with the exception of that at
Ep = 1833 kev and Ep = 1923 kev. Three of the resonances
(Ep = 1376, 1424 and 1716 kev) decay also to both
the second excited state and the 1988 kev level. The
1833 kev resonance level which has its strongest

branch to a possibly new level the 1398 kev level.
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The decay of the 947 ‘'kev and 1883 kev resonances
confirm the existence of a level at 1837 kev excita-
tion of energy. This level being previously observed
only in the (d,n) stripping reactions. The 1923 kev
resonance level populates a level at 1965 kev which
has been observed previously only in (d,n) reactions:
also.

In table 8.2k are given the level positions
in 59Cu as established by the present radiative proton
capture work. A star indicates that the leyel is not
fully estaﬁlished but that there is evidence.that
the level is populated. Are also given the corresponding
energy levels as observed in (d,n) and (3He,d) stripping
reactions.
8.3 BACKGROUND GAMMA RAYS

Listed in table 8.3 are the main background gamma
rays which result from proton induced reactions for
the resonant proton energies of 58Ni studied. Not
listed are those background gamma rays which can be
classified as room background such as the 1461 kev
gamma ray resulting f{rom the positron decay of 40 K
to- the first excited state of kOp and the 2615 kev

gamma ray of thorium. As can be observed from
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table:8.2k

(1as,50067) | (Pucfor fi. 67)|  Present Vork
E, (kev) E, (kev) E, (kev)
479 497 491.8 & 1
895 921 0lL.5 = 1
1375 1501 1383 % 1
1398 =+ 4
1837 1837 % 3
1962 1965 % 4
1988 = L
2299 2275 2263 & 3
2369 2325 2319 = 3
2913 #2913 = 4
3023 3046 #3040 & 4
311k 3134 3128 & 3
3427 3453 3453 £ &

3654 3627 3627 £ 4
4358 4353 k353 3
L4L97 = 3
4550 2,550 + 4
k777 L767 x4
4846 4817.6 + 1
5107 L
5222 & 4
5248 5233 & 4
5270 % 4

5297
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.Backgroud y- rays

table 8.3

Ep(kev)

- Reaction,

E (Mev)

EY(MeV)obs.
+ 4 kev

9L7

ZJNa (p,p') “INa

O.444

O.441

19 (p,p')19F

1:347

1.35

L. 415

Loy (p,ay) 12¢

L.L3

L.L26

- b 452

L .60

L.956

19, ) 16

(p.ay 0

6.129

6.129

1100

0.991

1.290

“INa (p,Y) éhMg

1.366

1.369

1.716

" 2.160

L.24L

L% (p,av)*?c

L .43

4.418

L.431

hok5S2

L .60

I9F (p,ay) 100

6.129

6.129
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- Background y-rays table 8.3 (continued)
E Mev)obs.
+ 4 kev
0.842 -
945
.969

400

537
.209

.586
.221

470
.512
.632

E (kev) .Reactioﬁ . - EY(Mév) Y(

P
1376 | ©5cu (p,y) %z 0.83

Yy (p,v) Y00 1.39

797
.129

olElele e | slwiw || oo

9F  (p,av)ibo

.810
.835
.990

1424

%5cu (p,vy) %zn .83

6671 1.040 .040
315

.367

(p,Y)

23Na (p,y) 2hMg 1.366

A11
.635

Yy (p,v) 0 1.39
23Na (p,ay) ““Ne 1.629

oM+ | Pl | Oolo|oO

.129

(p,oy) o 6.129
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table 8.3 (continued)

E (kev) Reaction E. (Mev) EY(Mev)obs.
P Y + L key
1716 0.740

0.788
1.370
23Na (p,CY.Y) QONe 1.629 1.634
B¢ (p,y) 3.53 . 3.525
- 4.290
4 .928
19 (p,ay)t% 6.129 6.129
1833 0.722
0.996
650u (p,v) 662n 1.040 - 1.044
Yy (p,v) o0 +1.39 1.400

<3 <0 1.629 6
Na (p,ay) “"Ne 1.632
5,066
PF  (p,ay)%0 6.129 6.129
9%  (p,a )% $6.129 6.129
1883 | 0.996
55¢cu {p,v) 50sn 1.040 1.041
1.092
1.792
3.680
5.294

A . 6.129 6.12
19 (P,aY)160 ?
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‘Background y-rays table 8.3 (continued)

EY(Mev)obs.
+ L kev
.838
977

992
.002
635

0
0
0
1
1
N (pay) e L .43 L L,
- 5
5
5
5
7

tx

Ep(Mev) “Reaction Y(Mev)

66

1923 | %%u (p,y) ®Pzn 0.83

23Na (p.ay)?One 1.629

.033
.081

460
.129

19 16 6.129

(p.ay)

.194
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téBlé 8.3 and the spectra most of the main'background
gamma rays are due to well known contaminants:
12’130, ;4’15N and 19F, these are the main'sources

of background gamma rays in proton induced reactions.
Also abserved are gamma rays whose energiés correspond
to transitions following proton induced reactions

on 63’65Cu and 64’662n. These would result if the
proton beam is not adequately focussed and aligned
along the axis of the target chamber and partially
scrapes the brass walls of the chamber. These background
gamma rays could be reduced by better monitoring of
where the beam goes and what it looks like at different
places along the beam line; in particular near the
target chamber. Monitoring could be done electrically
or (and) by using quartz-viewers; Plating with gold

on the inside of the chamber would eliminate small
shadow or reflection effects. As for background gamma
rays originating from contaminants the problem is more
serious. The ;9F contamination was observed to be

~due to a continuocus build up of fluorine on the target
and target chamber. It was found that a thorough
Qatér cleaning reduced the fluorine background by a
factor of 10. The source of the fluorine contamina-

tion is attributed to the leaking of the insulating gas
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SF6 of the accelerator pressure vessel into the

system. The potassium cyanide, KCN, used in the

gold plating solution for electroplating gold on the

target backings is a source of gamma rays due to

rgactions in nitrogen and carbon. No carbon build

up was noticed.

8.4 CALCULATION OF THE Q OF 58Ni (p,v) 590ﬁ REACTION
The Q value for radiative proton capture in the

laboratory coordinate system can be written as:

Q = EyO + Erp + EryO -'EP (17)

where EyO is the energy of the ground state gamma ray
or the sum of any cascade leading to ground, Erp is
the recoil energy of the residual nucleus due to proton
capture, Ery0~is the recoil energy due to gamma ray
emission and Ep is the energy of the incident proton.
Accurate energy measurement of the so-called 1424
and 184. kev resonances was made by Bondelid and
Kennedy (Bo.,Ké.,59) using electrostatic analyser and
deflection at 90°. They determine the energies to be
1424.1 + 0.7 kev and 1843.7 £ 0.9 kev respectively.

The unshifted energy of the ground state gamma ray
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for ‘both resonances was measured with the Ge(Li)
; . - spectrometer and found to be 4817.4 + 1 kev and
5233 + 3 kev for the 1424 and 1844 kev resonances
respectively. Ep and EyO being well determined the
two other terms of equation (17) were calculated.
For calculating Erp term the mass of the 590u isotope
was obtained from the atomic mass table of J.H.E.
Mattauch (Ma.,Th.,Wa.,65). The best calculated value
is Q = 3417.5 + 1.7 kev the weighted average value is
Q = 3418.5 + 2.4 kev. Both values are in agreement
within experimental uncertainties wiﬁh the falue
obtained by Butler and Gossett which is 3.42 + 0.02 Mev.
g.5 DOPPLER SHIFT |

One of the techniques used to determine nuclear
lifetimes is the Doppler shift attenuation method. If a
gamma ray is emitted by a moving nucleus its detected
energy will be dependent on the velocity of the_nucleus.
If this velocity can be changed continuously in a
known way between the formation of the excited nucleus
and the decay, one can in principle measure a lifetime.

The usual way is to slow down a nucleus, formed
by a particle reaction, by letting it recoil in the

target material and/or backing. If the lifetime 1s
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longer than the time it takes the nucleus to come
to rest, the gamma ray energy is independgnt of
direction. This will give a lower limit on the
lifetime. Likewise if the decay is very fast the
full shift will be seen since the nucleus will not
have had time to slow down. This will give an
upper limit. For the case when the gamma ray is
emitted with the nucleus in motion one will observed
an attenuated Doppler shift, from which one can, in
principle deduce a value of the lifetime.

If the excited nucleus is formed by radiative
capture, the energy of the emitted gamma ray at an
angle 8 with respect to the direction of the beam

(i.e. the direction of recoil) is given by:

E(e) = Ey(1 + ¥ cose) (18)

o]

where\EO: unshifted gamma ray energy
v: velocity of recoiling nucleus
¢c: velocity of light.
If the velocity of the recoiling nucleus is
decreased between capture of the incident particle

and the decay, the Doppler shift will be attenuated.
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The fractional change in the gamma ray energy is:

pE(t)  B(0) - By  v(t)

cosh (19)
E - EO I ‘

where v(t) is the velocity at a time t. The number of

nuclei that decay at anytime t, per initial nucleus, is:

n(t) = e~ o/ (20)

where 1 is the mean life. Therefore the change of the
number of excited nuclei in a time interval dt

following t is:

t/T

. e”
d n{t) = ~ —— dt (21)

and the number of gamma rays emitted is:

_ t/7
- d n(t) = —— dt (22)
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This means that the average fractional change is:

- t/'r v(t)
T

€

AE
Eg

0= 8

cosd dt (23)

so that the average energy of a gamma ray emitted at

an angle 8 is:

l = v
B(o) = By [1+ (5 [ o /T v(t) at) -2 cose] (24)
)\ |
or:
- ' Vo
E(0) = Ey (1 + F(r) —= cose) (25)
where:
Flr) = 2= [ & ¥/7 v(t) at (26)
0 o .
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and vy is the value ‘of v(t) at t = 0. v(t) depends
on the material in which the recoiling nucleus is
slowing down, on the initial velocity and on the
recoiling nucleus itself. The change in velocity

is related to the energy loss as follows:

dv _dE -
MEE = dx (27)

here M is the mass of the recoiling nucleus. A
sufficient approximation is to take the enérgy loss
of the moving particle to be proportionél to the

velocity that is:
T  (28)
the aone equation gives:
v(t; = vy e t/a (29)

is called the characteristic slowing down time. This

is usually of the order of 10713 second. Experimentally
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it is found that o differs little for different ions

slowing down in the same material., However, a depends

upon the material in which the ions slow down.
Substitution of the expression for v(t) into

F(r) gives:

F(r) = —5— (30)

If 7 is approximately o«/10 then F(r) is approximately
0.9 which is difficult to observe experimentally.

This is the reason why attenuated Doppler shift
measurements are useful only for determinating half
lives roughly between 10—11 and 10—1LP second. For
lifetimes outside this range it is usually possible
only to place limits on the lifetime. Ge(Li) detectors,
because of their higher resolution, make it possible

to detect much smaller shifts than was possible

with NaI (T1l) detectors. This means that smaller
recoil velocitiés can be used and a greater range

of lifetimes measured. In order to deduce the lifetime
frqm an observed value of F(t) a knowledge of the
slowing down mechanism of particles moving through

matter is important. The mechanism by which slow
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moving ions can lose energy is:

1) by collisions with electrons
2) by collisions with atoms

The collisions with the atom not only cause a loss in
energy but also a change in direction of the recoiling
nucleus which will influence the detected Doppler-Shift.
Blaugrund (Bl.,66) has shown that the change in

direction is usually more important than the energy

loss due to atomic collisions therefore F(r) is now:

F(r) = V%? T v(t) {(cosd) e~ t/x dt (31)
o

in which {(cos®) is the average value of cos? at a
time t. & 1s the angle with the initial recoil
direction. Recalling that average value of gamma

ray emitted at an agle 6 is:

v

E(o) = B(90°) [1 + Flr) ~2 cose] (32)

The observed shift between two measurements performed

at 0° and 90° is:




9L

E(0°) - E(90°) = B(90°) F(r) -2 (33)

so that an experimental value for F{(T) can be
determined by measuring E(90°) and E(0°) - E(90°)

which would give:

=10 = (e}
F(r) = B0 - E(507) | (34)

where AE = E(90°) %9 and is the full shift which can
be calculated, or measurement at several values of 8§
allows F(T) to be deduced from a plot of EY against
cos6b. In the case of proton capture on a nucleus of
atomic mass number, A, the initial recoil velocity

VY0 can be calculated from:

PMvg? = E /AL (35)

where Ep is the incident proton energy and M is the

mass of the compound excited nucleus.
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Doppler shift data was obtained for the Ep = 1421 kev
resonance level from the analysis of the spectra
accumulated while attempting the angular distribution
previously mentioned in section 4.4. Using a thick
target (approximately 20 kev), the ground state |
gamma ray shdwed an observable shift, for measurements
performed at 0° and 90°, of about k4 kev. Which is
approximately the full shift value. The data was
corrected for electronic drifts by using the 511 kev
anihilation peak and the second escape peak due to
fluorine as internal energy calibration poiﬁts. The
resulting data is shown in figure 8.5a and shows
clearly the observed shift. A full line corresponds
to the position of the first escape peak plus 511 kev.
The data was not corrected for changes in the |
non-linearity due to electronic drifts since a drift
of 10 channels would at maximum produce a change
.05 channels in thé non-linearity. The value of
the observed gamma ray energy E(p) at each angle was
obtained by doing a weighed average of the full energy
peak and its escape peaks. The weighting factor being
the square root of the number of integrated counts of

each peak. Plots of E(8) as a function of cos® were
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~done and are shown in figure 8.5b and figure 8.5c

for the‘ground state gamma ray and for the gamma

ray going to the first excited level respectively.

The values of F(r) so obtained are F(7) = 1.05 % :8%
for the ground state transition and F(r) = 1.02 = :83
for the transition to the first excited level.
Calculations of F(r) as a function of Tt were done
using a program develépped by A. Lachaine which uses
the Blaugrund formulation for calculating F(t). The
resulting curve is shown in figure 8.5d and gives

T < 2 x 10717 second. The total partial gaﬁma ray
width, FY, calculated for this resonance in section 8.1
gives 7 = 1.3 X 10712 second. The uncertainty in rt is
- 15% for the Doppler shift result and the uncertainty

in r from the partial gamma ray width calculation

was estimated to be + 25%.
9. DISCUSSION

9.1 THEORETICAL

The simplest core excitation model predicts
a low lying quadruplet of states in 590u with
J" = 1/27, 3/27, 5/27 and 7/2”, formed by coupliné
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the odd 2p4 /5 protoﬁ to the first excited one

phonon 2V state of 58y . However (3He,d) stripping
reactions‘show spectroscopic strengths for most

of the low lying states of 590u which have large amounts
of 2p and 1f single particle strengths (Bl.,64),
(Mo.,Sc.,66), (Pu.,Ro.,Ho.,67).

These observations are more consistent with
extended models, such as the unified model of Bouten
and Van Leuven (Bo.,Va.,62) in which a 2P3 /25 Zpl/2
and lf5/2 proton is allowed to couple with the ground,
one and two phonon states of the Ni-core.

The 28Ni (3He,d) >9tu work of Pullen and Rosner
(Pu.,Ro.,Ho;,67) leads them to suggest that 1.40 Mev
and the 2.27 Mev levels are the only two candidates
for the expected 7/2° state at around 1.3 Meﬁ of
excitation predicted by the calculations of Bouten
and Van Leuven. From the presenﬁ work the decay of
the 947 kev resonance level corresponding to Ex = L.351 Mev
with J"7 = 1/27 shows a 19% branch to the 2.263 Mev
level; +this rules out the 2.27 Mev level as being a
candidate for the expected 7/2” state since the
favored type for this transiﬁion would be an M3 which

is most unlikely. Blair (Bl.,6L) has suggestéd that
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more than one level may be excited at around 1.40 Mev.
However this is not apparent from Pullen & Rosner's
study since no state is observed in the deuteron
spectrum with a separation greater than 15 kev from
the known level at 1.401 Mev. The present 58Ni (p,v) 5%
work shows that two levels do actually exist in this
region of excitation one at 1.383 Mev and one at

1.398 Mev. The 1.398 Mev level is populated strongly
only by the 1833 kev resonance. This resonance is
very weak and is observed to populate only three
ievels: (52)% to the 1.398 Mev level, (32)% to the
3.627 Mev level and (16)% to the 4.550 Mev level. All
three levels are of unknown spins. As mentioned
previously in section 8.2f, because it is very weak

" the 1833 kev resonance is probably a high spin stéte.
This would indicate that the 1.398 Mév level is also

a high spin state, possibly 7/2. Since the 1.383 Mev
level was observed to be weakiy populated only by

the 1376 and 1424 kev resonance levels which both have
a spin of 3/2'bthe spin of this level is most probably
5/2. The lével positions: and the arguments pertalining
to ‘the spins of the 1.383 and 1.398 Mev levels are

in agreement. with the Bouten and Van Leuven unified
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‘model as shown in figure 9.1.

The de-excitation of all the resonance levels
studied are typicalnof single particle excitation
with the exception of the 947 kev resonance level
whose decay indicates collective effects.- This
resonance should have a fast M1l transition to
ground but instead it decays predominently to the
2.263, 2.319 and the 3.128 Mev levels which are
approximately at half the excitation energy of the
resonance level which is Ex = 4.351 Mev. This
suggests a 2 phonon collective state. An angular
correlation on these cascading gamma rays would
indicate if the above is true since they would have
to show a large E2 component with some M1 mixing.
So that the decay of this level suggests that the
4.351 Mev level is probably a proton coupled to a
2 phonon.state of the vibrating Ni-core while the
2.263, 2.319 and 3.129 Mev levels consist in a proton
coupled to a one:phonon vibrational state.

The transition strengths relative to the
Weisshopf estimate yield have an average value of
1M]2 = ,04 which is in no way indicative of collective

excitation. -However out of the nine resonant compound
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figure 9.1
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states formed, four have not been reported populated
in 98Ni (3He,d) 59cu reaction these are the excited
states corresponding to Ep = 1100, 1716, 1833 and

1923 kev. Hence showing some indication of collective
excitation at these energies of excitation.

9.2 EXPERIMENTAL

The use of a high beam current accelerator to
study reactions which have relatively low yields
can only be exploited fully under low backgrdund
conditions, since only then can full advantage be
taken of the high beam current. The resulfs obtained
from the present study show that alﬁhough much additional
information was obtained for 59Cu, a reduction of the
proton induced background would have been very
desirable and possibl& would have yielded additiohal
information.

The precise energy calibration now obtainable
with spectrometer system no. 2 can be exploited
usefully both ig Doppler shift measurements and also
in the determination of a decay scheme since consistency
of energy sums for cascading gamma rays is more
selective. The high resolution Ge(Li) detector

reveals more clearly the level structure of nucleil
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and gives more detail on the gamma ray decay of
different levels. Although theory can in many cases
barely explain more than the gross features of the
nuclear structure, the additional detailed information
obtainable with the Ge(Li) spectrometer is by no

means superfluous since the main features so obtained
are better established while the more detailed informa-
tion obtained may lead to a deepened understanding

of what processes are important in determining the

nuclear structure and its properties.
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