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Decay modes of analog states studied by the (*He, dp) reaction
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The (*He,dp) reaction was studied at 30-MeV bombarding energy on ®Ni, ®*Ni, and *°Zr. Protons were
detected in coincidence with deuterons at various angles, in and out of the reaction plane. Angular
correlations were measured between the deuterons populating analog states and the protons associated with
the decay of the analog states to several states in the final nucleus. Spectroscopic information is derived from
the analysis of the measured angular correlations on ten analog states: three in *'Cu, four in %Cu, and three
in °'Nb.

NUCLEAR REACTIONS %%, ®Ni, °Zr(*He,dp), E=30.2 MeV; measured coinci-
dence o(Ey, E,, 8,). Deduce spectroscopic information IAS in #:%3Cu, *'Nb, En-
riched targets. Calculate angular correlation function.
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I. INTRODUCTION

A state ]z[;)"Tr in an odd-A nucleus may be de-
scribed in the weak coupling model as a nucleon in
a single-particle state coupled to an even-even
core in the (0%) ground state or in an excited state.
This configuration can be written in the form

[9)7" = ] (01 py(l, )"
8192yl )"
+ 7102yl )+ e 1)

where ¢, is the core-state wave function and j, is
the single particle wave function. Only one orbital
angular momentum quantum number [ is allowed
for the nucleon when the core is in a 0* state,
while more [ values are allowed if the core is in a
state with higher angular momentum, subject to
the limitations imposed by parity and angular mo-
mentum conservation rules.

The coupling of the nucleon to the core ground
state can be measured by studying stripping reac-
tions, such as (d, p) or (*He, d), on the core nu-
cleus as a target. These measurements yield the
value of the spectroscopic factor @2. When the
state which is studied is the ground state of a sta-
ble nucleus, the other coefficients in Eq. (1) may
be measured in pick-up reactions such as (p, d) or
(d,%He). For other states (i.e., excited states and
ground states of unstable nuclei) this information
may be obtained through the study of the decay
properties of analog states, which are unbound to
nucleon emission. For states which can be de-
scribed as neutrons coupled to an even core, the
analog states will have the same structure, but
with a proton replacing the neutron in the parent
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states, and coupled to the same core. Information
on the various coefficients in Eq. (1) may then be
obtained by studying the proton decay modes of
the analog states.

The decay properties of analog states have been
investigated by two methods: (1) Studies of reso-
nance (p, p’y) reactions have been carried out on
a number of nuclei'*? and yielded very valuable in-
formation. These studies have been performed on
each analog state individually and are generally
limited to states populated through small (I < 2)
angular momentum transfers. (2) The analog states
have been populated by a direct (*He, d) reaction,
and the decay protons (p) have been detected in
coincidence with the outgoing deuterons. Several
states are studied simultaneously in this method
and states reached through large angular momen-
tum transfer are strongly populated. The two
methods may be considered, to some extent, as
complementary. Yet more parameters are mea-
sured in the (p, p’y) experiment and the deduced
information is, therefore, more complete.

Two early studies of the (*He, dp) reaction, in
which only qualitative information was obtained,
have been reported.®* This reaction has been
studied more recently®'® on Ti and Cr isotopes and
yielded more detailed information. In the present
work the (*He, dp) reaction has been studied on the
%Ni, %Ni, and °°Zr isotopes. - Protons have been
detected in coincidence with deuterons in various
angles, in and out'of the reaction plane, and spec-
troscopic information has been obtained for 10
analog states: three in ®'Cu, four in %Cu and,
three in °'Nb.

The experimental procedure used in the present
work is described in Sec. II and the results are
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given in Sec. III. In Sec. IV we describe the method
used for the analysis of the angular correlation in
order to obtain information on the decay modes of
the analog states. A model dependent analysis of
the structure of the analog states is given in Sec.

V and the results are discussed in Sec. VI. More
details on the calculation of the angular correlation
function are given in the Appendix.

II. EXPERIMENTAL PROCEDURE

A 30.2-MeV 3He beam from the C.E.N.-Saclay
cyclotron was used to bombard isotopically en-
riched ®Ni, ®®Ni, and °Zr targets. The thickness-
es and enrichments of the targets are listed in
Table I. The outgoing deuterons were detected at
a fixed angle (25° for the Ni targets and 30° for the
%0Zr target) with a AE — E silicon detector tele-
scope (600 u and 3000 u) coupled to a Chaivre-
type’ particle-identifier system. The protons,
which decay from the residual nuclei, were mea-
sured with a silicon detector, 450 mm? in area,
and 500 g in thickness. A similar detector was
placed behind these detectors, and served to re-
ject protons with energy greater than 8 MeV.

A time-to-amplitude converter unit (T.A.C.)
served as the coincidence unit between deuterons
and protons. A typical time spectrum is shown in
Fig. 1. The peaks labeled 1, 2, and 4 represent
random coincidence events of protons and deuter-
ons from two different beam bursts. The peak la-
beled 3 contains true coincidence events as well as
random coincidence ones, all from the same beam
burst. The coincidence spectra were stored, in
the memory of a P.D.P.-8 computer, as matrices
of 128 X256 channels. The data were collected by
gating on peak number 3, but some spectra were
also taken by gating on the other peaks and used to
correct the data for random coincidences. These
random spectra were found to be evenly distributed
over- the matrix so that the correction was small.
A monitor detector, set at a fixed angle in the
scattering plane, was used to trigger a pulser
whose pulses were fed through all the electronic
system'and stored in the matrix. A proper dead-
time correction was then performed with this pro-
cedure. The “singles’”-deuteron spectrum from
the (*He, d) reaction was collected simultaneously
with the coincidence spectrum and stored separate-
ly. The dead-time correction in the singles spec-

TABLE 1. Target thicknesses and enrichments.

Target isotope Thickness (ug/cm?  Enrichment (%)

60Ni 170 95
62Ni 130 . 95
Nz 620 97.7
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FIG. 1. Spectrum of time-to-amplitude converter be-
tween the deuteron and proton detector. 6} is the angle
between the beam direction and the proton detector.

trum was performed by the same method.

A geometrical arrangement for angular correla-
tion measurements, for which the correlation
functions are available in simplified forms® re-
quires that the deuterons should be detected at 0°
or 180°, Due to the experimental difficulties in
setting a detector at 0° and the very low cross sec-
tion for the (*He, d) reaction at 180°, we chose a
different experimental arrangement. The deuteron
detector was set at an angle at which the ratio be-
tween the yield from the (*He, d) reaction®'!° and the
total counting rate (due mainly to elastic scatter-
ing) is optimal. Protons were then detected at var-
ious angles in the reaction plane. The proton angle
is defined as the angle between the proton direction
and the direction of the compound nucleus, which
recoils after the (®He, d) reaction. The direction
of the recoiling nucleus is determined from the
kinematics. Proton measurements were taken at
10 angles for ®Ni, 3 angles for ®Ni, and 4 angles
for *°Zr, ‘

The angular correlation does not necessarily
have an azimutal isotropy in this arrangement.
Measurements of the coincidence spectrum with
the proton detector set out of the reaction plane
thus became necessary. The proton detector was
then mounted on a cone with an opening angle of
22°, whose symmetry axis coincided with the di-
rection of the recoiling nucleus (Fig. 2). Four

- measurements were then taken at 9, =22’ and azi-

muthal angles ¢,=0°50°,90°, 130°. These measure-
ments were carried out only on the %Ni target.
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FIG. 2. Schematic diagram of the experimental setup,

III. EXPERIMENTAL RESULTS

A typical deuteron-proton coincidence spectrum
(formed with some channel regrouping) is displayed
in Fig. 3. The data points are seen to concentrate
along kinematic bands, each associated with a par-
ticular state in the final nucleus. The width of the
kinematic bands is determined by the energy reso-
lution in each detector. The energy calibration was
done for the deuteron detector with the singles-
deuteron spectrum and for the proton detector with
a sources. The calibration was checked against
the kinematic band associated with the ground state
of the final nucleus. The kinematic bands for the
other states and for the 'C and '°0 contaminants
are extracted from three-body-kinematics calcula-
tions and are shown as lines in the spectra. When-
ever the proton angle is changed the positions of
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FIG. 3. Deuteron-proton coincidence spectrum for
the “Ni(*He, dp) ®'Ni reaction. 6} is the angle between
the beam direction and the proton detector.
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FIG. 4. Projections of the coincidence spectra on the

energy axis of the residual nucleus. 6§ is the angle
between the beam direction and the proton detector.

the kinematic bands are changed. A larger dis-
placement occurs for the bands associated with the
light contaminants. One consideration in the choice
of proton angles was to avoid overlapping of kine-
matic bands from the contaminants and the target.
When a line perpendicular to the kinematic bands
isdrawn in the spectrum and the data are projected
on this line, the energy spectrum of the final nu-
cleus (including the contaminants) is obtained.
Some projections of this kind are displayed in Fig.
4,

Each kinematic band was projected on the deu-
teron energy axis and spectra of these projections
are shown in Figs. 5—-7. The peaks in a spectrum
of this kind represent the decay from different
analog states to a single state (characterized by
the selected band) in the final nucleus. The sing-
les-deuteron spectrum from the (°*He, d) reaction,
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FIG. 5. (a) Singles deuteron spectrum from the
80Ni(*He,d)®1Cu reaction. (b)-(f) Projections of the kine-
matic bands in the coincidence spectrum of the 5Ni(*He,
dp)SONi reaction on the deuteron energy axis. The dashed
line indicates the assumed background. 8} is the angle
between the beam direction and the proton detector.

which was measured simultaneously, appears in
the upper part of Figs. 5-7. Each peak in the pro-
jection spectra was integrated. A smooth back-
ground was assumed in this integration. The num-
ber obtained was corrected for dead time and for
random coincidences. Although the total number
of random coincidence events is quite large (Fig.
1), these events are distributed almost evenly over
the whole matrix and their contribution to the bands
is therefore small. When this procedure is re-
peated for all proton angles, the deuteron-proton
angular correlation is obtained.

The results of the measured angular correlations
in the reaction plane are given in Figs. 8—=11. Only
statistical errors are indicated in Figs. 8—=11. The
systematic errors are estimated to be about 12%,
coming mainly from uncertainties in background
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FIG, 6. (a) Singles deuteron spectrum from the
82Ni(*He,d)*3Cu reaction. (b)-(d) Projections of the kine-
matic bands in the coincidence spectrum of the ¢’Ni(°*He,
dﬁ) 82Ni reaction on the deuteron energy axis. The dashed
line indicates the assumed background. 6} is the angle
between the beam direction and the proton detector.

| d)

subtraction. The double-differential cross section
in normalized unit is given by

d%o . o
., (normalized units) = W, (9, ¢)
- Ncoin(g, ¢) . 47
N sing AQ, :
(2)

N gng here is the total number of times a certain
analog state was populated and is obtained from the
singles deuteron spectrum. The value Ncon iS 0Ob-
tained from the deuteron-proton coincidence spec-
trum and is the number of decays of the same ana-
log state to one state in the final nucleus, detected
at a particular angle. This value is calculated for
the center of mass system. AQ, is the solid angle
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FIG. 7. (a) Singles deuteron spectrum from the
97y (*He,d)*!Nb reaction. (b)-(d) Projections of the kine-
matic bands in the coincidence spectrum of the *Zr(°He,
dp)®*Zr reaction on the deuteron energy axis. The dashed
line indicates the assumed background. 0} is the angle
between the beam direction and the proton detector,

subtended by the proton detector. When the angu-
lar correlation is integrated with this normaliza-
tion, over all angles, and then summed over the
decays to all the states (f) in the final nucleus, the
following equation should hold:

1 2™ T "
= Zf f W, (6, ¢) singdode =1.
T 7 Je=0o=0

The same procedure, applied to the measure-
ments taken for ®*Ni withthe protondetector set
out of the reactionplane, yields the azimuthal angu-
lar correlation displayed in Fig. 12. The lines
drawn in Figs. 8-12 are results of the angular cor-
relation calculations discussed in Sec. IV.

Some of the analog states, which are populated
in the reaction, appear as unresolved doublets.
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FIG. 8. Proton-deuteron angular correlations for the
80Ni(*He,dp)**Ni reaction measured in the reaction plane.

These states were not analyzed. For all the states
that were analyzed, a measurable decay was ob-
served only to the ground state (0*) and first ex-
cited state (2*) of the final nucleus and all the angu-
lar correlations displayed in Figs. 8—12 are there-
fore associated only with these two states. The
sole exception is the 11.23 MeV state in %*Cu for
which decay to the second excited state in ®Ni was
also observed. However, this final state is itself
an unresolved doublet [2.30 MeV, (2%) and 2.34

10.
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FIG, 9. Froton—deuteron angular correlations for the
2Ni(*He,dp) *?Ni reaction measured in the reaction
plane,
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FIG. 10-.~Proton—deuteron angular correlations for the
82Ni(*He,dp)$’Ni reaction measured in the reaction
plane.

MeV (4%)] and therefore this particular transition
could not be analyzed.

IV. ANALYSIS OF THE ANGULAR CORRELATIONS

The experimental setup used in the present work
does not match any of the standard geometries,
for which simplified formalisms for the analysis
of the angular correlation were developed.® The
projectile and the outgoing particles all had non-
zero spins, and neither 0° nor 180° could be used
as detection angles. Therefore, the most general
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FIG. 11, Proton-deuteron angular correlations for the
90Zr(3He,dp)**Zr reaction measured in the reactionplane.
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FIG. 12. Proton-deuteron angular correlations for the
8Ni(*He, dp) ®'Ni reaction measured outside the reaction
plane.

formalism of angular correlation analysis had to
be employed and adapted to the configurations used
in this work. The shape of the angular distribution
of the outgoing protons had to be calculated and
fitted with the measurements, which are carried
out at several angles. Then the angular distribu-
tion had to be integrated over all angles, in order
to evaluate the total decay width for each final
state.

Details on the calculation of the angular correla-
tion between the outgoing deuteron and proton are
given in the Appendix. We will state here only the
main results, The angular correlation function is
given by

w(e,p)=

i.f

ZAi*n'An»f,z; (3)

where i, n, and f are the initial, the intermediate,
and the final states, respectively, as defined in the

‘Appendix. The amplitudes A4,.,, for the population

of the analog state are calculated with the compu-
ter code DWUCK,'* which has been modified®:10:12
for the treatment of unbound states. The param-
eters used in this calculation are listed in Table II.
The amplitudes A, , for the proton decay of the
analog state are given by two different expres-
sions. In the case where the decay is to the 0*
(ground state) of the final nucleus, the outgoing
proton can carry only one value of angular momen-
tum [ and the amplitude is given by

Anofm)= 37 Wmysmy|jym,) - ¥h (6,6). (&)
"p

Details on the notation and the calculations are
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TABLE II. Parameters used for DWBA calculations.

Target Vg w Ws Vso 7or ag Yoq ay 7oe A Ref.
‘He Ni -180.0 -19.0 1.14 0.71 1.54 0.78 1.25 14

Zr -157.77 -11.71 1.174 0.706 1.596 1.032 1.25 15
d Ni -96.31 50.52 6.37 1.119 0.735 1.261 0.842 1.25 16

Zr -100.8 52.56 6.53 1.099 0.835 1.344 0.747 1.25 16
b Ni, Zr 1.20 0.65 1.25 25 17

given in the Appendix.
When the decay is to the first excited (J,=2")
state, several [ values are allowed, but their num-

ber can usually be reduced to only two values, [,
-

and [,, as discussed in Sec. VI. In these cases,
when D denotes the relative amplitude for decay
with angular momentum value /,, the decay ampli-
tude is given by

A, f(mg, ms)=z [D(llm,lsms]jplmpl)(j,lmlecmc!Jml) . Y'I"I; (6, ¢)
1

™

+(1= Dz)l/z(lzrrz,zsms [T,

For transitions to the 0* ground state there is no
adjustable parameter which affects the shape of the
calculated angular correlation, and the only pa-
rameter used to fit the calculation with the experi-
mental results is the overall normalization. For
transitions to the 2* excited state the (complex)
relative amplitude D, which affects the shape of
the angular correlation function, has first to be
fitted to the data, and then the overall normaliza-
tion is obtained. All the fits were done by the
least-square method.

The calculated angular correlations, in the re-

Vi 1y T | Ty ) -Y,’,.zlz(e, ®].

(5)

T

action plane, are shown as lines in Figs.-8-11.

As can be seen the agreement between the calcu-
lations and the data is good as can be best seen in
the case of ®Ni (Fig. 8), where the number of mea-
sured data points is relatively large. Even in the
isotropic 3-0* transition only 4 out of 10 points
deviate from the straight line by as much as 2
standard deviations which is accepted statistically.
Values of the amplitude D, which were deduced
from analysis of these angular correlation mea-
surements, are given in Table III. The measured
transitions proceed either through [, =2 and [,=0

TABLE III. Decay-mode amplitudes, branching ratios, and ratios of total decay rates to population rates.

Analog state Branching
Excitation D ratio
energy 11=4 ) 15=2 11=2 1,=0 o* 27 N{decay)
Nucleus  (MeV) J" (Dg,Dy) (1-D3)Y2  (Dg,D;)  (1-DH/? %) % N(pop)
ficy 6.74  + >99 <1 1.63£0.25
8.58 4+  (=0.05,0.5) 0.87 69+10 31+ 7 1.4840.3
9.14  § (0.0,0.05)  ~1 60£10 40+ 8 2.42+0.5
83cy 8.66 % >99 <1 1.28+0.2
9.97 % (<0.6,0.65) 0.47 81£13 19+ 4 1.04£0.2
10.96 £ >95 <5 1.57+0.25
11.23 £ (~0.05,-0.95) 0.32 23+ 5 67+12 0.93+0.2
9Nb 9.86 & >99 <1 1.17+0.2
1179 % (-0.25,-0.15) 0.95 10+ 3 90£13 1.73+0.4
.
11.93 % (0.2,~0.75) 0.63
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or through [, =4 and /,=2. For [, we present both
real and imaginary values of D with typical uncer-
tainties of +0.1, arising from the fitting procedure
and the optical model calculations. For [, we give
the value (1-D2)V2,

The results of the angular correlation measure-
ments out of the reaction plane, in units which are
defined in Sec. III [Eq. (2)], are shown for the *°Ni
target in Fig. 12. Here 0,=22"and ¢, is the angle
between the detected proton and the reaction plane,
as defined in Fig. 2. The calculated angular cor-
relations, shown as lines in Fig. 12, do not have
any adjustable parameters. The angular momen-
tum amplitude D and the overall normalization are
those which were obtained from the fit to the data
in the reaction plane. The good agreement between
the calculations and the measured results serves
as a check of the validity of the calculations, and
indicates that measurements out of the reaction
plane may not be necessary. Such measurements
were not repeated for ®Ni and *°Zr.

The other nuclear parameters, which are ob-
tained from the present work, are the decay
branching ratios of the analog states. These are
the partial decay widths to the ground state
[1(0*)/T'] and to the first excited state [I'(2%)/T"].

In order to obtain the branching ratios for a par-
ticular analog state, the angular correlation of the
decay protons to each final state has to be inte-
grated over all angles. Since the measured angular
correlation W,,(0, ¢) is not sufficient for this inte-
gration, the integration is performed on the calcu-
lated angular correlation function W (9, ¢) and the
measured data are used to get a normalization con-
stant N:

"{/exp(ey d)) =th(9, (b) M (6)
The integral

1 .
I= 54— ffWexp(e, ¢) sinbdodd

= :’—” f f W,.(6, ¢)singdod¢ (n

gives the total decay of the analog state to one
state in the final nucleus. The branching ratios
I(0%)/[1(0*)+1(2%)] and 71(2*)/[1(0*)+1(2*)] are
listed in Table III. When the integrals 7 for the two
states in the final nucleus are added together the
total decay rate of the analog state is obtained.
This is so since for all the analog states studied in
this work proton emission is the only allowed par-
ticle decay channel, and the gamma decay widths
are relatively very small and can be neglected.

~ The population rate for the analog states is mea-
sured from the singles deuteron spectrum. The
ratio between the measured decay rate N ge.y and
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population rate N, is listed in Table III. This ra-
tio is found, unexpectedly, to be greater than unity
and this result is discussed in Sec. VI. The errors
in the values shown in Table III include statistical
errors, uncertainties in the fitting procedure, and
experimental systematic errors. The errors in-
clude also an estimated contribution due to uncer-
tainties in the optical model parameters, which gave
a typical error of 10% in the values of A,_,.

V. STRUCTURE OF THE ANALOG STATES

The data presented in this work may be used in
order to understand the structure of the analog
states which were studied. This must be done in
the framework of a nuclear model. One way of in-
terpretation is to describe the analog state, in the
weak coupling model, in the following way:

|Analog statey )’ =a/| $(0) (2, j,,))‘r’r
+ B[3,(209,01, 3,0

+y| ‘pc(2+)¢p(l2,j¢2)>ﬂ ety
(8)

where a proton is coupled to the core y,. If the
core is in a 0* state the proton can have only one [
and j, value. When the core is in a state with high-
er angular momentum value, such as 2%, the pro-
ton can have several [/ and j, values consistent with
angular momentum and parity conservation. In
practice, proton decays will not consist of more
than two [ values, since the probability for transi-
tions with larger angular momentum values will be
greately reduced by their smaller penetrability.!®
This matter is further discussed in Sec. VI.

The coefficient @2, which describes the overlap
between the analog state and the ground state of the
final nucleus, is the spectroscopic factor. It is ob-
tained from the population of the analog state by
the (°He, d) stripping reaction on the final nucleus
as a target. This reaction was investigated®'!° on
all nuclei and analog states involved in the present
work, and the values of @? for each analog state
are taken from these studies. The transitions to
the 2* state in the final nucleus are analyzed
through the angular correlation of the decay pro-
tons, as discussed in Sec. IV. The square of the
amplitude D, which describes the relative intensity
of a proton transition with angular momentum 7,
is given by :

D2= Bzf(ll’Eb)

Bf (L, Ep) + ¥Pf (15, E,) °
where f(l;, E,) and f(l,, E,) are the penetrabilities
multiplied by (27+1) for the protons decaying from

9)
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the analog state to the final 2* state with energy E,
and angular momentum values [, and [,, respec-
tively. This gives us one relation with two un-
knowns, B and y. One way to obtain a second rela-
tion is to assume that in Eq. (8) the coefficients

a, B, and y give a complete description of the
structure of the analog state. This assumption is
plausible for analog states which are considered
to have simple structures. In such a case we have
a?+B2 ++2% =1, and the values of 8 and y can thus
be determined.

VI. DISCUSSION

The spectroscopic information derived from
analysis of the angular correlation is presented
in Table IV. The uncertainty of the quoted spec-
troscopic factors is within the normally accepted
uncertainty of distorted wave Born approximation
(DWBA) calculation. For each analog state, the
spectroscopic factor a2 for the ground state tran-
sition is taken from studies of the (*He, d) reac-
tion.?+1® The spectroscopic factors g2 and o2 for
the (2+) excited state transition are obtained from
the results of the present work as discussed in
Sec. V, and are given for the two [ values relevant
to each transition. These two values are selected
according to the following considerations:

(1) The only negative parity analog states ob-
served have a J" value of 3~. The formation of such
a state by coupling the 2* core to a proton is lim-
ited to protons in the p,/, or f;/, configurations.
(2) The observed positive parity analog states may
be formed by coupling the 2* core toaproton inthe
Sy/2s dg/2s dssay 8r72, and gy, configurations, i.e.,
1=0, 2, and 4. In most cases these possibilities

TABLE IV. Deduced spectroscopic factors.

Excitation
energy 2%
Nucleus MeV JT 0t 1=0 =2 =4
oy 6.74 £ 0.5
8.58 £ 0.6 0.03 0.51
9.14 # 016 0.84 <0.01
8cu 8.66 4+ 0.39
9.97 £ o0.48 <0.01 0.52
10.96 + 0.30
11.23 + 0.22 0.01 0.77
“INb 9.86  § 096
179+ om 0.41 0.48
11.93 % 050 024 0.26

are reduced to only two by angular momentum con-
servation. In the few analyzed cases, where this
reduction does not occur, we assumed that only the
two smaller ] values have significant contribution
to the transition, the largest one being practically
inhibited by penetrability.!* Whenever the transi-
tion is dominated by one [ value, the error in its
spectroscopic factor is determined by the precision
in @2 (taken usually to be about 20%). When two
values have comparable contributions (®!Nb, -'273

and £ states), the error in the spectroscopic fac-
tors is determined by D2. For these two transi-
tions the error was found to be 30%. We will now
make a few comments concerning each analog
state.

A. %Cu

The 6.74-MeV state (37): the angular correlation
measured for the decay of this state is isotropic,
as expected for the decay of a spin 3 state. From
shell-model considerations and angular momentum
conservation the state can be described as com-
posed of a proton in the p,,, shell coupled to the
(0*) ground state, and protons in the p,/, and £,
shells coupled to the (2*) excited state. The ground
state spectroscopic factor (0.65) implies that some
coupling to an excited core state probably exists.
However, the penetrability for a transition to the
2* state is extremely small due mainly to the low
energy (0.56 MeV) available for this transition.
This state must therefore decay predominantly to
the ground state. No proton decay to the 2* state
could be observed in this work due to the very low
energy, below the threshold of the measurement.

The 8.58-MeV state (£ ): a weak decay with a
branching ratio of the order of 1% is observed to
the second excited state (2.16 MeV, 2*) in ®Ni. The
angular correlation of the decay to the first excited

. state shows dominant contribution of /=4 transi-

tion. This would imply coupling of a proton in
either the g,/, or g,/, shells to the 2* core. [It
should be noted that another analog state, at 9.96
MeV, is known® to be populated through /=4 with

a relatively small spectroscopic factor. Proton
decays from this state were observed to five states
in the final nucleus (see Fig. 5). This state is an
unresolved doublet and it was not analyzed in de-
tail. ]

The 9.14-MeV state (£*): although all the proton
configurations mentioned above could be coupled
to a 2* core to form a £ state, we assumed that 7
=4 decay will have only small contributions to the
decay rate due to the relatively small penetrabil-
ity. The angular correlation was analyzed assum-
ing a mixed [=0 and /=2 transition and the major
contribution is found to be from /=0. The doublets
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at 6.5 MeV and the triplet at 7.64 MeV could not be
analyzed. ‘

B. %Cu
The 8.66-MeV state (3 ): the situation here is

similar to that of the 1  state in ®!Cu. Proton de-
cay to the excited state could be observed experi-
mentally, but this decay is suppressed, as com-

pared to the ground state transition, by the much
smaller penetrability (a factor of =500), and was

not seen.

The 9.97 and 11.23-MeV states (£): for both
states the decay to the 2* excited state in ®Ni is
dominated by /=4 transition. Due to sum-rule
considerations this strength must be distributed
between the g/, and gy, sub shells. The 11.23-
MeV state decays also to the 2.3 MeV (2* and 4%)
doublet in ®Ni with a branching ratio of about 10%.

The 10.96-MeV state (§7): in spite of the small
ground-state spectroscopic factor (0.3) no signifi-
cant decay was observed from this analog state to
the first and second excited states of ®*Ni. This
could imply that the structure of this state includes
configurations in which a proton is coupled to high-
er excited states in %Ni. A proton decay to such
higher states would be suppressed by the small
penetrability. The doublet at 8.79 could not be
analyzed.

C. °INb

The 9.86-MeV state (2") decays to the ground
state of ®°Zr, with a spectroscopic factor @? =0.96.

The 11.79-MeV state (~;’-+): the spectroscopic fac-
tor for the ground-state transition is small (0.12).
This state was observed to decay mainly to the 2*
first excited state through 7=2 and /=4 transitions,
with comparable contributions.

The 11.93-MeV state (3"): this is the only case
where the agreement between the calculated and
experimental angular correlation for the ground
state transition is poor. For that reason a value
for the branching ratio was not extracted. For the
decay to the 2* state the agreement between experi-
ment and calculation is good and this transition is
found to proceed through /=0 and [=2 transitions,
with comparable contributions. '

The 12.07 MeV (41), and 12.15 MeV (Z): al-
though this doublet could not be analyzed we wish
to mention that it decays with an appreciable
branching ratio to the 2.75 MeV (37) state in %Zr.

For almost all the states studied, the total decay
rate for all the transitions seems to exceed the
rate at which the state is populated (Naccay /Npop >1,
Table III). This conclusion is obviously incorrect,
but the source for this puzzle is not clear. All the
experimental sources for such a difference, e.g.,

solid angle, dead time correction, etc., were
carefully checked and cannot provide a satisfactory
explanation. It could be suggested that in spite of
the good agreement with the experimental results, "
the calculated angular correlation is incorrect and
leads to wrong results when integrated over all 4
and ¢ angles. However, this reason cannot explain
the effect for the spin ; states, where the angular
correlation of the decay protons is isotropic, and
we still find the same effect.

A possible explanation to this effect is that an in-
terference exists between the analog state and the
compound states in the continuum. The result of
such an interference could be that in the coinci-
dence spectra the background “under the analog
states”” should not be treated as being a smooth
interpolation of the background in the vicinity of
the state. If the decay is enhanced by contribution
from the background, the observed effect could be
explained.
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APPENDIX: CALCULATION OF THE ANGULAR
CORRELATION FUNCTION

We will evaluate the angular correlation function
between the outgoing deuteron from the (*He, d) re-
action and the decay proton. It should be noted that
in our experiment the angle of the deuteron detec-
tor was fixed, while the angle of the proton detec-
tor was varied. In its final form we describe the
angular correlation as a function of the angle 6 be-
tween the direction of the decay proton and the di-
rection of the recoiling compound nucleus which
subsequently emits the proton, and the angle ¢
between the proton direction and the reactionplane
(Fig. 2). The angular correlation is given by

W(97 ¢) = Zf: ‘ Z Ai—*nAn—zf
i, n

where i is the initial state, i.e., the target is in its
(0*) ground state and the *He projectile has spin
projections +3 or —3. The intermediate state # is
the nucleus formed by the (°He, d) reaction in the
analog state with a certain J" value and projections
m, between —J and +J, and the deuteron with its
spin projection values of 0 and x1. In the final
state f we have the deuteron in the same states as
in the intermediate state, the final nucleus with a
spin and parity J7 and the projections M, and the

2

) (A1)
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free proton with spin projections +3. The ampli-
tudes A, ,and A, , are for the transition from
the initial to the intermediate state and from the
intermediate to the final state, respectively. The
summation is carried out on all the transitions be-
tween states which obey parity and angular momen-
tum conservation rules. We will now discuss the
evaluation of each of the transition amplitudes.

A. The amplitudes 4;_, ,,

These are the transition amplitudes for the
(®*He, d) reaction. They are evaluated as a part of
the DWBA calculations which are performed for
this reaction. For this purpose we used the com-
puter code DWUCK ! which was modified in order
to be used for unbound states. Details of these
modifications and the parameters used in the cal-
culations have been published.?*!%:2 The transition
amplitudes in these calculations are calculated for
spin projections m(*He)=x3, m(d)=0,+1 and for
all the non-negative m,; values of the analog state.
The amplitudes for transitions to states with nega-
tive m; values are related to the amplitudes for
transitions to states with the corresponding posi-
tive m, value by a phase relation given by
Satchler,'® '

(Ai—»n);:’;'mb'ma= (_1)m+j+l+sb—s'a(Ai—>")l'-m,_mb,_ma )
(A2)

The notations are for a reaction A(a, b)B; s,, s,
m,, and m, are the spins and spin-projections for
particles a and b, respectively. The other nota-
tions are defined by

->

j=J8—JA9 §=§a—§b9 I=j"§’

m=Mg+m,—M,—m,. (A3)
J4, M, and Jg, My are the spins and spin-projec-
tions of the target nucleus A and residual state B,
respectively. From the modified code DWUCK and
the phase relation (A2), we obtain the transi-
tion amplitudes 4,_,, from the two initial states

for which [m (*He) = +3] to all the intermediate
states #n.

B. The amplitudes 4, .,

The transition amplitude A, is given by
An—>f=<d)n!d)f>) (A4)

where iy, and y; are the intermediate and final state
J

wn=D[ 2
ms,mpl,mi

+(1- D2)l/2 Z

ms,mpz,mj

(lzmlzsms ljpzmﬁz)(jpzmpz‘rcmc |JmJ)Y!r?12(®’ q))Xmsl/2¢c(Jc’ mc):, .

wave functions, respectively. The final state wave
function can be described by a product of the final
nucleus wave function ¢, and a free proton, namely,

Yy =doe'* Txn V2, (A5)

/2 ig the proton spin projection. The

where y, V7 |
function e?*'" can be expanded and we obtain for ¢,

the form

lpf = l/)c( Jc’ mc)Xmsl/241T
= l

X :Zs le:_l i'5,(k, 7)Yy, (8, $) Y, ©,2), (A6)
where 6 and ¢ are the angles for the proton mo-
mentum 7k and © and & are the angles for the vec-
tor T. The final nucleus wave function y, is given
for a spin J, and projection m, of the state in which
the final nucleus is left after the proton decay.

The intermediate state wave function is described
as a proton coupled to the core (J,, m,). We first
discuss the case of the core being in a 0* state. In
this case the proton can carry only one value of
orbital angular momentum [/ and total angular mo-
mentum j,, which are determined from the J" val-
ues of the analog state. The intermediate state
wave function then takes the form

0, = Z (lm,smy ijmP)Y,’nl(G, ® )x,,,sl/zzpc(o, 0).

ms,mp
(AT)
s and m, are the proton spin and spin-projection
and m, is the projection of the total angular mo-
mentum of the proton. The summation is carried
out under the conditions

M+ M=y, =< My <G, (A8)

The final state wave function ¢, is taken for a par-
ticular value of m,. When we evaluate the transi-
tion amplitude for this case, according to (A4), we
have (apart from a normalization factor)

App= D (Umys my|jym,)YH (6, ), (A9)
"p

when orthogonality relations were taken into ac-
count. If J,+#0 more [ values are allowed, but the
number of these values can be reduced by using
shell model and penetrability considerations!?® (see
Sec. VI). If we assume that only two [ values con-
tribute, [, and [,, -and denote by D the relative
amplitude for a transition in which the proton car-
ries orbital angular momentum /,, the intermediate
state wave function takes the form

(1ymy sm ’jﬁlmpl)(jplmpl‘]cmc [Tm, )Y:,.ltl(G), @ )Xmsl/zlpc(Jm m)

(A10)
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I and j,, are the total angular momenta of a proton with an orbital angular momentum [, and lz, respec-
tively. The summations are carried out under the conditions

my Mg =My My A M=M= S My <,

and similarly for »,, and m

(A11)

e T he transition amplitude now takes the form

Auons )= T (D0t 51,1, 1,0, 1, T ) 3, (0,0

+(1=Dp2)W2(g 2y, ST Ty m, )T,y Tom JJm,)Y,’,?lz(e, ¢>)]

(A12)

The angular correlation function is obtained when the transition amplitudes are inserted in expression
(A1). When all summation indices are written explicitly this function will have (apart from a normalization

constant) the form

2
Wop= Y Y Y ¥ | X Ao Al )|
J

m( He)--% mg==1m==} m==J, my=-

(A13)
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