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The ( He, n) reaction has been studied on targets of C, TA1, 2 Si, and + " Ni at an inci-
dent energy of 25 MeV. The observed resolution of the neutron time-of-flight spectrometer
used in this work was about 1%. Differential cross sections were obtained for the resolvable
final states over the angular range of 0-40' (L). The angular distributions were compared
with the predictions of a simple, one-step, two-nucleon-transfer model ~ In this formalism
the diproton stripped from He is transferred to the target retaining its So relative motion.
The shapes of the angular distributions were unique for a given l transfer and were, in most
cases, generally reproduced by the calculations. For 0+ targets the J" of many final states
could be assigned. Comparison of experimental with theoretical relative magnitudes per-
mitted assignment of dominant shell-model configurations. To first approximation the rela-
tive transition strengths to final states in 0, 3 S, and Zn were consistent with the assump-
tion of two particles coupled to an effectively "closed core."

1. INTRODUCTION

Advances in the understanding of the two-nucleon-
transfer (2NT) reaction have made possible rather
successful treatment of much of the existing data. ' '
The 2NT stripping reactions are of particular in-
terest for the investigation of two-particle exci-
tations and may represent a unique method for the
study of nuclei which are two nucleons removed
from a stable target. When the targets investi-
gated have some degree of shell closure and the
states excited in the residual nuclei have large
target ground-state parentage, 2NT stripping re-
actions can become powerful spectroscopic tools.

One model for the (~He, n) reaction assumes the
transfer of a 'S, diproton to the target, ' producing
final states which retain the target as a core and
two valence protons having singlet relative mo-
tion. One-step stripping of a singlet diproton on
spin-zero targets leads to final states whose spin-
parity must obey the selection rules b,J= b,L and
aw =(-l) . Thus if the shapes of experimental
angular distributions are characteristic of a par-
ticular angular momentum transfer, then a uniqueJ' value may be assigned.

The direct-reaction theory based on the above
model has been quite successful in reproducing
the observed features of recent two-neutron-
transfer data. ' ' Two-proton-transfer data have
been somewhat more difficult to obtain. The
('He, n) reaction is difficult experimentally, while
for the alternative heavy-ion-induced reactions
the observed angular distributions are both struc-

tureless and quite similar from level to level. '
In addition the simplifying assumption of a 'S,
diproton transfer is not necessarily valid in heavy-
ion reactions.

Previous ('He, n) studies have been made either
at incident energies of less than 15 MeV or with
energy resolution insufficient to permit separation
of the final states. ' " A study of the reaction at
relatively high incident energy has the advantage
of enhancing the direct reaction, minimizing
compound-nuclear effects, and providing for a
more reliable application of distorted-wave the-
ory. " The failure of direct-reaction theory to
account for many of the observed features of exist-
ing ('He, n) data may be due to misapplication of
the distorted-wave theory at low incident energy
or to a misinterpretation of the reaction mechan-
ism. The 25-MeV incident energy used in this
('He, n) study represents a compromise between
the advantages of higher energy and the need for
sufficient energy resolution in the neutron time-
of- flight spectrometer.

2. EXPERIMENTAL METHOD

The neutron time-of-flight spectrometer and
scattering chamber described below were de-
signed using the parameters associated with the
singly charged 25-MeV 'He beam from the Oak
Ridge isochronous cyclotron (ORIC) as a starting
point. This same system has recently been used
successfully to study the (p, n) reaction at 30
MeV ~8
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The high-intensity (-10-y.A) 'He beam has an en-
ergy spread Lfull width at half maximum (FWHM)]
of less than 100 keV and a microburst width of
-2.5 nsec. The cyclotron repetition period was
116 nsec. Target thicknesses were selected so
that the beam energy losses were less than 100
keV. The detector was a 15-cm-diam by 10-cm-
thick cylindrical cell of NE-213 coupled to XP-1040
photomultiplier. The time jitter of the cell plus
photomultiplier was measured to be less than 1
nsec. With these experimental conditions a 35-m
flight path was required to obtain an over-all en-
ergy resolution of about 1'fII for 10-35-MeV neu-
trons.

The physical layout is shown schematically in
Fig. 1. The He beam was deflected by a switching
magnet, which was used as the target chamber.
Faraday cups were provided for both left and
right deflections and were placed so that radiation
from them could not be seen by the detector. Neu-
trons from the target passed through a plastic
vacuum flange, 16 m across the experimental
room, through a hole in the 2-m concrete shield
wall, and 17 m more to the neutron detector. A
defining collimator with a 2.0-cm-diam hole cen-
tered on the flight path was positioned about 1.5 m
from the target. A clearing collimator with a
10x10-cm slot was located directly in front of
the shield wall. Only neutrons originating from
the target and not those from collimators, target
frames, etc. , could reach the detector.

The constraint that the flight path pass through
a fixed hole in the shield wall made it necessary
to use the beam switching magnet for scattering

angle variations. The effective scattering angle
was varied by changing the angle at which the
beam strikes the target. This was accomplished
by positioning the target at various points on the
beam trajectories (see Fig. 1). The laboratory
scattering angle was calculated from the position
of the target and the beam trajectory in the mag-
net. The absolute error in the scattering angle
was less than 0.2'. Collimators were repositioned
for each angle, and the flight path was a function
of the target position.

The heavy shielding satisfactorily removed the
cyclotron-dependent background. In order to re-
duce the prompt y flash, as well as cyclotron-
independent (time-uncorrelated) sources of back-
ground, neutron-y pulse-shape discrimination
techniques were employed. " Background from
cosmic radiation was further reduced by an anti-
coincidence detector. Figure 2 shows an example
of the separation between neutrons and y rays
above a threshold of about one light unit.

Data were recorded as time of flight vs pulse
height in a 400 x50 multichannel analyzer. y
events were stored in the first F plane, and the
remaining 49 plane were used for the r.eutron
spectra. The content of the analyzer memory was
transferred to an on-line computer for data re-
duction and spectrum stripping. Since the pulse
height of each neutron event was recorded, the
effective neutron threshold could be selected
during analysis. The threshold was calibrated
relative to the "Na 1.28-MeV y ray. The detection
efficiency was determined from a Monte Carlo
calculation. ' The error associated with the ab-
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FIG. 1. Schematic layout of the ORIC neutron time-of-flight line.
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FIG. 2. Neutron-y separation from the pulse-shape
discrimination for the C( He, n) 0 reaction at an inci-
dent energy of 25.4 MeV.

solute efficiency is estimated to be less than 20/~,

whereas the relative uncertainty is less than 5/o.
The time axis of each spectrum was derived

from a time calibration spectrum, consisting of
peaks separated by 25 nsec. A time calibration
signal, electronically processed in identically the
same way as a true event, was introduced into the
system during the dead time following each cos-
mic anticoincidence event. The resulting calibra-
tion produced a relative time-scale accuracy of
better than ~0.03 nsec. The uncertainty in the
total time of flight was, for the most part, given
by the statistical uncertainty in defining neutron
peak centroids and was typically between 0.1 and
0.3 nsec. An external beam sweeper was used
to suppress two out of three beam bursts, thus
sufficiently increasing the period so that time
overlap was not a problem for the neutron ener-
gies observed.

The differential cross sections to most low-
lying final states of the residual nuclei studied
were obtained with little difficulty. For some of
the final nuclei some states at high excitation
were not completely resolved. Yields for these
peaks were determined by means of a Gaussian
peak-fitting routine. In general, background was
sufficiently reduced so that cross sections on the
order of 50 gb/sr could be measured. The differ-
ential cross sections were corrected for the neu-
tron attentuation along the 35-m flight path.

TABLE I. Global-. optical parameters.

Parameter
set (MeV) (MeV)

fp
(fm) (fm) (fm)

ap
(fm)

a;
(fm)

8'p

(MeV)

Incident channel

I
0
III
IV
Va

ssNi VIb
62Nj VII c

VIII

170.0
146
198
146.5
220.0
172.6
174.9
174.5

20.0
18.4
20.0

12.4
20.16
22.74
22.64

1~ 14
1.40
1.50
1.25
1.16
1.147
1.14
1.14

1.82
1.40
1.50
1.25
1.55
1.562
1.522
1.525

1.40
1.25
1.25
1.25
1.3
1.25
1.25
1.25

0.67
0.55
0.55
0.65
0.597
0.712
0.747
0.747

0.56
0.55
0.55
0.47
1.046
0.802
0.782
0.787

36.5

19.0

Exit channel

IIe
III '
rv g

F{E)
F(E)

Ffg, (N Z)/A}-
F'(E, (N -Z)/A)

5.75
F(E)
F(A)
F(E)

1.25
F (A.)
1.25
1.17

1.25
F(A)
1.25
1.26

0.65
0.66
0.65
0.75

0.70
0.48
0.47
0.58

a Reference 26.
b Reference 27.

Reference 28.
Heference 29.

e Reference 30.
Reference 31.

g Reference 32.
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TABLE II. Q values.

Reaction

Q value
This work

(MeV)

Q value
Previous work

(MeV)

2~A] (3He, n)29P
~ Ni( He, g)6 Zn

Ni( He, n)6 Zn
62Ni{3He, n) 64Zn

6.616 +0.03
0.821 + 0.013
3.580 +0.03
6.118+ 0.012

6.609 +0.006
0.818 +0.018
3.512+0.014
6.112+0.007

3. THEORY

The data obtained in this study were compared
with calculations of the zero-range 2NT option of
JULIE . Recent calculations of finite-range ef-

Both the relative errors in energy determina-
tions and differential cross sections were de-
termined essentially by counting statistics. Abso-
lute uncertainties in the differential cross sections
were dominated by uncertainties in the absolute
detection efficiency and the neutron attentuation
in the flight path and were in general less than

fects by Bayman" and Rost and Kunz" indicate
that the zero-range approximation is valid for
2NT from a mass-three projectile. That is, the
finite-range and zero-range predictions agree
except in absolute magnitude. The finite-range
predictions of Bayman predict magnitudes about

one third of those observed, whereas the zero-
range calculations of the JULIE code are not ab-
solute. In this work calculated transition strengths
were normalized to the ground-state transition.

In general 2NT cross sections are calculated
from a coherent summation of transition ampli-
tudes from pairs of particles which couple to the
same resultant final-state quantum numbers. The
two-nucleon JULIE code calculates complex tran-
sition amplitudes, A( j,j,J&8), for the transfer of
a pair of particles n, l,j» n I j, coupled to resultant
angular momentum Jf. Included in this amplitude
are: (1) the kinematic amplitude which is identi-
cal in form to the single-nucleon-transfer kinema-
tic amplitude, ""(2) the overlap of the relative
motion of the diproton in the bound state with its
initial motion in the incident projectile, (2) a
Moshinsky bracket transforming from the original
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FIG. 3. Neutron time-of-flight spectrum from the C(3He, n) 40 reaction at 25.4 MeV. The prompt y Gash has been
superimposed on the spectrum.
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TABLE III. Excitation energies and J~ values for levels observed in the (3He, n) reaction together with previously
published results.

Residual
nucleus

Present work
Excitation energy

(MeV) J tt

Previous work
Excitation energy

(MeV) J
14p

29p

0.00
5.173+0.010
5.930+0.015
6.272 + 0.010
6.596+0.010

7.768 + 0.010

9.705 + 0.025
9.915+ 0.020

0.00
1.32 + 0.06
1.97 + 0.02

3.33 +0.04

4.24 +0.06

4.88 +0.06

p+

1
0+

3
(2')

(2')
4+

0.00
5.17 +0.04
5.91 +0.04
6.28 +0.03
6.60 +0.03
6.79 +0.03
7.78 +0.03
8.74 +0.060
9.74 +0.030

0.00
1.38
1.96
2.40
3.10
3.47

7 4.08
& 4.34

j4.77
& 4.97

p+

(1 )
(0+)

(3 }
2'

(2 )
2+

1/2'
3/2+
5/2'

3/2
1/2'

5.66 +0.07

5.97
6.20

1/2
5/2-
3/2+
3/2

6.52 +0.06
1/2'

6oZn

Zn

8.32 ~0.09

10.13 +0.10
11.16 + 0.10
11.80 + 0.10

0.00
2.22 + 0.025
3.41 +0.030
3.69 +0.030
5.21 + 0.050
6.11 + 0.050

0.00
1.019+ 0.010
2.21 + 0.03
3.51 +0.02
4.18 ~0.03
4.93 + 0.04
5.49 +0.03

0.00
0.964 + 0.010
3.17 +0.03
3.87 + 0.03
5.34 +0.03
5.70 +0.03

0+

(2+)
(p+)
(2')
(3 )
(5-)

(0')
2

(4+)
0+

(0', 2')
(2')
(4')

8.20

8.36

0.00
2.210 +0.03
3.43 +0.03
3 ~ 71 +0.03

0.00
1.019 +0.025

0.00

(p +)

(2')

(0')
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TABLE III (Continued)

Residual
nucleus

Present work
Excitation energy

(MeV) J 7I

Previous work
Excitation energy

(MeV) J

64Zn 0.00
1.024 +0.02

2.93 +0.05

(0')
2+

0.00
0.992
1.80
1.91
2.29
2.35
2 ~ 59
2 ~ 73
2.99

p+
2'
2+

(p +)

(4 +)

(3 )

3.70 +0.07 3.84

4.20 +0.08

5.20 +0.10
4.66
5.2

single-particle coordinates of the transferred pair
to singlet relative and center-of-mass coordinates,
(4) an LS jj recoupli-ng coefficient, and (5) appro-
priate Clebsch-Gordan coefficients.

The distorted waves (which enter in term 1)
were calculated from the optical-model parame-
ters" "shown in Table I. These parameters
are the results of searches designed to fit elastic
scattering data for a wide range of energies and
targets. Other 'He optical parameters derived
from the appropriate elastic scattering were
used when available.

Two- particle final-state wave functions describ-
ing the center-of-mass motion of the diproton
with respect to the core were generated from a
Woods-Saxon well with the well depth adjusted
such that the particle separation energy was an
eigenvalue. Geometric parameters for the bound-
state well were chosen as r, =1.15 fm, r, = 1.15 fm,
and F0=0.45-0.65 fm. The shapes of the calculated
angular distributions were generally insensitive
to these parameters. The resultant final-state
wave functions were expanded in a finite series of
harmonic-oscillator functions so that the overlap
involved in terms (2) and (3) above might be ob-
tained in a closed form.

In order to obtain differential cross sections
from the transition amplitudes A(j,j,J~H), one
must determine the extent to which the final state
looks like the core plus two nucleons in the single-
particle state n, l,j„'n, l,j, coupled to Jz. If
B(j,j,J~) are the two-nucleon spectroscopic ampli-
tudes as defined by Yoshida, ~ then the relative

cross sections are given by

"(8)-,
„

I Z~(j, j.~,)~(j,j;~,~)l',(2'+ 1)
2J, +1

where j,+j, = J~. It is important to note here that
the spectroscopic amplitudes enter in a coherent
summation. Unless the final state is defined by
a single, pure two-particle configuration, it is
not possible to determine spectroscopic ampli-
tudes uniquely from experimentally determined
cross sections. For this reason the calculations
in this work were primarily used: (1) to deter-
mine dominant two-particle configurations in the
final-state wave functions or (2) as a check on
existing model wave functions. Parameters
chosen for a particular calculation are designated
for example as I-C-II, indicating 'He parameter
Set I, shell-model wave functions C, and neutron
parameters II.

4. EXPERIMENTAL RESULTS
AND COMPARISON

WITH THEORY

Neutron time-of-flight spectra were obtained
for the ('He, n) reactions leading to final states
of "0, P, ' S, ' Zn, "Zn, and "Zn. Excitation
energies were determined from the time calibra-
tion discussed in Sec. 2 and used the "C('He, n)"0

value as absolute reference. To minimize er-
ror due to beam energy fluctuations and electronic
drift Q values for the reactions studied were de-
terrnined by alternatively accumulating data on
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FIG. 4. Angular distributions of neutrons from the
(3He, n)~40 reaction. Solid curves are the results of two-
nucleon-transfer distorted-wave calculations assuming
the final-state configurations shown with each curve in
the figure. The dashed curves show the effect of modi-
fying the exit-channel imaginary radius to account for
the different matter distributions for the various final
states.

"C and the target in question with cy ~ times of
2-10 min. In Table II we compare the Q values
determined here with those established in pre-
vious work. "'+" The agreement is quite satis-
factory except for "Ni where the discrepancy is
quite large. This seems not to be the result of a
systematic error, since both more positive and

more negative values are in agreement with pre-
vious work.

The shapes of experimental angular distributions
were generally characteristic of the angular mo-
mentum transfer, but were insensitive to the final-
state two-particle structure. Calculations are
shown normalized to the data for the purpose of
extracting spins and parities. The calculated mag-

nitudes were quite sensitive to the assumed struc-
ture of the final states. From a comparison of
the predicted and observed magnitudes, estimates
of the dominant two-particle structure of the final
nuclei could be obtained.

' C( He, n)' O. A neutron time-of-flight spectrum
from the "C('He, n)'0 reaction is shown in Fig. 3.
The prompt y flash, as well as a time-independent
background of about 100 counts/channel were re-
moved from the data by the neutron-y discrimina-
tion system. The prompt y flash, shown as the
dashed peak with a time width of 2.1 nsec FWHM,
was used as an absolute time calibration. The
over-all energy resolution for detection of 16-MeV
neutrons is 160 keV (FWHM). Table III shows the
excitation energies of the neutron groups observed
and previously reported values. The Q value was
not experimentally determined for this reaction,
but was used as a calibration. The previously
reported (2 ) level at 6.79 MeV" was not ob-
served here in agreement with the selection rules.

Angular distributions of neutrons from all the
observed levels were obtained from 0 to 35' lab.
The uncertainty in the background subtraction
from peak areas was negligible. The levels near
6 and 10 MeV excitation were not completely re-
solved. For these a peak-fitting program assum-
ing Gaussian peak shapes was used to extract the
areas. Figure 4 shows the angular distributions
of neutrons for all the observed levels. Error
bars indicate the total relative errors and largely
reflect statistical error. The uncertainty in the
absolute normalization is about 22%.

Distorted-wave calculations were attempted with
several combinations of the optical parameter
sets from Table I. Although the shapes of angular
distributions were not extremely sensitive to the
particular sets chosen, those which gave the most
consistent fits to the levels observed were 'He
Sets III and V and neutron Set III. The final-state
wave functions were constructed by the previously
mentioned method with the pure two-particle shell
configurations shown with each curve in Fig. 4.
The shapes of calculated angular distributions
were characteristic of a particular angular mo-
mentum transfer, but were generally insensitive
to a 15% variation of the bound-state geometric
parameters. All the levels in "0 except the ground
state are either unbound or only slightly bound. In
analogy with the earlier single-nucleon work we
chose to perform these calculations by assuming
the levels to be bound and then extrapolating the
effects on the shape and magnitude into the un-
bound region. For the single-nucleon case this
method has been compared with more rigorous
calculations" "and the agreement is on the order
of4' 15%. For the appropriate states in "0 it was
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TABLE IV. Comparison of the observed and calculated relative magnitudes to levels in i4p from the
C( He, n) 0 reaction.

i4p
excitation +exp V —T-III III-T-III V-M-III III-M-III

Dominant
two-particle

structure

g. so

5 ~ 173
5.930
6.272
6.596

7.768

9.705

9.915

p+

1
p+

3
2+

1.0
0.2
0.2
1.7
2.1

0.3

0.9

3.3

1.0
1.2
2.8
2.5
1.8

0.7

0.7

1.6

1.0
3.0
1.2
2.1
2.9

1.8

3.2

4.0

1.0
1.2
1.8
1.9
1.2

0.5

1.0
1.9
1.0
1.1
2.4

0.6

( P i/2)

( P i/2) (si/2)
(sin)
(pi/2) (ds/2)

(si/2) (d5/2)

(dsn)
i/2) (d3/2)

(si/2) (ds/2)

(dsn)'
(s1/2) (d3/2)

(si/2) (d3/2)

(dsn)
«5/2)

found that the shapes of the angular distributions
remained nearly constant as a function of separa-
tion energy, whereas the magnitudes did not. The
solid curves shown with the data in Fig. 4 were
obtained by exponentially extrapolating the bound-
state calculations into the unbound region.

The shapes of the angular distributions are char-
acteristic of a particular angular momentum trans-
fer and lead to definite J' assignments with the
exception of the 2' levels at 6.596 and 9.705 MeV.
A definite 2' assignment for the 6.596 and 7.768
levels has been established in the "N('He, t)"0 re-
action. " However, in a recent study of the "0-

200
5.21 ( He~ nI ~OS

0' lab

E =26.23 MeV
He~

(p, t)"0 reaction with polarized protons the 6.596-
MeV level was reported to exhibit an "anomalous
behavior. ""Possible explanations applicable here
are that a more realistic interaction potential with
finite range is needed or that a more complex re-
action mechanism is responsible. If those incon-
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FIG. 5. Neutron time-of-flight spectrum from the Al-
( He, e) 9P reaction. The peaks are labeled with the exci-
tation energies measured in this study.

FIG. 6. Neutron time-of-flight spectrum from the Si-
(3He, n)30S reaction. Peaks are labeled with the excitation
energies measured in this study.
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sistencies are due to a general misunderstanding
of the reaction mechanism, then the present theory
should not be so successful in predicting the ob-
served structure of the other angular distributions.
The best evidence for a competing reaction pro-
cess (two-step stripping or knockout) would be
the presence of non-normal-parity states which

are forbidden in a one-step process by the selec-
tion rules. As noted above, the 2 level is not
evident in the data. Since the levels in question
are unbound we may, in fact, by using faulty as-
sumptions in the extrapolation of angular distri-
butions into the unbound region.

An alternative explanation may be due to the
treatment of the exit- channel optical parameters.
One may assume that the exit-channel optical pa-
rameters should, to some degree, reflect the
position of the two loosely bound transferred pro-
tons Th.e root-mean-squared (rms) radius of the
two protons (r»')'~ in p-shell configurations is
approximately equal to the core radius, while pro-
tons in s-d-shell configurations have nearly twice
the rms radius of the core (r,')'~'. Such drastic
changes in the surface-matter distribution are in
no way accounted for in the standard optical-model
analysis. In order to explore possible effects on
the differential cross sections due to changes in
matter distributions, a calculation with the imagin-
ary radius adjusted by a factor (r»')' /(r, ')'" is
shown as the dashed curve in Fig. 4 and is com-
pared with a standard calculation, shown as the
solid curve in Fig. 4. Intermediate values of the
imaginary radius produced curves bounded by the
two shown. The fits to the data with the adjusted
radius are better in nearly every case. They sug-
gest that a simple A' matter distribution is an
oversimplification for light nuclei where structure
in valence nucleons can have a significant effect
on the over-all matter distribution. Interestingly,
if the exit-channel imaginary geometry is held
constant but the real diffuseness is decreased by
30%, much the same effect on the calculation is
observed.

Although the shapes of the angular distributions
were fairly insensitive to the final-state wave
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FIG. 7. Angular distribution of neutrons from the
Si(~He, n) S reaction. The curves are the results of

distorted-wave calculations. The two curves shown with
the first excited 2" state indicate the magnitude relative
to the ground state for the configurations shown.

functions used in the calculations, the relative
magnitudes were not. The relative magnitudes of
the calculated cross sections were determined for
several sets of wave functions and were compared
with the corresponding experimental relative mag-
nitudes. Pure two-particle wave functions, as
well as the mass-14 wave functions of True" (T)

TABLE V. Comparison of the experimental and calculated relative magnitudes for the 2 Si( He, n) S reaction.

30S excitation
energy (MeV)

0.00
2.22
3.41
3.69
5.21
6.11

0+

(2 +)

(0'), (2')
(2') (0')

(3 )
(5 )

+exp

1.0
0.50-0.90
0.15-0.30
0.20-0.35
1.2 -1.9
0.30-0.60

I-B-IV

1.0
0.46

0.08, 0.10
0.10,0.08

2.20
0.28

Dominant

configuration
B

( si/2)'
(2si/2) (1d3/2)

(1d3/2)

(1d3/2)
(1fz+) (2'/2)
(1fT/2) (13/2).
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and McGrory" (M} were used in the calculations.
The T set was based on a "C core with active p,&„
s /2 d g and d», orbital s. The M set was al so
based on a closed "C core with active p„„s»»
and d, &, shells. Table IV shows the experimental
and calculated relative magnitudes for all the ob-
served levels for two sets of incident-channel op-
tical parameters. The results for the pure two-
particle configurations produced very poor agree-
ment and are not shown in the table. The ob-
served cross sections for the 1 and first excited
0' levels are considerably smaller than those
predicted. This may, in some way, result from
the assumed closed "C core. It would also appear
that each of the theoretical wave functions does
well for some of the states above 6.2 MeV, but
miss on others. No clear cut preference for either
the True or McGrory set can be drawn from this
work.

~~gl(JIIe, n)~~P. Figure 5 shows a neutron time-
of-flight spectrum from the "Al('He, n}"P reac-
tions. The energies of the excited states in the
figure are those found here, and the Q value was
measured to be 6.616 +0.03 MeV. Since the spin-
parity of the ground state of "Al is —,", the orbital
angular momentum transfer no longer uniquely de-
fines the final state J". The level density becomes
quite high for excitations greater than about 3 MeV,
and it was not possible to resolve all of the levels
above this excitation. Although the levels at about
8 MeV excitation are unstable to particle decay,
it is interesting to note the strength with which
these levels are populated. These levels appear
as strong sharp peaks with widths of less than

1 1

Ni ( He, n) Zn05' E& = 25.8 MeV—
z He

Y.
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g.s.

0.02 +

0.01
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005 =
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"XV
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0.05 2.210 MeV—

0.01E
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P2

300 keV. Table III shows the "P levels observed
and those previously reported.

After observing the delayed protons following
the decay of "S, Hardy and Verrall" predicted
the allowed P' transitions to the T=-,' states of
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FIG. 8. Neutron time-of-flight spectrum for the
Ni( He, e)6 Zn reaction.

FIG. 9. Angular distributions and distorted-vrave cal-
culations for the states observed in the ~ Ni( He, n) Zn
reaction.
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TABLE VI. Comparison of the experimental and calculated relative magnitudes in the 5 Ni( He, n) Zn reaction.

Zn excitation
R calc
I-S-I Dominant configurations

g.s.
1.019

2.210

3.51

p+

p+

1.0
0.63

0.14

0.92

1.0
1.07

0.13

1,24

1.0

0.13

0.94

~f5/2~ ~ ~3/2~ ~ ~pi/2~

~3/2~ & 0 3/2& P 1/2~& 0 1/2& f5/2~& ~3/2& f5/2~& ~f 5/2~
2 2

+3/2 f5/2& ~f5/2&
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FIG. 10. Neutron time-of-flight spectrum for the
~ Ni(3He, n)+Zn reaction.

"P which lie at 8.08 and 8.36 MeV excitation. If
one applies the semiempirical mass formula of
Jaenecke, "the lowest T=-,' level in "P should be
at 8.2 +0.5 MeV. It is reasonable to assume that
the strong transitions in the region of 8 MeV are
the T= —,

' isobaric analogs of "S.
Si(He, n) S. Figure 6 shows a neutron time-

of-flight spectrum from the ' Si('He, n)' S reac-
tion at 0'(L). The uncertainty in the target thick-
ness and presence of carbon and oxygen impuri-
ties prevented an accurate determination of both
the reaction Q value and the absolute cross sec-
tions. Table III shows the observed levels of "S
and those previously reported. The angular dis-
tributions for the ground and 2.22-MeV states are
shown in Fig. 7. Distorted-wave calculations were

attempted with several choices of the optical pa-
rameters shown in Table I. The calculated shapes
of the angular distributions were slightly sensitive
to the particular choice of optical parameters;
however, none gave consistent fits to both levels.
The curves shown are the calculations with optical-
model parameters I and IV in the entrance and
exit channel, respectively. The curves shown are
normalized to the ground-state data. The bound-
state radius parameter was set at 1.15 fm with a
diffuseness of 0.65 fm. The final-state nuclear
wave functions were assumed to be pure two-parti-
cle configurations of v(2s, i2)', + and v(ld», 2s, ,2),+

outside an inert closed w(d„,)',+ v(d», )',+ core.
The shapes of the calculated angular distributions
were insensitive to small adjustments in the bound-
state geometric parameters, as well as the as-
sumed two-particle ' S wave functions. The poor
fits to the angular distributions make it very diffi-
cult to draw any conclusions about the nuclear
wave functions from the relative magnitudes at
O'. Thus for this case we chose to obtain the rela-
tive strengths by averaging over Several angles.
In Table V, where the experimental and calculated
relative magnitudes are compared, the spread in
values reflects the differences between the zero-
degree and the angle-average normalizations. It
is interesting to note that the strongest transitions
predicted is to the (f~„,s«2) 2 configuration and
the state at 5.21 MeV is consistently the most
strongly excited state observed. The general con-
sistency between the calculated and observed mag-
nitudes gives support to the assumption that the
pure two-particle configurations are the dominant
components of the final-state wave functions.

~ ~ Ni(~He, n)~ ~~ ~4Zn xeac)ions. Figure 8
shows a neutron time-of-flight spectrum from the
"Ni('He, n)~Zn (58-60) reaction. The "Zn levels
observed here and those previously reported are
given in Table III. The group at 4.93 may repre-
sent two or more unresolved levels. In Fig. 9 the
angular distributions for six of the Zn levels
are presented. The absolute cross sections are
believed to be accurate to better than 25%.

Distorted-wave calculations were attempted
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with several choices of the optical parameters of
Table I. The most consistent fits to all the levels
observed were obtained with 'He parameter Sets
I and VI and the Rosen" neutron parameter Set I.
The curves shown are the results of the calcula-
tions with the I-I optical parameter combination
and bound state ro=r, =1.15 fm, a0=0.65 fm. The
calculated curves are individually normalized to
the data. The fits to the angular distributions led
to J' assignments for all levels except for the
state at 4.18 MeV. This state could be described
equally well by either a 0' or a 2' calculation.

As might be expected the calculated relative
magnitudes based on pure two-particle configura-
tions did not agree with the observed relative
strengths. This is a reflection of the large con-
figuration asmixtures in the "Zn wave functions.
The four-particle shell-model wave functions of
Singh and Rustgi" (S) have been reported for the
0', 2', 4' and first excited 0' levels of "Zn as-
suming a doubly closed "Ci core. The components
in these ' Zn wave functions which overlap with
an assumed "¹core of v( f», )'s(f„,)'(p„,)2,+ were
extracted from the four-particle wave functions
and were assumed to be the only components which
could be reached in the transfer of a singlet dipro-
ton. Our analysis does not represent a rigorous
test of the "Zn wave functions, but rather an at-
tempt to reproduce the observed relative strengths
with the wave functions and model available. Table
VI shown a comparison of the experimental and
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FIG. 11. Neutron time-of-flight spectrum for the
Ni( He, n)+Zn reaction.

calculated magnitudes assuming the two-particle,
closed-core overlap components S with the optical
parameters which gave the best fits to the angular
distributions I-S-I and VI-S-I. It may be argued
from the consistency displayed in Table VI that:
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MG. 12. Comparison of the angular distributions to the ground and first excited 2+ states of 6oZn, +Zn, and Zn.
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(l) Different optical-model parameters do not

grossly affect the calculated cross sections; and

(2) the experimental cross sections may be largely
accounted for by assuming closed-core ground-
state parentage.

Figures 10 and 11 show time-of-flight spectra
for the ' Ni('He, n)62Zn and "Ni('He, n)"Zn reac-
tions, respectively. The cross sections for the
ground-state transitions were approximately the
same as for the 58-60 reactions. However, the
cross sections to the excited states of the Zn iso-
topes decreased with increasing neutron number.
Table III lists the energies of the neutron groups
observed and, where available, the results of
other experiments. Since it appeared that the
higher excited transitions may have corresponded
to more than one level, complete angular distri-
butions were only obtained for the ground and first
excited states of "Zn and "Zn. These are present-
ed in Fig. 12. The groups of states near 3.5 and
5.5 MeV are excited consistently in the three Zn
isotopes. This would seem to suggest similar
structure for these states. Calculations were
made with several choices of optical parameters.
The calculated shapes of the angular distributions
were nearly the same for the several different
parameters sets. The curves shown are for the
I-I optical potentials and the assumed two-particle
configurations of (P»,)',+ and (p„,)', +. Both the
calculated and experimental shapes of the angular
distributions show a slight Q and mass dependence
which presumably accounts for the slight differ-
ences in their shapes.

As in the (58-60) reaction, a comparison of the

experimental relative magnitudes with the calcu-
lated relative magnitudes based on pure two-parti-
cle configurations produced very poor agreement.
Shell-model calculations for Zn and "Zn were
not found in the literature. Since the coherent
summation of two-particle components could not
provide unique structure information, no attempt
was made to determine the "Zn or the "Zn wave
functions from comparison with the data. It is
interesting to note, however, that although the
ground-state transition strength remains nearly
constant for the three isotopes, the strength to
the excited states is significantly reduced with in-
creasing neutron number. The "Zn nucleus has
30 protons and 30 neutrons. The neutrons added
from one isotope to the next are entering the same
shell orbitals populated in the reaction by the
transferred protons. It seems then that the neu-
trons filling the same shells have a marked in-
fluence on the final-state wave functions, and the
simple model of two-particle proton states in an
effectively closed core is no longer applicable.
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