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Nuclear levels of the nickel isotopes were investigated with (d, t) reactions at 15-MeV deuteron energy.
Absolute differential cross sections were obtained from isotopically enriched Ni", Ni~, Ni", Ni", and Ni"
targets with 5E-X-E counter telescope and two-parameter multichannel analysis. Two sets of distorted-
wave Born approximation (DWBA) calculations were made for all Q values and l values of interest, and
spectroscopic factors and / values were extracted from the comparison of data and theory. In addition, a
number ofj values, for the final states, were assigned on the basis of empirical rules. Aj dependence was ob-
served for all l =1 and l =3 transitions where resolution and statistics were good enough to allow analysis
of the data for angles larger than about 45'. For all but the very weakly excited levels, correct j values could
also be obtained from a comparison of (d,p) and (d, t) spectroscopic factors leading to the same final state.
It was noted that a number of l =3 transitions previously observed by Cohen, Fulmer, and McCarthy in
Ni(d, p) reactions led to final states that we find to be f&~r This ind. icates that in the light Ni isotopes the

f&~2 shell is not completely filled. The spectroscopic factors reported are discussed in terms of the shell-model
pairing theory by Kisslinger and Sorensen. Our results for the energies and fullness of single-quasiparticle
levels are in agreement with results from (d,p) work provided the correct jassignments are used. It was found
that all DWBA predictions without 1 s interaction failed to give good quantitative agreement with the
observed (d, t) angular distributions for angles beyond the stripping peak. DWBA calculations were made
for a conventional neutron form factor which is determined by the neutron separation energy, and also
for a recently suggested form factor which is determined by a constant binding energy for all neutrons with
a given j, regardless of differences in separation energy. The two form factors lead to almost identical pre-
dictions for the angular distributions; however, systematic differences are found in the spectroscopic factors.
In terms of shell-model expectations, the conventional approximation for the neutron form factor leads to
more consistent results.

observed levels with /, j=const is computed. The
weighting factors S, are the spectroscopic factors ob-
tained from a comparison of distorted-wave Born
approximation calculations (DWBA) with experimental
cross sections. This provides us with a precise and
justifiable definition of experimental single (quasi)-
particle energies E;. For the case of one nucleon outside
doubly closed shells, of course, E; becomes identical to
the single-particle energy.

The present work was designed to complement earlier
work with (d, p) reactions' and (d, t) reactions' on Ni
isotopes, particularly to help in the assignment of un-
certain spins, and in the investigation of the Ni~~

nucleus, which cannot be investigated with stripping
reactions. The levels of Ni'~ are important from the
standpoint of the shell model, since Ni" has a single
neutron outside a doubly magic core of 28 neutrons and
28 protons. For the other nickel isotopes, (d, t) cross sec-
tions for levels of known spin can be used to check the
rule that the total angular momentum of a level is in-
dicated by the ratio of stripping to pickup cross sec-
tions which lead to the same final state. It was also
desired to compare the spectroscopic information ob-
tained from (d,p) work with that from (d,]) experiments.
If the DWBA theory is fully applicable, (d,p) and (d, t)
are complementary reactions and should lead to the
same values for the fullness of certain final states and
for the quasiparticle energies. The precise values for
these quantities depend critically on the spectroscopic
factors 5; which in turn are sensitive to certain approxi-

I. INTRODUCTION

S INGLE —NUCLEON stripping and pick. up reactions
such as (d,p), (He', d), (p,d), (d, t), etc. , predomin-

antly lead to final states which have appreciable singje-
particle components. To the large extent that the theory
of direct interactions is applicable, such reactions have
provided much nuclear-structure information. They
have been employed extensively, not only to mea, sure
angular momentum and parity of the final states, but
also to find experimentally the energies of "singJe-
particle" levels (by stripping on targets with doubly
closed shells). More recently, "stripping reactions on
nuclei with only one closed shell (usually protons) have
been used to arrive at single-quasiparticle energies.
Here it is necessary to observe all levels into which the
single-particle levels are split by residual interactions.
The single-quasiparticle energies, of course, are not
observed directly, but are usually computed from the
"center of gravity" of the actually observed levels of
given orbital and total angular momentum. Cohen'
defines the "center of gravity" E, of a group of states as

E.;=+S,E~; /p 5, .

This means a weighted average over the energies of all

*Work supported by the National Science Foundation under
Grant No. G-11309.

t Present address: Knolls Atomic Power Laboratory, General
Electric Company, Schenectady, New York.

' B.L. Cohen, R. H. Fulmer, and A, L. McCarthy, Phys. Rev.
126, 698 (1962).

'R. H. Fulmer and A. L. McCarthy, Phys. Rev. 131, 2133
(1963); R. H. Fulmer, A. L. McCarthy, B. L. Cohen, and
Middleton, ibid. 133, 8955 (1964).
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optical reader

FIG. 3. Schematic view of scat-
tering chamber and monitoring
system. Beam enters chamber
through collimating slits near (a)
and impinges on target at (b). The
detector, at (c), is mounted on a
turntable (inmost circle). Scintilla-
tion detectors at (d) monitor the
scattered beam; the unscattered
beam is collected in a Faraday
cage at (e).
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ea ivey6—10-MeV particles. This would lead to a relativel
small spread in the value of P and would not hinder
particle separation. However, the energy deposited by a
transient particle in the first (/iE) counter of a counter
telescope is subject to straggling. Usually the variation
of AE due to straggling was much larger than the un-
certainty in the AE measurement due to finite resolution
caused by detector noise. If good particle resolution
is desired, it is advantageous to make the AE counter
fairly thick so that the straggling width becomes small
with respect to (AE), . For this experiment we chose
a hE counter of about 60 p as a reasonable compromise.
This counter stopped 3.5-MeV tritons. AE)(E"
analysis was possible for )6-MeV tritons, i.e., fo Q
values down to —9 MeV. The E counter was a 1-mm-
deep gold surface-barrier detector and completely
stopped all deuterons and tritons. A simple home-built
mixing circuit provided the signals E'+AE =Ei,t,,i

for the multichannel analyzer and the sign l
// /E =E+khE+Ve for one of the multiplier inputs. k

and Uo were variable and were adjusted to make the
product P=AEXE" most nearly constant in the
region of interest. The multiplication module consisted
of two logarithmic attenuators" with a low-input imped-
ance amplifier, and provided an output very closely
proportional to log(AE)&E") for input signals from 2
to 100 V. This output was amplified by a post amplifier
and fed into the X side of the two-dimensional multi-
channel analyzer, while the E'+DE signal was fed into
the V input. Amplifier biases and gains were set so as
to spread the deuteron and triton ridges over about 8
channels. The selected energy interval included 6—15
MeV, and was analyzed into 512 channels (see Fig. 1).

The counter telescope set up in this way provided
good particle and energy resolution. Figure 2 shows a
typical (d, t) spectrum which was obtained by summing
over the four log(AEXE") channels that corresponded
to triton counts. While the detectors and the analyzer

327 (1962).
' C. H. Vincent and D. Kaine, IRK Trans. Nucl. Sci. NS-9,

individually were capable of 20-keV resolution, the
over-all experimental resolution was rarely better than
70 keV (see Fig. 2). This value is explained as the
random sum of finite resolution in detectors, analyzer,
and. beam energy plus straggling in the target, kinematic
energy spread due to the finite solid angle, and an
apparently strong counting-rate effect. The latter
effect and the thickness of our targets (0.5—3.1 mg/cm')
were the most important factors that limited the over-
all energy resolution, which for the thinner targets
ranged from 60 keV at small angles to 80 keV at back
angles. The Xi ' and Xi" targets were, respectively,
3.1 and 1.9 mg/cm' thick and could not be used for
back-angle measurements. Ni58, Ni" and Xi" had an
isotopic enrichment of better than 99%%u~. Ni" was
available only with 83% isotopic enrichment.

All (d, t) counter experiments were performed in our
new remotely controlled 18-in.-diam scattering chamber.
The chamber is positioned behind a magnetic beam
analyzing system that can deliver clean deuteron beams
with an energy spread of down to 10 keV in 15 MeV.
For the present experiment a beam width of 30 keV
was considered adequate. A lead-shielded entrance col-
limator (Fig. 3) consisting of two 2-mm slits plus anti-
scattering slit limits the beam divergence and its devia-
tion from 0=0 to less than &2'. Two NaI scintillation
counters are permanently mounted at &15' for monitor-
ing purposes. The sum of their elastic deuteron counts
monitors beam charge times target thickness. The
difference of their counting rates provides an error
signal for the true beam zero position. The entire
chamber can be rotated around its entrance aperture by
remote control, so that 0= 0 for the beam direction can
easily be found and maintained.

The counter telescope is mounted on a turntable in-
side the scattering chamber. Its position can be changed
continuously from 0=0 to ~170 by remote control.
The turntable position is marked in 1' intervals, and
visual readings for 8 can be taken to an accuracy of
&0.1'. A remote (electric) reader is calibrated in 5'
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io' TwnLE I. Results of the Ni" (d, t)Ni" reactions.

2io-

Ni (d,t) Ni
(1)

Excitation
energy
(MeV)

0
0.77
1.12
2.62

(2) (3) (4)

(de/des),
(mb/sr)

0.637
0.070
0.054

~0.10

(5)

SE

1.05
0.69
0.23

r 2.7

(6)

CB

1.01
0,60
0.23
8.7

TABLE II. Results of the Ni+(d, t)Ni" reactions.

io-
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0
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Ni (d, t) Ni

1,70
g p

Pro. 4. Some angu-
lar distributions for
levels observed in
the reactions Ni'-
(d,t)Ni" and Ni"-
(d,t)Ni5'. The dashed
lines are typical
DWBA predictions
except where / is not
indicated. Numbers
opposite the curves
are excitation ener-
gies in MeV.
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intervals to an accuracy of ~0.2'. Targets are mounted
on a target ladder which can ho]d 4 targets simultane-
ously. At the present time the target angle n can be
changed from —60' to +60' and can be reset to &2'
accuracy. The counter telescope normally is cooled to
about O'C by a thermoelectric cooler (Westinghouse
WX814-J) which dissipates the heat to the turntable.
The beam charge is collected in a 5-in. -deep Faraday
cup (made of Ta) which intercepts all particles scattered
through 8&6 . An electron suppressor ring is provided
and is used for vaccuums better than 10 ' Torr. For the
present experiment the chamber vacuum was typically
5)&10 4 Torr, and the use of a suppressor voltage was
not advantageous. Pumping of the chamber was pro-

(I)
Excitation

energy
(M.V)

(2) (3) (4)

(da/da)
(mb/sr)

(5) (6)

s'
SE CB

0
0.34
0.47
0.89
1.32
1.70
1.98
2.65
3.09

~ ~ ~

(3)
3
3

1.83
0.20
0.25
0.116
0.068
0.04
0.09
0.27
0.09

2.22
1.15
0.41
0.25
0.22

5.33
3

2.36
1.24
0.52
0.22
0.23

'1 ULI'Ec Boostivac. This pump unfortunately did not perform
according to specifications and proved of little or no use during
the time this experiment was performed. Therefore, the absolute-
cross-section calibration for this experiment was obtained by
normalization of the telescope data to some runs that employed
magnetic analysis.

vided by the magnet vacuum (via the 2-mm entrance
slits) and by a 20—140-liter/sec ion pump, " which is
directly attached to the scattering chamber. A schematic
drawing of scattering chamber and monitoring system
is shown in Fig. 3.

In order to minimize systematic counting errors the
following procedure was used: (a) The total charge was
measured (by a commercial virtual earth integrator,
Eldorado Company Cl-110) and compared with the
sum of the ~15' monitor counts. If the two monitors
disagreed by more than 5% the run was rejected. Such
disagreements occurred in a. few cases and could be
traced to either faulty charge integration for very small
currents, or to physical obstruction of one of the 15'
monitors.

(b) The sum of the 15' monitor counts was fed into
a, 10-Mc/sec prescaler (Hewlett Packard) which reduced
the pulse rate by a factor of 100. The output of this
sealer was then used as input for the "clock" channel
of our multichannel anajyzer. These clock pu]ses are
subject to the same analyzer dead time losses as other
counts; and the use of stored clock pulses for normaliza-
tion automatically eliminates errors due to dead time
losses as well as errors due to the uncertainty in the
target angle and target nonuniformity.
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FIG. 5. Comparison of
p3/2 and p1~2 angular distri-
butions for Nieo(d, t)Nit'9 re-
actions. Note the differences
at large scattering angles.
The solid lines are smooth
curves drawn through the
experimental points to aid
the eye. All curves are
nearly identical for angles
below 40'.
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TABLE III. Results of the Ni" (d, t)Ni" reactions. IG. EXPERIMENTAL ERRORS

(1)
Excitation

energy
{MeV)

0
0.07
0.29
0.65
1.11
1.17
1.45
1.61
1.73
2.00
2, 14

2.48
2.92
3.13
3.31
3.63

~ ~ ~

1
3

('.)
3

{3)
3
2

(l)

(do-/eke),
{mb/sr)

3.48
0.78
0.94
0.16
0.17
0.22

0.16~.068
0.036

~0.027
0.023
0.03
0.048
0.11

~0.049
0.12

~0.034

(5) {6)

S'
SE

2.77
2.59
0.88
0.18
0.26
0.34
1.05

CB

3.72
3.72

1.40
0.26
0.24
0.33
4.56

0.08
0.25
0.08
0.72

0.10
0.96

~0.08
1.32

1.58 5.79

2.08 7.32
0.76 ~2.55

Our largest experimental errors are scale errors which
affect all points of a given angular distribution in the
same way. They are almost exclusively caused by two
factors: (a) an uncertainty in the target thickness of
about &10%,and (b) the error in the absolute calibra-
tion of the charge integration, which we also estimate
a,t about 10%. These systematic errors could cancel as
well as add, and we assign a probable scale error of
+15%. Scale errors are not shown in our figures and
tables. In addition to scale errors in the cross section
we have systematic errors introduced by uncertainties
in the scattering angle 0. The angular resolution was
about 60=1.5'. The uncertainty in the zero position
was less than ~1'.

Random errors di6er widely from point to point.
They are due to statistics, background subtraction,
limited energy resolution and the resultant difhculty
in resolving nearby peaks. Random errors are estimated
for each point and shown in the figures.

The excitation energies quoted for various levels are
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uncertain to about 10—30 keV, depending on energy
resolution and the proximity of a well-known peak for
which the energy couM be taken from the literature.

IV. ASSIGNMENT OF / AND J
A. Assignments of Orbital-Angular-Momentum Values

Angular distributions for levels observed in the (d, t)
reactions are shown in Figs. 4—10. The l-transfer assign-

TAax, z IV. Results of the Ni" (d, t)Ni" reactions.

(1)
Excitation

energy
(Mev)

0
0.09
0.16
0.53
1.01
1.27

1.77
1.91
2.14
2.29
2.52
2.98
3.58

(2)

(4)
~ ~ ~

{3)

(3)

(do'/d'& )max
(tub/sr)

0.87
1.65
4.26
1.23
0.64

0.19

~0.049
0.087
0.24
1.10

~0.014
0.038
0.20

(5) (6)

SE CB

0.47
3.43
2.42
0.82
0.52
0.09
0.82
0.23
0.45
0.36

1.16
6.69
4.24
1.25
0.91
0.15
1.98

~1.17
2.19
0.47

0.21 0.42

2.32 8.88
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FIG. 6. Comparison of experimental angular distributions with
different DWBA predictions for the Ni" (d, t)Ni" reactions.
Numbers opposite the curves give J, parity, and the excitation
energy of the level. The symbols CB and SE are explained in the
text (G.S.=ground state).

ments for levels of Xi'7, Ki59, Ni", and Xi" are listed
in column (2) of Tables I—IV, respectively. The assign-
ntents of orbital angular momenta from the (d, t) angular
distributions are in very good agreement with similar
assignments from (d, p) reactions. '

Theoretical predictions for the Ni" (d, t)Ni" angular
distributions were obtained by DWBA calculations;
representative curves are shown in Figs. 4, 6, 7, 8, and 9.
The optical-model parameters used in the calculations
are listed in Table V. No spin-orbit terms were included
in the optical-model potentials. Since triton parameters
were not available in the nickel region, parameters for
the DVVBA calculations were based on the available
analysis of He' elastic-scattering data. "Three reason-
able sets of parameters were tried; each set predicted
essentially the same Q dependence and similar absolute
magnitudes for the cross section. For each of these cal-
culations, the binding energy of the transferred neutron
was taken as the separation energy of the nuclear level
formed in the reaction. The neutron potential was a
tA'ood-Saxon well with a radius parameter of 7.25 F and
a diffusivity of 0.65 F. As was noted in the introduction,
it was suggested recently that in the distorted-wave cal-
culation of the neutron form factor, one should use
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4J
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G.S.
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2.8 I

/=I
3.I4
g=I

3.26
g=l

3.40
g=l

2.I7

FiG. 7. Angular dis-
tributions for levels ob-
served in the reactions
Xi"(d ])Ni' .The dashed
lines are typical DWBA
predictions for the in-
dicated / value. Num-
bers opposite the curves
are excitation energies in
MeV.
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"We are indebted to R. Bassel and R. Drisko for sending us the
preliminary parameters for Ni (He', He')Ni data by Yntema and
Zeidman.
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TABLE V. DWBA parameters for Xi(d, t) reactions.

Case

deuteron
triton A
triton B
triton C

V (MeV)

95a
98a
92.
43a

W(MeV)

0
19~
10.
14~

rp(F)

1.274
1.07
1.07
1.52

r, (F)

1.3
1.4
1.4
1.4

u(F)

0.739
0.854
0.854
0.61

rp'(F)

1.389
1.7
1.8

A'(F)

0.625
0.75
0.592

W'(MeV)

82b
0
0

& Saxon-type well. b Surface-absorption-type well.

10

Ni (d t) Ni

410-

r'

~

~ ~

G.S.

.289
g=l

the binding energy of the single-particle state to which
the transferred neutron belongs, independent of the
separation energy of the nuclear level formed in the

reaction. ' Such a "constant binding energy" (CB)
DWBA calculation was performed with the first set of
triton parameters in Table V. Binding energies of the
single-particle states were taken from Table VII with
an f7~2 f~&2

—splitting of 6 MeV. The differences in the
predicted angular distributions were found to be quite
small at forward angles (see Fig. 6). Both the "constant
binding energy" and "separation energy" (SE) DWBA
calculations agree almost equally well with the experi-
mental angular distributions. In fact, our use of an
integration cutoff had a somewhat greater eRect on the
agreement of DWBA curves with experimental angular
distributions than the method of calculating the neutron

4
IO—

~ 63

.654
g=I

G.S.

310-

FIG. 8. Angular dis-
tributions for levels ob-
served in the reactions
Ni" (d, t)Ni". The dashed
lines are typical DWBA
predictions for the in-
dicated / value. Num-
bers opposite the curves
are excitation energies
in MeV.
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Fxo. 9. Some angu-
lar distributions for
levels observed in the
reactions Ni" (d, t)Ni".
The dashed lines are
smooth curves drawn
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mental points to aid
the eye. Numbers
opposite the curves
are excitation energies
in MeV. Solid lines are
DWBA predictions.
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FIG. 10. Comparison of
P3f. and P1i~ angular dis-
tributions for Ni" (d, t)Nii.
reactions. Note the dif-
ferences at large scattering
angles.
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form factor. Best over-all agreement was obtained with a
cutoff at 5.5 F, and this cutoff was used for the computa-
tions leading to the spectroscopic factors given in this
paper. Other cutoffs near the nuclear surface gave pre-
dictions that differed by up to 10% while no cutoff
generally led to about 20% larger cross sections. The
comparisons of data with the two sets of calculations
(Fig. 6) are confined to forward angles, since spin-orbit
effects, which were neglected, will inhuence the pre-
dicted angular distributions at large scattering angles.
It is remarkable that the predicted angular distributions
are so similar for the two approaches, since they do
yield widely varying spectroscopic factorsfor some levels.

for /=3 transitions. A typical difference in the angular
distributions for J=—', and J=~ is seen near the erst
maximum, and is well illustrated by the lower curves
in Fig. 6. The first maximum of the angular distribution
seems to occur at slightly more forward angles in the
f„, case than in the f7/2 case, and the f5t2 angular
distribution drops off from this maximum more abruptly
than does the fr» angular distribution. The effect can
be partially explained from the fact that the fsi2 state is
not as deeply bound as the frt2 state. The kinematics of
the reaction favor smaller scattering angles for states
which are less strongly bound, and this eRect is qualita-
tively predicted by the DISA calculations. Such dif-

B. Assignment of Total Angular-Momentum Values

As Tables I—IV indicate, the orbital angular momenta
of levels observed by (d, t) reactions on the nickel
isotopes are mostly /= 1 or /=3. Thus the levels may be
assigned values of total angular momentum J=—,'or
—,', or J=-,', or —,", respectively. The (d, t) reactions provide
two indications of the true values of J for the observed
levels.

The first indication is found from the angular dis-
tributions. For the P levels in the nickel isotopes, the
(d, t) angular distributions are strongly J-dependent at
large scattering angles, as was reported in Ref. 13.Some
of the data of Ref. 13 are shown, with more complete
angular distributions, in Figs. 5 and 10. It can be seen
that differences in the J= ~ and J= ~ angular distribu-
tions occur at angles as low as 60, and that differences
of a factor of three or more are present near 125'. (d, t)
angular distributions also show some J dependence

' R. H. Fulmer and Ql. W. Daehnick, Phys. Rev. Letters 12,
455 (1964).

Level
(excitation energy

in MeV)

Ni" 0
0.47
0.89
1.31

Ni" 0
0.29
0.65
1.11
1.17
1.73

Ni'g 0
0.16
0.53
1.01
2.14

~(d, p) P'(~, t)

0.85
2.1.

0.86
1.8
0.41
0.94

(0.15)
0.49
0.51

(0.23)
1.1
0.30
0.26
0.87

(0.07)

Predicted
spin Known spin

TABLE VI. Predictions of spins of P levels by
the ratio $(d,P)/S(d, t).
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TssLz VII. Excitation energies of single-quasiparticle states.

State

p3/2

f~/2

P1/2

f7/2

(2a)

SE

0
0.77
1.12

&2.6

Ni'7
(2b)

CB

0
0.77
1.12

&2.6

(3a)

SE

0.09
0.34
0.76

p 2.7

Ni"
(3b)

CB

0.08
0.34
0.73

p 2.7

SE

0.20
0.07
0.55

p3.1

Nj61
(4b)

CB

0.15
0.07
0.45

&2.8

(Sa)

SE

0.24
0.09
0.98

)34

Ni"
(Sb)

CB

0.25
0.09
0.80

+3.1

ferences in the angula, r distributions are also observed
in (p,d) reactions. "

A second indication of the J values of nuclear levels
may be obtained by comparing (d,p) and (d, /) cross
sections for exciting the level in question. The (d, t)
cross section for exciting a nuclear level is proportional
to the "fullness" of the single-particle state to which the
nuclear level belongs, whereas the (d,p) cross section
is proportional to the "emptiness" of the single-particle
state. ' Hence the ratio of (d, p) to (d, t) cross sections
is proportional to the emptiness of a shell-model state
divided by its fullness. Levels belonging to shell-model
states which are not equally full will have different
(d,p)/(d, t) cross-section ratios.

In the nickel isotopes, this ratio technique may be
applied to the f&/3 and f»3 and the p3/3 and pi/3 levels.
The f&/3 state should be full while the f»3 state is just
beginning to fill, so that f levels having very small

(d,P)/(d, t) cross section ratios may be assigned as f&/3,
and levels with rela, tively large cross-section ratios,
as fp/3

Likewise, the p3/3 state is fuller than the p»3 state,
because it is more deeply bound, so that a significant.
diHerence in the cross-section ratios is expected.
Actually, the ratio of spectroscopic factors (see below)
should be used, since in this ratio the Q dependence of
the single-particle cross section has been removed. The
ratios of spectroscopic factors observed in (d, p) and

(d, t) reactions are presented in Table VI for all the
observers p levels.

As the table indicates, the values of S(d,p)/S(d, t)
correctly predict the total angular momentum for all
levels where J is known from direct measurements. ""
It has been noted, however, that the method seems to
fail for a pair of p levels in Fe". The levels have the
same ratio of spectroscopic factors, ' so that the pre-
dicted spins of the levels should be the same, whereas
direct measurements assign a different J value to each
level "

The ratio method also seems to be unreliable for levels
which are very weakly excited. The ratios of Table VI

' R. Sherr, E. Rost, and M. E. Rickey, Phys. Rev. Letters 12,
420 (1964)."G. A. Bartholomew and M. R. Gunye, Bull. Am. Phys. Soc. 8,
523 (1963)."R.E. Cote, H. E. Jackson, L. L. Lee, Jr., and J. P. Schifter,
Phys. Rev. 135, 852 (1964)."D.S. Gemmell, L. L. Lee, Jr. , A. Marinov, and J. P. Schifkr,
Bull. Am. Phys. Soc. 8, 523 (1963).

corresponding to levels with relatively small (d,p)
and/or (d, t) cross sections (less than 0.05 mb/sr) are
enclosed in parentheses. Values of these ratios for the
weakly excited levels seem to fluctuate more from level
to level and are smaller than corresponding ratios of
the more strongly excited levels. The behavior might of
explained by two-step excitations or by a "compound
nucleus" contribution which are not negligible for
levels whose direct reaction cross sections are very small.
Nevertheless, the ratio method seems quite reliable for
the major levels. According to Table VI, this method
suggests J assignments of 2 for the 1.11- and 1.17-MeV
levels of Xi".These assignments are also suggested by
the shape of the (d,p) angujar distribution at large
scattering angles. '8

Column (3) of Tables I—IV lists the angular mo-
mentum assignments used in the present paper. Since
the Pi/3 single-particle state is expected to be at a higher
excitation energy than the P3/3 state, P levels with
unknown J which are far from the ground sta, te are
tentatively assigned a J value of 2 unless the total
angular momentum is indicated by the ratio method to
be -', . Incorrect assignments of l, and consequently 5'
to experimental angular distributions are possible where
states of different I are not resolved. Ke have tried to
minimize such errors by matching the DWBA predic-
tions to experimental data at the stripping peak only.
Here contributions from other / transfers will be rela-
tively weak and hence produce the smallest error in 5'
for the main component of the group. Doubtful and
tentative assignments are bracketed in the tables. For a
few states no satisfactory fits were found and no assign-
ments were made.

V. DETERMINATION OF S

Values of the spectroscopic factor S are determined
from the cross sections of nuclear levels by the relation

da. 2Sp+1
0 s.P.S 3 (/0 JULIE)S

dQ 2S +1
where da/dQ is the experimental absolute cross section,
So the spin of the outgoing triton, and 5; the spin of
the incoming deuteron in the reaction. 0;.p $0.JULIE ls

~8 (d,p) reactions at 12 MeV recorded at Aldermaston (Ref. 2)
give cross-section ratios between 102.5' and 132.5' (lab angles)
of 1.56&0.24 (GS, p3/2), 1.76&0.48 (1.11 MeV), 1.64~0.45 (1.17
MeV) and 4.28~0.81 (0.29, pI/3).
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I.O

Ni (d, t) Ni
C
8
Ao
A

~OI
E

O
F

-b
—3

3)

2

—0.0 I

-6 -4
REACTION Q VALUE

I

-2

FzG. 11.Q dependence of various theoretical predictions for the
differential cross sections at the stripping peak nearest 30'
(g JUNKIE) . Solid lines refer to SE-type calculations for triton parame-
ters 3, 8, C as explained in Table V. All predictions employ an
integration cutoff at 5.5 F except curves A0, for which no cuto6
was used. The dashed curves refer to CB predictions, which depend
on / as well as j. Symbols CB& and CB6 are explained in the text.

a single-particle cross section calculated by DBA
methods. "As noted in Sec. IV, both the "separation
energy" and the "constant binding energy" DQ'BA
calculations were performed. The "constant binding
energy" calculations predicted a weaker Q dependence
of the cross section than the "separation energy"
calculations ( 40% change per MeV for the magnitude
of o, o versus 80%%uo), so that different spectroscopic
factors are predicted by the two calculations for a given
cross section. Values of absolute cross sections of the
stripping peak (near 30') for the levels in Ni", Ni",
Ni", and Ni" are listed in column (4) of Tables I—IV.
The corresponding values of 5' are listed, for the "separa-
tion energy" and "constant binding energy" calcula-
tions, in columns (5) and (6) of tables, respectively.
As the tables indicate, the values of spectroscopic
factors determined by the two methods diGer, for some
levels, by as much as a factor of 4. However, the most
strongly excited levels belonging to a single-quasi-
particle state often are located near the position of that
single-quasiparticle state, and for these levels, spectro-

"The factor t includes factors peculiar to the I'd, t) reaction
such as number of neutrons transferable, d, I wave function over-
lap, etc. , and is not included in program JUz.zE. The best recent
estimates Sive &=5 'LR. Bassel (private communication) j.

scopic factors derived from the two DWBA calculations
are in close agreement.

DWBA calculations were made only for the Ni" (d, t)
Xi" reactions, but were used to find spectroscopic fac-
tors in all the isotopes studied; that is, changes in the
magnitude of 0; ~. with change in the neutron excess
are ignored. It is felt that the errors incurred by this
procedure are smaller than the other uncertainties in-
volved in the determination of the renormalized magni-
tude of the spectroscopic factors (see Sec. VI below).
Furthermore, deuteron-optical-model parameters were
not available for most of the other isotopes.

As was mentioned above, various choices of reason-
able parameters for the distorted deuteron and triton
waves and the integration cutoff had only minor effects
on the predicted angular distributions. Even the
assumption of constant binding energy (CB) for a given
J in the calculation of the neutron form factor did not
produce any markedly superior or inferior fits to ob-
served angular distributions. However, the theoretical
results varied considerably as to the predicted absolute
cross sections, and the resulting magnitudes of S'.
Figure 1I shows predicted cross sections for the /=I
and l=3 maxima near 30', which can be most easily
observed. For the conventional (SE) calculations
(solid lines) we see an essentially identical Q-value
dependence; but absolute magnitudes can differ by
&30% from the average, depending on the choice of
cuto6 and triton parameters. This type of uncertainty
in S' can very easily be taken care of, together with
experimental scale errors, by the type of renormaliza-
tion described below.

For the derivation of 5' as tabulated in Tables I to IV,
we arbitrarily selected the deepest triton potential
(triton A) as the most realistic, and took a lower integra-
tion cutoff of 5.5 F because it produced somewhat better
agreement with experimental (d, t) cross sections.

The dotted lines in Fig. 11 show the Q-value depend-
ence of the peak cross sections predicted by the CB
calculations (for triton 2 parameters and a lower cutoff
at 5.5 F). The Q dependence differs quite markedly
from the conventional (SE) calculations. The neutron
binding energies used in all CB calculations were 11.5
MeV for the 2ps~s states, 12.1 MeV for the 1fs~s states,
12.5 MeV for the 2p,~s states, 14.9 MeV for the 1gs~s
states and 15.1 or 18.1 MeV for the 1';s states. Where
possible the spacing of these states was taken from the
Xi'~ single-particle energies, as reported in this paper.
Energies for the g9/s and f7(s states were obtained by
extrapolation from quasiparticle energies of adjacent
nuclei. The depth of the neutron well was adjusted to
give, on the average, the correct asymptotic wave
functions for neutrons in Xi".It is, therefore, somewhat
too shallow (by 0.5 MeV) for Ni' too and deep for Ni s

and Ni" (by 0.8 and 1.'I MeV, respectively). If the
asymptotic behavior of the neutron wave function is
important one might, therefore, expect absolute spec-
troscopic factors 5' (for CB calculations) which are
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TABLE VIII. Renormalized values of V .

Isotope

(2b)(2a)
V'(P3i )

CB

(3a) (3b)
v'ipse&l

SE CB

(4a)

SE

(4b)
1"(f /2)-

CB

(Sa)

SE

(5b)
V'(fv )

CB6

(5c)

CBg

Ni"
Ni60
Ni"
Ni'4

0.27
0.58
0.64
0.71

0.27
0.56
0.58
0.64

0.12
0.30
0.46
0.63

0.13
0.33
0.48
0.62

0.12
0.18
0.33
0.50

0.11
0.18
0.33
0.52

&0.35
&0.90
&0.53
&0.33

&1.18
&2.85
&1.43
&0.71

&0.59
&1.42
&0.71
&0.35

consistently too large for Ni"(d, t) and Ni" (d,t). The

Q dependence of the predicted cross sections does not
seem to be strongly affected by moderate changes in
the over-all well depth. This is illustrated in Fig. 11 for
the f7/2(AJ=3+ ', ) trans—itions for which we show a
calculation for E/i= —15.1 MeV (CB3) (close to the
estimated experimental value) and for Eli = —18.1
MeV (CB6). The latter value as arrived at from the
known binding of the f5/2 particle by postulating a 6-
MeV splitting due to the spin-orbit interaction for l =3
states.

The use of experimental energies for the neutron
form factor is somewhat arbitrary. Other investigators"
have used the neutron well from the simple j-j shell
model. The choice of the well depths does effect the
absolute value of the predicted cross sections, but the
magnitudes of the relative (or the normalized) spectro-
scopic factors seem to depend mainly on the splitting
of the t+-', and t——', levels. For instance, the predicted
transition probabilities to f7/2 states are consistently
larger by a factor of 2 if the f7/Q f5/Q splitting is assumed
to be 3 MeV (CB3) instead of 6 MeV (CB,) (see Fig. 11).

Apart from the continuing uncertainty as to the most
realistic representation of the neutron form factor, '"
some spectroscopic factors given could be in error be-
cause of incorrect 1 assignments or levels missed. The
CB calculations yielded absolute, unnormalized magni-
tudes of S' which are too large for Ni" and Ni". This was
expected because the ground-state Q values for (d, t)
reactions change noticeably. For Ni", Ni, Ni ',
Ni" and Ni" they are —5.676) —5.136) —1.513)
—4.366, and —3.400 MeV, respectively.

VI. LOCATION AND FULLNESS OF
SINGLE-PARTICLE STATES

The energies E; of the single-quasiparticle states were
found from the data of Tables I—IV. The values of E;
were taken as the "center of gravity" of the observed
nuclear levels, as explained in the introduction. The
results for the location of the single-quasiparticle states
derived from "separation energy" and "constant bind-
ing energy" calculations are presented in Table VII,
columns (2a)—(5a) and (2b)—(5b), respectively. Be-
cause observed nuclear levels belonging to a given single-
particle state generally are not spread over a large energy
range, the Q dependence of the DWBA calculations has

~ J.L. Ynterna and G. R. Satchler, Phys. Rev. 134,8976 (1964).

little effect on E;, and essentially the same results
are determined from the "separation energy" and
"constant binding energy" calculations. These energies
are in fair agreement with the energies found from
(d,p) reactions 2 but tend to be somewhat lower.
This is expected, since some levels observed at relatively
high excitation energies in the (d,p) reactions have too
small a cross section to be observed in the corresponding
(d, t) reactions.

If no important levels are missed, the "fullness" of
the single-quasiparticle states can also be determined.
The fractional "fullness" of the state j is found' as the
sum t QS, (d, t)]//(2 j+1) of the spectroscopic factors of
the nuclear levels belonging to the single-particle state
j. This sum is equivalent to the parameter V,' of
pairing theory. "

The values of V determined from the present ex-
periment presented in Table VIII have been renor-
malized. In order to correct for scale errors in the abso-
lute magnitude of both the experimental cross sections
and the DWBA calculations, we required that for each
isotope the filling shell be populated with the proper
number of neutrons, and introduced a separate cor-
rection factor c for each isotope, where c is defined by

c Q S' '(d t) = V'.
2j+1

(3)

Since (2j+1)V/2 gives the number of neutrons in the
state j, we required

P cP S' (d, t)=/t, (4)

where for the isotope in question, e is the known number
of neutrons in the shells being filled. Clearly, Eq. (4)
must hold if the numbers V,' are to have their intended
meaning. The results of this method are presented for
both the "separation energy" and "constant binding
energy" DWBA calculations in columns (2a)-(5a) and
(2b)-(5b) of Table VIII. The renormalization factors c
needed for "constant binding energy" (and "separation
energy") calculations, were 1.09 (1.02), 0.87 (0.94),
0.61 (0.76), and 0.54 (0.90), for the Ni a, Ni Ni
and Ni'4 reactions, respectively. Most of these factors c
are different from unity, especially for the CB calcula-
tions. If we insist that all large experimental errors are

"I,. S. Kissliriger and R. A. Sorenson, Kgl. Danske Videnskab.
Selskab, Mat. Fys. Medd. 32, No. 9 (1960).
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FULLNESS OF SHELL MODEL STATES
l.oo

EX P. THEORY
~ p5/ 2

pi
/2

f5/2 r
r

X
o.so-

T

0.60-

V.
J

0,40-

0.20-

N
~ 58 ~ ~ 60

N
~ 62 g

~ 64

Fio. 12. "Renormalized"
spectroscopic factors (VP)
of the single-quasiparticle
states of the nuclei investi-
gated are compared with
theoretical predictions. Fig-
ure 11 shows experimental
values for VP extracted
with the help of conven-
tional (SE) neutron-form-
factor calculations. LTable
VIII shows experimental
values for VP obtained un-
der the constant binding
energy (CB) assumption
for the neutron form
factor. g

scale errors and do not exceed &20%, we must conclude
that the CB calculations gave only fair predictions for
the single-particle cross sections, and that the un-
normalized spectroscopic factors may easily be in error
by 50%%u~ or more.

Our renormaliza, tion will take care of experimental
scale errors (e.g. , uncertain target thickness) and un-
certain theoretical factors such as the strength of the
interaction, d, t overlap and, partially, the neutron well
depth. In general, one would feel more confident with
a calculation where the correction factors c change lea, st
from isotope to isotope. However, some changes in c
must be expected here since Ni" ca,lcula, tions were
used for all Ni isotopes, which ought to be described by
optical wells of somewha, t different sizes and depths.

As Table VIII indicates, the results of the two deter-
minations of V,' generally agree with ea,ch other except
for the f7/7 case, where the values derived from the
"separation energy" calcula, tions differ from those of the
"constant binding energy" calculations by about a,

factor of 2. Our best estimates (SE) for V;s are compared
with the pairing theory predictions in Fig. 12. The pre-
dictions are based on the pairing theory parameters of
Ref. 21, except that the va, lues of the single-particle
energies, in the absence of pa, iring interactions, are taken
from Table VII as the energies E, for Ni".

The values of V,' exhibit the expected trend. As
neutrons are added to the shell, the fullness of the low-

lying states increases. The ps/s state, most deeply bound,
fills most rapidly, followed by the fs/& and p&/s states;
but the latter fills faster than expected. The ggf2 state
seems to be just starting to fill in the heavier nickel
isotopes; very weak /=4 transitions are observed in the
reactions Ni" (d, t)Ni" and Ni" (d, t)Ni".

Another estimate of the fullness of the f»s subshell
can be obtained by comparing values of QS(d, t) for
the fs/s state with similar values for the f7/s state. The
f7/s subshell is practically full in the nickel isotopes;
hence if QS corresponding to the total excitation
strength of the f7/s state is determined, the ra.tio of QS
for the fs/s state to that for the f7/s state should equal
V'(fs/s) X6/8. This method elimina, tes the need for the
normalization procedure above.

TABLE IX. Values of V'(f5/2) by
comparison with V'(f7/2).

Isotope

(2a) (2b)
V'{fs/7) by

comparison with V'(f7/2)
SE CB6 CB3

(3)
V (ff)

best estimate
(Table VIII)

Ni"

Ni62

Ni64

&0.22
&0.16
&0.53
&1.35

&0.06
&0.05
&0.20
&0,65

&0.12
&0.10
&0.40
&1.30

0.12
0.18
0.33
0.51

TABLE X. Results of the Ni" (d, t)Ni" reactions.

(1)
Excitation

energy
(Mev)

(2) (3) (4)

(doid(u) .
(5)

S'
SE

0
1.33
2.1.7
2.29
2.52
2.63
2.81
3.14
3.26
3.40

0+
2+
2(+)

(0+)
4+

2(+)

1.45
1.36
0.09
0.17
0.15
0.28
0.10
0.59
0.33
0.43

0.46
0.62
0.22
0.11
0.44
0.86
0.08
0.58
0.34
0.49

'-' J. B. French and M. H. MacFarlane, Nucl. Phys. 26, 168
(1961).

To determine the proper value of QS for the f7/7 state,
the measured values have been corrected for the fact
that the total excitation strength of the f7/s state is
divided by isotopic-spin splitting into two groups of
nuclear levels, only the lower of which lies within the
energy region of the present experiment. The fraction
of the total f7/s strength contained in the lower group of
nuclear levels is theoretically predictable" and provides
the correction factor applied to the values of QS found
from the observed levels. The presented values of
U'(fs/s) as determined from this procedure would have
to be reduced if not all the f7/s levels in the lower group
were observed. Unobserved f7/s levels may possibly
exist in all the nuclei studied, although an analysis of
the spectra indicates that major f7/s levels were probably
missed only in the Ni'4(d, t)Ni" reactions, where triton
levels from target impurities hindered the investigation
of the high-energy region. Accordingly, the values of
V'(fs/s) determined by this method should be considered
as upper limits, particularly in the Ni'4 case. The values
a,re presented in Table IX and compared with similar
values from the best estimates of V . As Table IX
indicates, the upper limits of V'(fs/s) are in fair agree-
ment with the "best estimates" when the "separation
energy" calculations are used to determine QS, but
inpoorer agreement when the "constant binding energy"
calculations are used.
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VII. THE Ni" (d, t)¹i'"REACTION

The results of the investigation of Ni" by (/t, t) re-
a,ctions are presented in Table X. Column (1) of this
table lists the energies, column (2) lists l, column (3)
the total angular momentum, and column (4) the cross
sections of the observed levels. Angular distributions of
the observed levels are shown in Fig. 7. Because of un-
certainties in the j values of several strong levels, the
spectroscopic factors S' extracted from the data, [column
(5)) are not discussed in terms of shell-model theory.
The j values listed are taken from the Nuclear Data
Tables. All are consistent with our pickup data. The
parities of all levels observed are positive.

VIII. SUMMARY AND CONCLUSIONS

The work presented in this paper was initiated as a
supplement for the spectroscopic work on the Ni",
Ni", and Ni" isotopes presented in Refs. 2 and 3. In
addition spectroscopic information on Ni'~ was sought.
In good agreement with a previous (p, d) experiment 2'

only four levels were seen in Ni", in spite of our im-

proved energy resolution. If the state near 0.77 MeU
is a doublet as suggested in Ref. 23, its spacing must be
less than 50 keV.

For Ni~', Ni6' and Ni" a large number of / and j
assignments, given in Refs. 1 and 2, was con6rmed, and
a few new assignments were made. As shown in Tables
I—IV several f~/2 states are found below 4-MeV excita-
tion for all Ni isotopes. Some of these sta, tes (weakly)
excited by /=3 (d,p) transitions had previously been
assumed to be f~i2 (Refs. 1—2). However, their strong
excitation by (d, t) reactions indicates that they are

f7/~ states. This is an interesting indication that in the
light Ni isotopes the f7/i& shell is not completely filled.

The new j assignments affect the values of E;
and U, in Refs. 1 and 2 in a systematic fashion, since
previously all higher lying p and f levels were assumed
to have total angular momentum -,'and —'„respectively.
Values for the f//2 quasiparticle energies will have to be
lowered, those for p3/2 have to be raised. This change
much improves the agreement with our E, values from
the (d, t) experiment (Table VII). The agreement of the
calculated fullnesses from (d,p) results for the P,/~,

fs/2, and Pi/2 states again is good, once the j values and
normalization used in Refs. 1 and 2 are brought up to
date. '4

It should be noted that the Pi/2 state appears much
fuller than predicted by shell-model theory (Fig. 12).
This deviation may just reflect the various approxima-
tions made in our DWBA calculations, but it may also
be significant.

In the latter case, one explanation might be that
some 1= 1 transitions seen in the experiments no longer
lead to states which are well described as single-quasi-
particle states.

2' J. C. Legg and E. Rost, Phys. Rev. 134, B753 {1964).
'4 R. H. Fulmer, Ph. D. thesis, Pittsburgh, 1964 (unpublished).

The combination of (d,p) and (d, t) experiments
usually allows a safe determination of / and j for all
reasonably strongly excited states. While the majority
of our j assignments stems from a comparison of (d, t)
and (d,p) cross sections, a number of j values for p
states could be unambiguously assigned by a comparison
of large angular distributions (see Figs. 5 and 10 and
Ref. 13). For f states the identification of the correct j
value from the (d, t) angular distribution seems also
possible, but generally more accurate data are needed.
Differences for f5/p and f7/& angular distributions occur
at forward angles, but are not as clear as those for P3/2
and pi/2 states (compare Figs. 6 and 5), and the observed
shift in position and shape of the forward maximum is
partly (although not entirely) due to the Q value
differences for the fs/~ and f7/2 transitions. There is
evidence that spin-dependent DWBA calculations can
correctly predict the empirically observed j dependence
in stripping and pickup reactions. " Such calculations
will generally yield better quantitative agreement with
large angle experimental cross sections than calcula-
tions in which I.s terms were neglected. DWBA cal-
cula. tions for the present (d, t) work, which were made
without spin-orbit terms, usually differed substantially
from the data at angles larger than 70'. This, of course,
is to be expected whenever the j effect is as strong as
shown in Figs. 5 and 10.

As mentioned above the neutron form factor used in
our calculations, whether of the standard type (SE) or
kept constant for a given j (CB) had little effect on the
predicted angular distributions. However, there was a
very noticeable difference in the predicted Q-value
dependence of the pickup cross sections (Fig. 11),and as
a consequence, in the extracted spectroscopic factors.
It appears that, our (d, t) experiment is a useful test case
for the two approaches since both calculations turn out
more Q sensitive than usual. Even so the relatively
small energy spread in the observed p3/2, f5/2, and pi/2
states obscures any difference in the two approaches for
these levels. The f7/2 spectroscopic factors, however, do
differ very significantly, as can be seen in Tables I—IU.
We know that we do not observe all fi/~ states, because
of the high negative Q values for some f7/2 levels; hence
a,ll observed fullnesses (Table VIII) for the fq/2 level
are lower limits, which must always be well below 1.00.
It is seen that the standard calculations (SE) meet this
condition, whether the data are renormalized or not.
CB calculations (CB=CB6), however, yield fullnesses
well over 100% (even after renormalization) for any
reasonable f5/2 f7/2 splitting. In-order to check the
dependence of this conclusion on the assumed spin-orbit
splitting we calculated fullnesses for an assumed f,/2 f,/~-
splitting of 3 MeV (listed under CB3) which must
certainly be considered as a lower limit for the splitting.
Even in this case the predicted f7/2 fullnesses are too

"L.L. Lee, Jr. , A. Marinov, C. Mayer-Borick. e, J. P. SchiGer,
R. H. Bassel, R. M. Drisko, and G. R. Satchler, Phys. Rev. Letters
14, 26i (1965).
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high, at least for Ni". It seems, therefore, that in cal-
culations for the Ni (d, f) reactions the correct asymptotic
behaviour of the neutron form factor is important, and
CB calculations give results less consistent than the
standard (separation energy) methods.
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A Li' oxide layer deposited on a carbon foil has been bombarded by 13-MeV tritons from the Aldermaston
tandem. The spectra of ~ particles emitted at 24 angles relative to the incident beam (5' to 175') have been
determined with the Aldermaston multigap spectrograph, using nuclear plates as detectors. The first ex-
cited state of He' is found to have an excitation energy of 1.797&0.025 MeV and a width of 113~20 keV.
No other excited states of He below an excitation energy of 12 MeV have been observed, for 0=5' to 35'.
Angular distributions of a particles have been determined to the following states: E =0 and 1.80 MeV in
He' E =0, 5.28+5.31, and 6,33 MeV in N" 8 =0, 2.14, 4.46, and 5.03 MeV in 8".The angular dis-
tributions show strong direct-interaction features.

INTRODUCTION

HE only exoergic reaction leading to He' is the
Li'(t, n)He' reaction with a, Q value of 9.833

MeV. ' It is therefore not surprising that most of the
known information on the structure of He' has been
derived from work with this reaction. K. W. Allen
et al.'~ have observed two excited states of He with

E,= 1.71+0.01 MeV (F&100 keV) and 3.4&0.2 MeV
(I'(300 keV). These experiments used low-energy tri-
tons (E,(1 MeV), and a proportional-counter tech-
nique. The n-particle group attributed to the 3.4-MeV
state4 was observed at 0=131' at E&=0.24 MeV, and
at 8= 90' at E&——0.71 and 0.90 MeV. Evidence has also
been reported' for one or more states at E,=9.3&0.7

)The exposure of the plates was carried out at the Atomic
Weapons Research Establishment, Aldermaston, England. The
remainder of this work was supported by the National Science
Foundation.
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MeV and possibly for a state at E =6~0.9 MeV. The
summed proton spectrum from the Lir(P, 2P)Hes reac-
tion suggests' an excited state of He' with E, 15 MeV
and J= 1—or 2—.It appears fair to say that only the
existence of an excited state with E 1.7 MeV has
been established with any certainty.

While there is no question of the existence of the
1.7-MeV state, its parameters and decay modes are only
poorly established. Its angular momentum and parity
are probably' 2+, but there has been conQicting evi-
dence on its width and on its decay modes. There have
been reports that the 1.7-MeV state decays by y emis-
sion."On the other hand the absence of He'* recoils, '
and the fact that the state is broad, "suggest that the
decay is by particle emission via one or both of the
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