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The (p, t) reaction on the even-even N=Z nuclei in the 2sld shell has been used to study the

energy levels of Ne, Mg, ~Si, ~ S, ~ Ar, and 3 Ca. The energies of the excited states ob-
served are reported along with spin and parity assignments when possible. Two-nucleon-
transfer distorted-wave calculations were carried out. Comparisons are made with the

shapes of the experimental angular distributions. It is found that the calculated shapes are
primarily dependent upon the L transfer and the optical-model parameters. The magnitudes

of the calculated cross sections are found to depend strongly not only on the optical-model
parameters, but also the bound-state parameters and the configuration mixing in the initial
and Gnal nuclear wave functions.

I. INTRODUCTION

The (P, t } two-nucleon-transfer reaction has
been studied for even-even N=Z targets in the
2&1d shell. In particular, the targets were "Ne,
"Mg, 'Si, "S, "Ar, and 'Ca, which all have
J'=0' ground states. These (P, t) reactions
reach states in nuclei which are two nucleons
away from stability. The only other way of reach-
ing the same nuclei by a two-body final-state re-
action is the ('He, n} reaction. Until recently these
nuclei have not been studied to any great extent
although the (P, t) reaction has been used exten-
sively to study nuclei in the light-mass region' '
and in the medium-to-heavy-mass region. ' '
These studies have shown that the shapes of the
angular distributions are characteristic of the
X transfer.

We denote the reaction by

rect reactions such as set forth by Satchler" was
used to calculate the shapes of the angular distri-
butions. The details of the reaction mechanism
are calculated by a spin-dependent distorted-wave
computer code in a zero-range approximation.
Glendenning" developed the form factor needed in
this calculation by using harmonic-oscillator wave

functions for the two bound neutrons and a Gauss-
ian wave function for the triton. It has been
shown by Drisko and Rybicki" that the use of fi-
nite-well wave functions alters considerably the
predicted cross section. We choose to follow the
finite-well wave-function approach as expressed
in detail in a paper by Jaffe and Gerace."

The bound-state wave functions of the two neu-
trons are taken to be those of a particle bound in
a well of the form

A(p, t)B)

and the transferred quantum numbers by I., S, 4,
and T. Since the targets are all J„=0, T„=O, and
since 7= 1 is a requirement of the (p, t) reaction,
it follows that ~~ =~ and T~ =1. The two neutrons
bound in the triton are mostly (-95'$)' in a state of
relative spatial symmetry which requires that S =0.
This leads to J~ = I.as an approximate restriction.
If it is further assumed that the neutrons in the tri-
ton are in a relative s state, then the parity change
is restricted to 4m=(-1) . These restrictions
make the spin-parity assignments to the final nu-
clear states quite unambiguous once the L trans-
fer has been established,

II. THEORY

The conventional distorted-wave method for di-

where f (r) is taken to be the standard Woods-
Saxon shape with r, = 1.25 fm and a=0.65 fm as
suggested by Bayman and Hintz, ' and V, was
taken as 6 MeV, which is typical of single-nu-
cleon spin-orbit strengths. The real well depth
was adjusted so that the individual neutrons were
bound by one-half the two-neutron separation en-
ergy as suggested in Refs. 6 and 12. These wave
functions were expanded in terms of harmonic-
oscillator wave functions with typically five to
eight terms needed to fit the Woods-Saxon wave
function to better than 2/p out to twice the nuclear
radius. The calculations of the individual form
factors were carried out by the computer code
TwoFRM (written by W. Gerace, Princeton Uni-
versity). The distorted-wave calculations were
carried out with the code JULIE.' The distorted
waves were obtained from an optical-model po-
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TABLE I. Optical-model parameters.

Vo
(MeV)

Wp

(MeV)
W~ V~

(MeV) (MeV)
ro c

(fm) (fm)

a'&o 0

(fm) (fm) (fm) (fm) Ref.

Proton
Triton

42
168

0
17

8.5
0

7.5
0

1.18 0.7 1.04 0.7
1.16 0.752 1.498 0.817

1.18 0.7 1.2
1.25

15
16

tential of the form

UoM(r) = Vc(roc) —Vof (ro, a)

-i W -4a'O'D —f ro, a'

where

2

Vz ——f(r", a")1 a,
m„c ~r dr

III. EXPERIMENTAL PROCEDURES

A. Proton Beam

The Michigan State University sector-focused
cyclotron was used to provide a beam of 40- to
45-MeV protons. The beam was energy-analyzed
and spatially defined by two 45' bending magnets
and three sets of slits. The beam resolution was
calculated from measured magnetic fields and
slit apertures to be about 40 keV. The details of
this transport system have been discussed by
MacKenzie et al."

A 36-in. -diam evacuated scattering chamber was
used. Both solid foil targets and gas-cell targets
were employed. The detector telescope was
mounted on a movable arm and, in the case of
foil targets, a monitor counter was mounted on a
relocatable stationary arm. The position of the
movable arm was remotely adjustable with an
accuracy and reproducibility of about 0.15'.

The beam from the chamber was stopped and
collected in an external aluminum Faraday cup.
The beam current was monitored, and the total
charge collected was measured.

f(., )= (1 ~ p

The first term is the Coulomb potential of a uni-
formly charged sphere of radius r«A'". For
spin--,' particles, o. = 2S. In order to be as consis-
tent as possible among all six nuclei, a single set
of proton and triton optical parameters was used
throughout. These parameters are listed in Table
I."'" In both cases average geometries over the
appropriate range of 4 were used. The well
depths were varied over a small range in order to
obtain the best average fit to the ground-state
transitions.

EXPERIMENTAL ELECTRONICS
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FIG. 1. Experimental electronics.

B. Targets

The "Ne target was a 3-in. -diam gas cell with
—,'-mil Kapton windows. The gas was natural neon,
which is about 90.9% "Ne. The gas pressure was
maintained at about 28 cm of Hg. A proton energy
of 45.0 MeV was used.

The '4Mg target was a self-supporting foil of
magnesium metal enriched to 99.96/ "Mg. This
foil was obtained from Union Carbide at the Oak
Ridge National Laboratory. It was reported to be
566 pg/cm' thick, and this thickness was used in
normalizing the cross sections obtained. For this
purpose the thickness was assumed to be accurate
to +5@. 41.9-MeV protons were used.

The "Si target was a self-supporting foil of nat-
ural silicon metal (92.21'fp "Si). This foil was
also obtained from Union Carbide. Its thickness
was determined by measuring the energy loss of
a particles from a natural source when they passed
through the foil. The results were compared with
range tables" to determine the thickness. The
thickness was found to be 687 pg/cm' and an ac-
curacy of +5/0 was assumed for normalization pur-
poses. The proton energy was 42.1 MeV.

The "S target was a 5-in. -diam gas cell with
—,'-mil Kapton windows. The gas was natural H,S
(-95.0% "S) at a pressure of about 21 cm of Hg.
The beam energy was 39.9 MeV.

Two different "Ar targets were used. Both were
3-in. gas cells filled with argon gas enriched to
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&99/ "Ar. The first cell was a sealed cell, with
—,'-mil Havar windows and a pressure of 45.1+ 1.0
cm of Hg, built by Kozub. " The thick windows
(10 mg/cm') caused some problems in triton en-
ergy resolution. The second cell had —,'-mil Kapton
windows (-1.7 mg/cm') and a pressure of 26 cm
of Hg. Better resolution was obtained with this
target and so it was used for energy-calibration
purposes. It also served as a check on the actual
gas pressure of the sealed cell, which was over a
year old. Again 39.9-MeV protons were used.

The "Ca target was a self-supporting foil of
natural calcium (96.97%%uo ~Ca). This foil was pre-
pared by evaporating in vacuum calcium metal
onto a tantalum backing. Upon cooling, the calci-
um foil was easily removed. The thickness was
measured with a particles in the same way as
described for the "Si target. Its thickness was
found to be 863 p, g/cm' and an error of +4/ was
assumed for normalization purposes. A thinner
target (-690 pg/cm') was used for some runs,
but all the data were normalized to the first tar-
get. 40.1-MeV protons were used.

C. Detectors and Electronics

PREAMP ~6E SIGNAL

E
PREAMP

R a 200KQ

E
PREAMP

FIG. 2. Summing circuit.

The detector telescope was made up of two sili-
con surface-barrier transmission mounted coun-
ters. The first counter was relatively thin and
will be designated the AE counter. The second
was thicker and will be called the E counter. The
particular counters used depended upon the spe-
cjfjc experjment. In the seAr, 24Mg, and asSj ex-
periments, both triton and the 'He data were
taken. In order to allow the 'He particles to reach
the E counter, the ~ counter was chosen to be
somewhat thinner than in the other experiments.

The experiments involving foil targets required
only one collimator in front of the detectors. These

collimators were made of 50 to 90 min tantalum
located at 8 to 11 in. from the target. Both round
apertures and oval apertures were used. The oval
collimators were smaller in the horizontal direc-
tion in order to minimize kinematic broadening
and yet increase the effective solid angle.

When gas-cell targets were used, two collima-
tors were needed to define the volume of gas that
was to be considered the target. The front colli-
mator nearest the gas cell was a tall brass slit
with a full width of about 125 rnil. The back col-
limators were the same ones previously mentioned
for foil targets and were located from 9 to 12-,' in.
from the center of the cell. The front collimator
was from 5 to 8& in. ahead of the back collimator.

The monitor counter which was used with foil
targets consisted of a NaI crystal and a photomul-
tiplier tube. It was held at a fixed angle and a
single-channel analyzer (SCA) was set with its
window about the elastically scattered proton peak.
In this way the output of the SCA was proportional
to the product of the beam current and the effec-
tive target thickness.

The experiment with the "Ar, "Mg, and Sj tar-
gets employed the QRTEC model No. 423 particle
identifier which is based on the technique devel-
oped by Goulding e«l." The total energy spec-
trum, gated by the particle-identifier output, was
analyzed and stored in a pulse-height analyzer.
Figure 1 shows a block diagram of the electronics
involved.

The experiments with "Ne and 'Ca targets used
a different method of particle identification also
based on the differential energy loss. The signals
from the nE and E counters were summed (called
the Z signal) at the detector telescope, and all
three pulses (~, E, and Z) were passed through
charge-sensitive preamplifiers and sent to the
data-acquisition area. Figure 2 shows this sum-
ming circuit. Using an electronic setup similar
to the previous method, a slow coincidence was
required between the ~ and E signals. These
two signals then went to a dual analog-to-digital
converter (ADC). An XDS Sigma-7 on-line com-
puter and the data-acquisition computer code
TOOTSIE" were used to analyze the digital signals
from the ADC'. TOOTSIE displays, on a cathode-
ray screen, ~ versus Z. Because of the differ-
ence in energy loss (r E signal) of particles of
different charge and mass for the same energy
(& signal), the different particles fall into bands
on the two-dimensional plot. The code then allows
gate lines to be introduced in the form of polyno-
minal fits to designated points. These gate lines
are then used to route the Z signal to any of four
2048-channel spectra.

In the case of the "S experiment, two detector
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telescopes, placed 10' apart on the scattering
chamber arm, were used. The particle-identifi-
cation system using the on-line computer was
used. After the coincidence and linear gates the~ and Z signals from the two telescopes were
mixed and sent to the ADC, along with a routing
signal taken from the coincidence modules.

D. Triton Energy Spectra

In the earlier experiments (Ar, Mg, and Si), the
electronic limitation on the resolution was mea-
sured by introducing a pulser signal, through a

1- or 2-pF capacitor, into the preamps. It was
found to be equivalent to 45 to 65 keV full width at
half maximum (FWHM). In the later experiments
when the total energy signal (Z) was taken from
the summing circuit at the detector telescope,
electronic contributions were reduced to 30 to 40
keV FTHM.

The over-all experimental resolution varied
with the particular target, counters, and electron-
ic configuration. For the "Ne and "S cases the
resolution was about 90 keV FWHM. The '4Mg

experiment had about 120 keV. The "Si case was
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about 140 keV. The "Ar gas cell with the thick
Havar windows gave 155 keV, while the cell with
Kapton windows gave 100 keV. The ~Ca experi-
ment had about 60-keV over-all resolution. Fig-
ures 3-5 show sample triton energy spectra for
each target.

IU. EXPERIMENTAL RESULTS

The excitation energies of the levels observed

IOO—
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26 .

Ep= 42.I MeV

Q=-22.0I MeV

by the (P, t) reaction are listed in Tables II
through VII. Included are the J" assignments
for levels when the experimental angular distribu-
tions were distinctive enough to indicate L transfer.
Also shown are the levels seen by other workers
and their 0 assignments. Values in parentheses
represent tentative assignments; double paren-
theses indicate that the assignment is extremely
tentative. In order to limit these tables to a con-
venient size, only the more recent references are
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given. The excitation energy listed is usually
taken from the reference with the smallest quoted
error. Correspondence with levels seen in the
present work is made whenever possible. This
correspondence, of course, may not always be
correct. All references are to ('He, &) or ('He, ny)
work unless followed by a superscript ~, in which
case the (P, t) reaction was used. The subscripts
4, &, or E indicate that the spin, parity, or en-
ergy assignment was taken from that reference if
it is not the only one. The mass excesses (M.E.)
quoted are sometimes averages of several experi-
ments taken from the compilations of Mattauch,
Thiele, and Wapstra" and Endt and Van der Leun. "
Angular distributions were obtained for several of
the more strongly excited levels. These levels are

indicated by an * next to the excitation energy in
the tables. Because of background and resolution
limitations and interference from impurities in
the target, the other states were only observed or
resolved at two to six different angles and so com-
plete angular distributions were not obtained. The
experimental over -all normalization uncertainty
for the measured cross sections is about +10% for
the foil targets and about +5% for the gas targets.

V. DISTORTED-WAVE ANALYSIS

A. Ground-State Transitions

Distorted-wave calculations were made for the
six 0'-to-0' ground-state transitions assuming
the pickup of a pair of neutrons coupled to angular
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TABLE II. Energy levels of Ne. See text for explanation of notation.

This work
Energy
(MeV) J7t

Energy
(MeV)

Other work

References

0.0*

1.894*+0.010

0+

3.390*+0.014 (4+)

3.614~ + 0.013 (0+)

M. E.= 5.3193+0.0047
0.0
1.8873+0.0002

3.3762 + 0.0004

3.5763 + 0.0020

0+

(0)

22
24

23, 25, 26, 27~, 29,
23~, 26, 29~, 3p, 32

29t, 30,, 31

4.576*

5.150*+0.014

6.326*+ 0.018

7.957 + 0.025

9.215~+ 0.020

(1 ~ 0')
3.6164 + 0.0006

4.505 and 4.571 + 0.015

5.12

0+ and 1

23~, 26, 29 ~, 31, 32

23', 26, 29~, 33~~

29~, 33

momentum zero from the last shell in the simple
j-j coupled shell-model picture. Each individual
proton shell and neutron shell was assumed to be
coupled to zero angular momentum.

The experimental cross sections should be pro-
portional to the calculated cross sections if the
proper wave functions, and thus parentage factors,
are used, along with the proper distorted waves.
Since the simple wave functions described above

are not adequate, the proportionality factor can-
not be expected to be constant, and it is not. Fig-
ure 6 shows the data for the six 0'-to-0' ground-
state transitions along with the distorted-wave
calculations based on these simplest of wave func-
tions. The calculations have been multiplied by
K/5014, where K was adjusted to give the best
average fit to the first two maxima of the data.

Another method of calculating (P, & }angular dis-

TABLE III. Energy levels of Mg. See text for explanation of notation.

Energy
(MeV)

This work
Energy
(MeV)

Other work

References

M. E. = —0.4123 + 0.0097

1.250*+ 0.008

3.323*+0.021

4.417*+0.027

5.057*+ 0.031

5.313*+ 0.032

5.738*+ 0 .035

6.061*+ 0.037

6.281*+ 0.033

6.645 + 0.044

6.836 +0.044

7.257* + 0.044

7.961*+0.049

p+

(4+ )

(2+)

(2')

0+

M.E.=-0.389+0.011

0.0
1.2450 + 0.0006

3.353 ~ 0.045

4.378 + 0.035

5.032 + 0.030

5.130 + 0.035

5.286 + 0.030
5.433 + 0.030

5.699 + 0.020

5.945 +0.020

6.263 + 0.020

6.573 + 0.020

6.770 + 0.020

7.201 + 0.020

p+

(4+ )

(2')

(2+, 3, 4+)

(2+, 3, 4+)

((0+))

p+

34', 35@

25~, 37~, 38@, 39, 40~, 35

25&, 37&, 39, 40~

25~, 35@, 37

25, 35Ez
40

25~„, 35~
254. 35E

25~, 35E

35
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tributions using distorted waves is to treat the re-
action as a transfer of a rigid cluster. In this
method the two neutrons are treated as if they
were an elementary particle of spin zero and mass
two, and were present as such in the nucleus.
With this picture, the calculation can be carried
out in exactly the same way as a single-nucleon
transfer such as (P„d). In distorted-wave cal-
culations of (P, d), the form factor is usually taken
to be the bound-state wave function of the neutron
pair in a Woods-Saxon well. Such a cluster-trans-
fer calculation was carried out using the wave
function of a mass-two particle with quantum num-
bers L=O, S=O, and J =0. The calculations in-
dicate that the general shape of the acicular distri-
butions are reproduced not nearly as well as with
the two-particle form factor.

B. Transitions to the First 2' States

All six nuclei studied show a fairly well populat-
ed first excited state which is isolated from any
other excited states that are populated. This state
is either known or expected to be a J"= 2' state.

Two-nucleon-transfer distorted-wave calculations
were made for these states also. Again the wave
functions for the initial and final states were as-
sumed to be the very simplest. In particular, cal-
culations were made assuming the pickup of a pair
of neutrons from the same shell coupled to J= 2.
This was the d, ~, shell for Ne, Mg, and Si and the

rises shell for Ar and Ca. In the case of ssS(P, t)soSi

(first 2'), this is not possible, since there are two

neutrons in the 2s, ~, shell and they must be cou-
pled to zero. The "S ground state might be ex-
pected to contain admixtures of particles in the

d, i„as well as the sy/2 shell. Therefore, for this
simple calculation of the L=2 shape, a pickup of
one s, ~, particle and one d, ~, particle was as-
sumed. The experimental distributions along with
the results of the above calculations are shown in
Fig. 7. The calculations are normalized to the
first and the second peaks of the data.

C. Transitions to States in Ne

Two-nucleon-transfer distorted-wave calcula-
tions were made for those transitions where the

TABLE IV. Energy levels of 2~8i. See text for explanation of notation.

Energy
(MeV)

This work
Energy
(MeV)

Other work

References

0.0*

1.795*+0.011

2.790*+0.012

3.339*+0.019

4.183*+0.011

4.457*+0.013

4.821 + 0.013

0+

2+

(2+)

(2+)

(2+ 0+ )

M.E.= -7.141+ 0.011
0.00

1.7959+0.0002

2.7835+0.0004

3.3325+0.0003

(3.770 +0.040)

3.756 + 0.002

3.842 + 0.002

4.093 + 0.003

4.445 + 0.003

4.805 + 0.002

0+

2+

(0)

(2+)

(2)

(2')

36
41, 42~, 43, 44, 45, 46

41, 47J, 42, 44, 46, 47E

41, 48, 42J~. , 43, 44, 45, 46, 47E

41, 47~, 43, 45, 47

43~

42~~, 41, 47@

48~, 43, 47@

41, 48~, 43 47E

41, 42~+, 47@

41, 47~

5.229 +0.012

5.562 + 0.028

5.960 +0.022

5.381 + 0.020

6.786 + 0.029

7.150 +0.015

7.476 +0.020

7.695 + 0.031

7.902 +0.021
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experimental angular distributions were clear
enough to indicate L transfer and for transitions
to states where J' assignments have been made
by other workers. This nucleus has been studied
previously using the ( p, t ) reaction by Falk et at."
and by L'Ecuyer et al. ' The present results are
shown in Fig. 8 along with the configuration of two
picked-up neutrons assumed for purposes of cal-
culation. This assumed configuration has little
meaning, since it has been shown that shapes have
only a small dependence on the configuration and
are dominated by the L transfer. The calculations
are arbitrarily normalized to make comparison of
shape with data easier.

The experimental shape of the distribution to the
state at 3.390 MeV is not well reproduced by the
L =4 calculation which is shown with it in Fig. 8.

The L =4 assignment is best verified by compari-
son with the experimental distribution to the 3.323-
MeV state in "Mg, which is most probably 4' by
comparison with the level structure of its mirror
nucleus "Ne. This is the basis for the tentative 4'
assignment to this level at 3.390 MeV in "Ne. The
L =4 fit by Falk et al.23 is more convincing.

A triton group was observed at 3.614 MeV. Fig-
ure 8 shows both an L =0 and an L =2 calculation.
The L =0 curve clearly fits much better at the for-
ward angles. The existence of a 2' level at 3.6164
MeV has been established by Robertson et al."
along with a level at 3.5763 MeV which has been
confirmed by Rolfs et al." This second state has
been tentatively assigned a J" value of O'. The
present level at 3.614 MeV may be the unresolved
combination of these two levels as reported by

TABLE V. Energy levels of S. See text for explanation of notation.

Energy
(MeV)

This work
Energy
(MeV)

Other work

References

M.E.= -14.081 + 0.012

0.0~

2.239*+0.018

3.438*+0.014

3.707*+0.025

0+

2+

((0+))

M.E.= -14.063 + 0.011

0.0
2.210 + 0.018

3.412 +0.025

3.672 + 0.023

0+

2+

2+

36

41, 25, 42~„, 43, 44, 45

41, 25@, 42~t, 43, 44, 45

41. 25E, 42gtr 43

41, 25~, 43

5.207 +0.022

5.306 +0.025

4.386 + 0.031

4.567 + 0.030

4.724 + 0.020

5.236 + 0.015

25

25

25

25

5.426*+0.025

5.897 +0.027

(6.108 +0.029)

(6.223 + 0.030)

6.415 + 0.040

6.861*+ 0.040

7.185*+ 0.035

7.570 +0.045

(5.381+ 0.019)

5.480 + 0.015

5.548 + 0.024

(5.657 + 0.028)

5.825 + 0.019

6.014 + 0.012

6.095+0.010

6.233 + 0.010

25

25

25

25
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L'Ecuyer et al ".in their (P, t) studies. If this is
the case, the 0' member of the pair is by far the
stronger.

The general features of the angular distribution
to the level at 4.576 MeV are well reproduced by
an L =1 calculation as shown in Fig. 8. But, a
comparison with the L = 0 ground-state-transition
angular distribution shows that the maxima of the
cross sections fall at the same angles. This tri-
ton group may correspond to the 0', 1 doublet re-
ferred to by Adelberger and McDonald. "

D. Transitions to States in Mg

The state at 3.323 MeV in "Mg is tentatively as-
signed J' =4' although the shape is not well repro-
duced by the L =4 calculation shown in Fig. 9.
This assignment is primarily based on a compari-
son with the known level structure of "Ne, the
mirror nucleus to "Mg.

The levels at 4.417 and 5.057 MeV exhibit the
features of an L=2 transition. Comparison with
the transition to the known 2' level at 1.250 MeV
verifies this (see Fig. 7). These two states are
therefore tentatively assigned J"= 2'.

The state at 5.738 MeV has previously been very

tentatively assumed to be 0' (see Table III). An

L =0 calculation is shown with the data in Fig. 9,
but there is very little similarity. No attempt has
been made to make a further assignment to this
state.

The level at 6.061 MeV is undoubtedly the state
observed by McDonald and Adelberger at 5.945
MeV." The angular distribution to this state is
quite well represented by the L =0 calculation
shown in Fig. 9.

E. Transitions to States in Si

The angular distribution to the state at 2.790
MeV in "Si is not complete enough to make a def-
inite J' assignment. It does exhibit some of the
features of an L=2 distribution (see Fig. 10) and
so a tentative 2' assignment is made. This is in
agreement with the previous assignment (see
Table IV).

The level at 3.339 MeV is very weakly excited.
Its angular distribution is not consistent with the
previous tentative J=0 assignment, "but no defi-
nite assignment can be made.

The shape of the distribution to the state at 4.183
MeV in "Si is quite well reproduced by an L= 2

TABLE VI. Energy levels of 34Ar. See text for explanation of notation.

Energy
yreV&

This work
Energy
{MeV)

Other work

References

M.E.= —18.370 + 0.011

P 0+

2.094*+ 0.011

3.288*+ 0.014

3.879 +0.015

4.050 +0.014

4.522 + 0.014

4.651 + 0.014

4.867 +0.014

4.985 + 0.014

5.307~ ~ 0.013

5.909 + 0.012

6.074 + 0.011

6.525 + 0.009

6.794*+0.011

7.322 + 0.006

7.499 + 0.004

7.925*+0.005

p+

0+

M.E.= -18.394+ 0.013

0.0
2.058 + 0.035

3.30 + 0.03

3.90 +0.03

4.05 +0.03

4.15 + 0.03

Q+ 41, 43, 44, 49

41, 43, 44~

41~, 43

41

41

41
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IO'

10+

IO

t

E„=3390Mev
&(4" )'

5/2

2
5/2

L=2

Ex=%614 MeV

(v I/2

calculation, but the state is only weakly excited
and so only a tentative 2' assignment can be made.

Figure 10 shows both an L = 0 and an L = 2 cal-
culation for the state at 4.457 MeV. The L=O
shape appears to give the better fit, but no defi-
nite assignment is made.

F. Transitions to States in S

The shape of the angular distribution to the state
at 3.438 MeV in ' S is fairly well reproduced by an
L =2 calculation as shown in Fig. 11. This state
is therefore assigned a J" value of 2'.

The state at 3.707 MeV is only weakly excited.
The angles at which it was excited enough to ex-
tract a cross section correspond to the maxima of
the L =0 ground-state-transition distribution to "S
(see Fig. 6). Only a very tentative assignment of
0' can be made.

G. Transitions to States in Ar
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0

Ex=4.576 MeV

t
I I/2' I/2 L=I

I I
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FIG. 8. Transitions to states in Ne.

The reaction eeAr(p, t )'eAr has not previously
been reported. The angular distribution to the
state at 3.288 MeV in '~Ar exhibits very definite
L = 2 character. Compari son with the L = 2 calcu-
lation shown in Fig. 12 and comparison with the
distribution to the first 2' state in "Ar (see Fig. 7)
both demonstrate this. A J' value of 2' is there-
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fore assigned to this state.
During many of the runs the levels at 3.879 and

4.050 MeV were not resolved. When it was possi-
ble to resolve them, it was obvious that the state
at 3.879 MeV was more strongly excited by far.
Figure 12 shows the angular distribution is very
well reproduced by this calculation, and so an 0'
assignment can be made for the state at 3.879 MeV
in ~Ar.

The states at 5.909 and 6.074 MeV were also of-
ten not resolved, and the sum of the distributions
to these two states is shown in Fig. 12. When
these two states were resolved, it was not possi-

ble to say that one was much more strongly ex-
cited than the other. The total angular distribu-
tion does exhibit some L= 2 character, and there-
fore possibly one or both states are 2', but no def-
inite assignment can be made.

H. Transitions to States in Ca

A level in "Ca at 3.72 MeV has been reported
by Hardy, Skyrme, and Towner'o using the (p, t)
reaction. This level was assigned a J"value of
3 . Recently Shapiro, Moss, and Denny" have re-
ported a 2' level at 3.69 MeV in "Ca seen by the

TABLE VII. Energy levels of Ca. See text for explanation of notation.

Energy
(MeV)

This work
Energy
(MeV)

Other work

References

M.E.= -22.081+0.011

0.0*

2.206*+0.005

3.695*+0.005

4.191 + 0.005

4.381~+0.005

4.748~+ 0.005

4.899*+0.005

5.159*+0.007

5.264*+0.005

5.427 +0.006

5.598 + 0.007

5.698 + 0.010

5.810*+ 0.005

6.136 + 0.006

6.280*+0.008

6.598 +0.007

6.702 + 0.010

6.768 + 0.015

6.801 + 0.012

(7.208 + 0.015)

7.800 + 0.012

8.595 + 0.010

0+

(2+)

(2+)

(0+)

M.E.= —22.007 + 0.021

M.E.= -22.078 + 0.040

M.E.= -22.050 + 0.025

0.0
2.20 + 0.03

3.06 +0.05

3.69 + 0.03

3.72 +0.03

4.391+ 0.040

4.886+ 0.040

5.219+ 0.040

0+

Q+

2+

50

42'

50, 42~, 51,'„
50, 41~„, 42~

50

50

42, 51@~~

52, 42@~„

50, 42~... 51~

42'
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('He, n) reaction. In the present experiment, a lev-
el at 3.695 MeV was observed. The angular distri-
bution to this state is shown in Fig. 13. An L = 3

distorted-wave calculation is shown along with it,
but an L=2 shape fits it nearly as well. If the two

states previously reported are actually the same,
the present experiment does not resolve the spin
discrepancy. The 0' state at 3.06 MeV reported
by Shapiro, Moss, and Denny" was not observed
at all in the present experiment.

The angular distribution to the states at 4.381
and 4.899 MeV both resemble an I, =2 shape (see
Fig. 13), but the distributions are not complete
enough to make a definite assignment.

The level at 6.280 MeV in "Ca was only weakly
excited by the (p, t) reaction. The distribution to
this state resembles an L =0 transition as shown

in Fig. 13. The transition is too weak and the dis-
tribution is not complete enough to make any more
than a tentative 0' assignment to this level.

VI. SUMMARY

In this work it has been found that the (P, t) re-
action is useful as a method of studying the energy
levels of nuclei. It is practically unique along with
('He, n) for studying nuclei two nucleons away from
stability. The energies of the tritons from the
(p, t ) reaction have been used to locate levels in
the nuclei "Ne, "Mg, "Si, "S, Ar, and "Ca.

The two-nucleon-transfer theory of Glendenning"
and the distorted-wave method give shapes which

fairly well reproduce the experimental angular dis-
tributions. The shapes were found to be dominant-

ly characterized by the L transfer, and this quality
was used to make spin-parity assignments to some
of the levels observed. The magnitudes of the pre-
dicted cross sections were found to be influenced
very greatly by the optical-model parameters, the
bound-state parameters, and, most importantly,
the presence of admixtures in the shell-model
wave functions of the nuclear states. It is con-
cluded that these strong dependences make the

pr ediction of magnitude s of cross sections for the

(p, t ) reaction extremely useful for studies of
more detailed shell-model wave functions. The
detailed calculations using parentage factors from
realistic shell-model wave functions are presently
being carried out as a part of a larger program
concerning the shell model of the 2sld shell.
These results will be reported separately. "
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Highly excited levels of 9Co have been populated by the ~Co(p, p') and 6 Ni(p, n) reactions
induced by 14.0-MeV protons and by the 58Fe(n, p) and ~9Co(n, n') reactions induced by 16.5-
MeV n particles. Energy spectra were measured over the 30-150' angular interval and the
results compared with the spin- and isospin-dependent statistical theory. The (p, n), (n, n'),
and (n, p) reaction spectra could all be fitted with the same level-density parameter and pair-
ing energy of 5 Co: a = 7.5 MeV and 6 =1.29 MeV. In order to obtain agreement with these
same parameters for the {P,p') reaction spectrum it was necessary to invoke a 30-40% con-
tribution from a pre-equilibrium emission process. The sensitivity of the results of the var-
ious parameters of the theory is explored.

I. INTRODUCTION

Compound-nuclear reactions populate highly ex-
cited levels of nuclei and offer a unique method
for studying various properties of these levels.
Information about the density of highly excited lev-
els has been obtained from the analysis of the en-
ergy spectra of evaporated particles, "' from ex-

citation functions of isolated levels, ' and from in-
tegral cross sections and excitation functions. ~'
This subject has been summarized from various
viewpoints in several recent reviews' ' which in-
dicate that the properties of interest, e.g., the
level-density parameter, depend to some extent
on the type of measurement as well as the partic-
ular parametrization of the statistical theory used


