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Experimental excitation energies and angular distributions have been obtained for 33 deuteron groups
from the Mg{p,d) reaction at 94.8-MeV bombarding energy with 80-keV experimental resolution. En'ergies
obtained for states in 'Mg are in agreement with the sixth compilation of Endt and van der Leun up to
7.25 MeV and the recent unpublished (p, t) study of Nann et al. up to 9.72 Mev. Energies are determined
in the present work for 18 additional groups corresponding to excitations between 9.8 and 13.28 MeV.
Angular distributions from 6' to 88' laboratory (momentum transfers up to 660 MeV/c) show
characteristic oscillatory signatures for l = 0 transitions and broad peaked nonoscillatory behavior for
presumed multistep transitions. I = 1 and 2 transitions show a very similar exponential fallofF with large
momentum transfer, but they can be clearly distinguished by their small-angle behavior after division by an
empirical exponential factor or by the dominant momentum transfer dependence from a plane-wave
analysis. l = 1 transitions are observed to deep-hole states at 8.91-, 9.02-, 9.67-, and 10.57-MeV excitation. '

The angular distributions also lead. to very probable assignments of 5/2 and 7/2+ to the 3.97- and 4.68-
MeV states of Mg, and are consistent with 9/2+ and 11/2+ assignments to the 2.71- and 5.45-MeV states.
Distorted-wave Born approximation (D%BA) predictions using optical potentials from published elastic
scattering results show rather good agreement with the shapes of the observed angular distributions for l. =- 2
transitions, but spectroscopic factors vary by up to a factor of 3 depending on the deuteron potential
employed. l =- 0 transitions are not fitted in either shape or position of the oscillations, which may be due
to the fact that deuteron wave functions derived from elastic scattering are not accurate in the nuclear
interior. Reasonable shapes are predicted by preliminary coupled-channel Born approximation {CCBA)
analyses for transitions believed to proceed in two steps.

NUCLEAR REAC"fIONS MI, (p, d), E= 94.8 MeV; measured 0(0). ' Mg levels
deduced l, 4, n. S. D%'BA analysis, resolution 80 keV, 0 = 6' —88', Q(9 = 2' or

O', E„=O—1.3.28 MeV.

I. INTRODUCTION

One-nucleon pickup reactions provide a unique
spectroscopic tool for the examination of single-
hole states of nuclei. Of special interest are
studies of deep. -lying hole states to see if they
retain their identity, or whether fragmentation
dissolves them to the point that they cannot be
recognized in pickup reactions. Such deep states
were first investigated with fair to good energy
resolution using (p, d) reactions at Tokyo" and

Uppsala, ' ' ('He, n) reactions at Tokyo' and

Orsay, "and (d, 'He) and (d, f) reactions at Heidel-
berg, ' '" Orsay, " and Groningen. " 'These and

subsequent experiments have shown that pickup
spectra can indeed be interpreted roughly in terms
of the expectations for hole states from an inde-
pendent- particle shell model. However, one
actually observes experimentally a "quasihole"
structure, which is broadened and shifted from the
mean removal energy predicted by a Hartree-Fock
model for a single hole in the target nucleus due
to the residual interactions in the final nucleus. "
Further high-resolution studies to identify the

true nuclear states which share the hole strength
seem essential.

The present work represents the first (p, d)
study with good resolution in the s-d shell to high
excitation of the residual nucleus and to large
momentum transfer. States in "Mg up to 13.28-
MeV excitation were investigated at the Indiana
University Cyclotron Facility (IUCF) with about
80-keV overall energy resolution using the ' Mg
(p, d)'sMg reaction at an average bombarding
energy of 94.8 MeV. The (p, d) reaction in prin-
ciple provides an attractive comparison with (d, f)
and ('He, rs) studies because of the longer mean
free path of protons and presumed increased
sensitivity to the nuclear interior. 'The choice of
proton bombarding energy in this experiment also
has some experimental and theoretical advantages
over pievious cyclotron and linac (p, d) studies of
s-d shell nuclei at both lower (27-40 MeV) and
higher (158-800 MeV) energies. Deeper-hole
states are more accessible at 95-MeV bombarding
energy than at the lower energies, and proton
distortions in the incident channel are reduced.
Further, larger momentum transfers are available

2008 Qc 1979 The American Physical Society



20 HOLE STATES EXCITED BY THE 24Mg(p, d)2~Mg REACTION. . . 2009

which in principle allow sampling of the higher
momentum components of the deuteron and nuclear
wave functions. Compared to the higher energy
investigations, it was possible to achieve signi-
ficantly better experimental energy resolution in
the present work. In addition, at higher energies
the momentum mismatch becomes worse, and
above 500 MeV or so (p, d) reactions may lose
their sensitivity to the nuclear interior because of
increasing proton absorption. Thus 95 MeV may
be about optimum for (P, d) studies of hole states.

There are a number of questions of interest for
possible study by (p, d) investigations at high-
momentum transfer, although a variety of ex-
periments are likely to be required to achieve de-
finitive answers. In addition to utilizing experi-
mental cross sections and asymmetries for l
identification and j identification of nuclear states,
one hopes to achieve quantitative comparisons
with nuclear structure calculations of their ener-
gies and spectroscopic strengths. These com-
parisons of course ultimately depend on the utility
of the reaction model employed. There is much
current interest in the applicability to (p, d)
reactions at higher energies of distorted-wave and
coupled-channel calculations, ""which in the past
have generally been rather effective in obtaining
spectroscopic information from experimental re-
sults below 50 MeV. It is important to test a
number of aspects of these calculations using (p, d)
reactions at higher momentum transfers, although
it is not clear that they can in fact be disentangled.
These aspects include the reliability of extraction
of spectroscopic factors, " the sensitivity to the
prescription for the bound-state neutron wave
function' '" and to high-momentum components
of the form factor„ the contributions of two-step
processes"'" "and their energy dependence, the
effects of finite-range and nonlocelity correc-
tions, "'"the contribution of the deuteron D state
and its momentum transfer dependence, " and

possible rearrangement effects which might lead
to energy-dependent spectroscopic factors, " Con-
siderable work has been done on some of these
questions recently, but difficulties clearly remain.
For example, the Colorado group"'" is able to
explain the qualitative features of the "C(p, d)"C
reaction at bombarding energies of 121 and 700
MeV, with clear evidence for the dominant effect
of the deuteron D state at the higher energy. How-

ever, for heavier target nuclei (Ni, Zr, and Pb),
there are some unsettling discrepancies with the
distorted-wave Born approximation (DWBA)
description at 121 MeV. "'" At 800 MeV, the
spectroscopic factor results for carbon are satis-
factory, but for heavier nuclei they deviate by
factors of 5-10.2' "

Comparison of recent results on Si(p, d) at 95.3
MeV (Refs. 27, 28) and 800 MeV (Ref. 26) show very
marked qualitative differences in the observed
excitation spectra, suggesting that quite new
phenomena are starting to occur as the energy is
raised. It seems likely that the 30-200-MeV bom-
barding energy range available at IUCF covers the
beginning of a transition region where (p, d) studies
may be able to sort out the origin of increasing
difficulties with distorted-wave approaches as
well as the onset of distinctly new phenomena in
the pickup process.

The specific choice of targets for initial (p, d)
studies at IUCF of highly excited residual nuclear
states was based on several considerations.
Earlier work' ' on s-d shell targets showed very
prominent high-excitation peaks even under low-
resolution conditions, which provided the motiva-
tion to study this structure with much better re-
solution. It was also of interest to initiate (p, d)
investigations with the same '4Mg and natural Si
targets used for concurrent IUCF studies by (P, P')
(Ref. 29) and (p, 2p) (Ref. 30) reactions. Such a
program could use common proton optical poten-
tials and determine if common features of the tar-
get nuclei, say two-particle two-hole admixtures,
might exhibit themselves in the different reaction
studies. Extensive nuclear structure calculations
also were available for d=23 (Ref. 31) and 4=2'I
(Ref. 32) nuclei.

There are of course also disadvantages to the
study of (p, d) reactions on Mg and Si in the 100-
MeV range. Both targets exhibit relatively large
deformations which present difficulties for theo-
retical analyses. On the other hand, possible ad-
vantages of deformed targets for detailed studies
may be the enhancement of two-step effects, the
opportunity to examine the results of deforma-
tions on inner shells, "'"and the effects of pho-
non-hole coupling. "" Another difficulty with
100-MeV (P, d) reactions on s-d shell targets is
that they do not exhibit as characteristic orbital
angular-momentum transfer signatures as say
52-MeV (Ref. 11) or 80-MeV (Ref. 12, 38, 39)
(d, 'He) and (d, t) reactions. This maybe due to
the substantial momentum mismatch of the (P, d)
reaction, or perhaps more likely to the longer
mean free path of the proton which all.ows. more
partial waves to contribute to the transition ampli-
tude. On the other hand, some other important
element of the physics of the process at 100 MeV
may be required to explain the clear and charac-
teristic oscillations of E = 0 transitions which start
to wash out for higher / transfers.

The present paper reports IUCF results for the
"Mg(P, d)"Mg reaction only. Previous (P, d)
studies on Mg targets at proton energies above 20
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MeV date back to 1963 with the work of Kavaloski
et al. at Minnesota at 40 MeV. The first good
resolution (95-130 keV) experiments, primarily
exciting low states, were those of Kozub" at
Michigan State and Kunz et al."at Colorado, using
bombarding energies of 33.6 and 27.3 MeV, respec-
tively. Studies covering, the excitation region of
"Mg up to 60 MeV were carried out at 185 MeV

at Uppsala by Kallne and Fagerstrom, "the later
work achieving a resolution of about 260 keV. "Mg
targets have also been used for several (d, t) and

(d, 'He) investigations above 40-MeV deuteron
energy. The high excitation region in the residual
riucleus has been studied with good resolution only

by Kr'amer et al. ,
" from Heidelberg, at 52 MeV,

and very recently at 76 MeV at IUCF by Jacobs
et al."'" A recent unpublished study of the
26Mg(p, t)"Mg reaction by Nann et aL, 4' at Michi-
gan State, at a bombarding energy of 40 MeV pro-
vides excitation energies of states in "Mg up to
9.72 MeV, with quoted accuracies of +8 keV or
better. Parts of the present "Mg(P, d) investiga-
tion have been reported previously"; a study of the

Si(p, d) reaction at 95.3 and 135 MeV will be
published separately.

Experimental procedures employed in this work
will be described in Sec. II. Results obtained for
groups observed in this experiment corresponding
to excitation energies up to 13.28 MeV, and for
angular distributions for the known low-lying
l = 0, 1, and 2 and possible tmo-step states, mill

be presented in Sec. III. Section IV provides em-
pirical l-transfer and tentative spin and parity as-
signments for the 3.97-, 4.68-, and. 5.45-MeV
states, and for the deep-hole states observed in

the 8.91- to 10.57-MeV region. D%BA and coupled-
channel Born approximation (CCBA) comparisons
for the angular distribution shapes for the low-

lying states and for relative spectroscopic factors
are also presented in Sec. IV.

II. EXPERIMENTAL PROCEDURE

Protons from the IUCF main c.yclotron stage
were transported down about 48 m of beam line to
the spectrograph experimental area. 4' Data were
taken in three separate runs with proton beam
energies of 94.5, 94.7, and 95.1 MeV. Momentum-
analyzed beam currents on target varied from
about 15 to 200 nA, depending on dead-time re-
quirements and accelerator conditions. A 6.29+
0.3 mg/cm' self-supporting "Mg target of 99.94%%up

enrichment was mounted on a multiple-target
holder at the center of the 61-cm diameter scat-
tering chamber. The beam spot size on target is
normally 1.5-2.5 mm on a side in a nondispersion-
matched mode; in the dispersion-matched mode
used in this experiment the spot width was typi-

cally increased to about 5 mm. Deuteron spectra,
were obtained with a quadrupole-dipole-dipole-
multipole (QDDM) magnetic spectrograph, ~5 with
acceptance angle set to + 17 mead horizontally by
+ 34 mrad vertically. The overall resolution for
80-MeV deuterons focused on the helical focal-
plane detector" was about 80 keV full width at
half maximum (a factor of 3 worse than for
protons due to aberrations in the higher QDDM
field). Particle identification and background
reduction were achieved using &E signals from
two Pilot 8 plastic scintillation detectors with
thicknesses of 0.64 and 1.27 cm mounted just
downstream from the helix. Deuterons were
identified on line with software cuts utilizing the
data acquisition programDERIVE. Angular dis-
tributions were obtained every 2' from 6' to 32'
in the laboratory system, and every 4' from 36' to
88'. At forward. angles (6' to 48') a cone-shaped
water-cooled Faraday cup was mounted inside the
scattering chamber; for overlap angles and angles
greater than 24' an external Faraday cup mounted
in a beam dump about 6.4 m downstream from the
target was used. Since the momentum acceptance
of the QDDM spectrograph system is only 3%%up,

three magnetic field settings were required to
cover the residual excitation region in "Mg up to
12 MeV.

Dead-time corrections were made by using
energetic protons detected in an NaI detector
(mounted in air at about 20' and 4.5 m from the
target) to trigger a pulser which was both scaled
directly and fed into the detector outputs for dis-
play in the experimental spectrum. Beam inten-
sities were adjusted during runs to maintain the
overall dead time measured in this way at 10% or
less.

Experimental spectra were analyzed off line
using the modified peak-fitting program FITIT, "
which uses a standard resolved peak shape direct-
ly from the data to fit up to five overlapping peaks
with variable centroids, peak heights, and widths.
Only peaks which were stable in location and width
as a function of angle were included in the analy-
sis. For resolved peaks at low excitation, rela-
tive cross sections are considered accurate to
+ 5'%%up, this was confirmed by the reproducibility
of overlapping runs taken with the same target
several months apart. Absolute cross sections
for these. peaks are believed to be accurate to
+ 15%. Somewhat larger absolute errors exist for
peaks at higher excitations due to uncertainty in
the subtraction of the continuum.

III. EXPERIMENTAL RESULTS

A composite spectrum for three spectrograph
magnetic field settings taken at 8' is shown in
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Fig. 1. It should be noted that substantial (p, d)
strength is observed in the deep-hole state region
from 8.91 to 10.57 MeV. Table I lists the excita-
tion energies in "Mg corresponding to the deuteron
groups observed in the present experiment above
7.2 MeV, which is the upper limit of states in-
cluded in the compilation of Endt and van der
Leun. " For each group a comparison is made in'
the table with the earlier (p, d) results of K'allne

and Fagerstrom, " and with the states reported in
the recent higher-resolution "Mg(p, t) results of
Nann et al." States seen in the latter work which
do not contribute to the deuteron groups reported
here are omitted from the table. Energies quoted
by Endt and van der Leun for states below 7.26
MeV agree with those of Nann et al. to 13 keV. in
the worst case, but generally to 4 or 5 keV.

In the present work, excitation energies above
7.2 MeV were determined by calibration against
known states from (p, d) reactions on "C, natural
Si, and '4Mg targets. Energies of states between
11.99 and 13.28 MeV were obtained from an earlier
run"" at 135-MeV bombarding energy, where the
excitation region from 7 to 13.5 MeV was contained
in the spectrum for a single spectrograph field
setting. Above 7.2-MeV excitation the 80-keV
overall resolution of the present experiment was
insufficient to resolve most of the known close-
lying states. As would be expected, states are
excited with much different strengths in the (P, d)
reaction at 94.8 MeV from the (p, f) reaction at

40 MeV. In general, however, including the ef-
fects of re solution, agreement within quoted e rrors
is found between the excitation energies reported
in the two experiments up to the limiting excitation
investigated by Nann et al. Agreement is also
found with the earlier (p, d) work at 185 MeV. '

Angular distributions were measured for 33 of
the groups found in this work up to 10.75-MeV
excitation. Differential cross sections were ob-
tained at 28 angles between 6 and 88' in the labora-
tory system for states up to 4.36 MeV, at 22 angles
between 6' and 64' for states from 4.68 to 6.54
MeV, and @t 11 angles between 8' and 48' for states
from 7.79 to 10.75 MeV. For the low-lying states
the data cover the momentum transfer range from
about 100 to 660 MeV/c.

Figure 2 shows the two known l=0 transitions to
states at 2.36 and 4.36 MeV in "Mg. The two
angular distributions are essentially identical
and exhibit the only pronounced oscillations among
any of the angular distributions for known states
obtained at this bombarding energy. Three known
l = 1 transitions are displayed in Fig. 3. The ob-
served group corresponding to 2.77-MeV excita-
tion shows a small but distinct energy shift to
higher laboratory energy at larger angles, caused
by an unresolved contribution from the known state
at 2.71 MeV. Since the latter state may be —", , and
is certainly even parity, " the angular distribution
shown in Fig. 3 for the 2.77-MeV state is not pure
/=1 at the backward angles. A weak /=2 transition
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TA33LK I. Groups studied in this experiment corresponding to excitation energies in 3Mg
above 7.2 MeV.

g
{MeV) Assignment

Present 7/ork: Mg(P, d)
gp=94. 8 MeV

5Mg{P, t) ~

&p=40 MeV

(MeV)

~4Mg(p, d)"
Ep= 185 MeV

er.eV)

7.24+ 0.02

7.42 ~ 0.03

7.61 + 0.03

7.79 ~ 0.03

8.06 + 0.04

8.18 + 0.03

8.42+ 0.04

8.61 + 0.04

8.77 + 0.05

8.91 + 0.02

9,02 + 0.03

9.14 + 0.04

9.49 ~ 0.04

9.67 ~ 0.02

9.75 + 0.05
9.85 + 0.03
9.97 + 0.04

10.12 + 0.05
10.27 + 0.03
10.44 + 0.05
10.57 + 0.02

. 10.75 + 0.04
10.92 + 0.07
11.03 + 0.06
11.21 + 0.06
11.38 + 0.06
11.54 + 0.06

(2 step+i=1)

(2 step)

(l=0+/=1 or 2)

C

(l =2)
(2 step+ l=1)

(2 step)
{2step+/=1)
(2 step+ /=1)

l=l
(2 step+ l= 2)

c

C

7.231 + 0.007
7.259 + 0.007

7.381 + 0.008
7.444 + 0.008
7.493 + 0.008

7.582 + 0.006
7.621 + 0.008

7.780 + 0.006
[7.795 + 0.006] d

7.852 + 0.006

8.016 + 0.006
8.058 + 0.007
8.076 + 0.008

8.155 ~ 0.006
8.193+ 0.008

8.393 + 0.006
8.420 + 0.006
8.453 + 0.005

8.557 + 0.006
8.617 + 0.006

8.758 + 0.006
8.793 + 0.008

8.870 + 0.008
8.916 + 0.006
8.941 + 0.007

8.990 + 0.006
9.018 + 0.006

9.103 + 0.006
9.138 + 0.006

9.465 4 0.006

9.596 + 0.008
9.642 & 0.008
9.662 + 0.008
9.717 + 0.008

7.24 ~ 0.06

7.73 + 0.06

8.17 + 0,07

8.95 + 0.06

9.68 + 0.10

10.55 + 0.11
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TABLE I. (Continled)

Assignment

Pre sent work: 24Mg(p, d)
E&=94.8 MeV

(Mev)

»Mg(p, t)'
Ep=40 MeV

E
(Mev)

24Mg(p, d) '
Ep= 185 MeV

E
(Mev)

11.80 + 0.04
11.99 + 0.05
12.48 + 0.08
12.69 + 0.08
12.94 + 0.08
13.28 + 0.08

~Selected states from Bef. 43.
"Beference 5.
'Angular distribution not extr. acted.
—,T= 3 state according to Bef. 49, should not contribute appreciably in the present work.

to a state at 3.86 MeV is also not resolved from
the group observed for the 3.80-MeV state in Fig.
3, but its contribution is believed to be very small.
A similar remark applies to a state with unknown

assignment at 5.93 MeV, 54 keV below the strong
5.99-MeV l = 1 group.

The four known / = 2 transitions shown in Fig. 4
exhibit very little angular structure, but the cross-

lO Mg

8 MeV

5
IO =

lO
2

2
IO

I10—

b e
ItO=

IO
0 . 20 40 60 80 IOO

FIG. 2. Angular distributions obtained for the two
known E= 0 transitions to low-lying states in 2~Mg at
2.36 and 4.36 MeV. The three different sets of symbols
represent results obtained with the same target in sep-
arate runs one to two months apart without normalization.
Errors shown are purely statistical, and the curves are
guides to the eye. Note the factor of 3 by which the cross
sections for the 4.36-MeV state were multiplied before
plotting.

lo
0 20 40 60 80 IOO

FIG. 3. Angular distributions for the three known
E= 1 transitions to low-lying states in Mg at 2.77,
3.80, and 5.99 MeV. The 2.77-MeV state is not resolved
from a weaker 2' state at 2.71 MeV (see text). Symbols,
curves, and plotting factors are explained in the caption
for Fig. 2.
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sections do start to turn down at 6' laboratory in
contrast to the l = 1 cases. This does not appear
from the figure to be true for the 2.91-MeV group,
but it is not completely resolved from the tail of
the very strong 2.77-MeV l = 1 group.

At the top of Fig. 5 is plotted the angular distri-
bution obtained for the —,

' 2.05-MeV state in "Mg.
This state is generally believed to be excited by a
two-step mechanism in the (p, d) reaction, since
two-particle two-hole components of the "Mg
ground state a,re not expected to contain enough

(1g,&,)' to allow direct one-step pickup with the
observed cross section. Similar angular distri-
butions are shown in Fig. 5 for the 3.97- and 4.68-
MeV states, which also likely proceed by two-step
processes. Also plotted is the very weak 5.45-
MeV group, which may go by a multistep transi-
tion.

A summary of the characteristic features of the
angular distributions observed for known l = 0, 1,
and 2 transitions, as well a,s the probable two-step

transition to the —,
' state at 2.05 MeV, is given in

Fig. 6. As mentioned earlier it is clear from this
figure that the i selectivity for (p, d) reactions on
s-d shell targets at 94.8 MeV is not so charac-
teristic as for lower energy (p, d) and (d, t) reac-
tions, particularly in distinguishing between l = 1
and l =2 transitions. This is important to the
identification of the deep-hole states discussed in
Sec. IVA2.

Angular distributions for a number of weaker
groups in the region of "Mg excitation from 5.69
to 7.79 MeV are shown in Fig. 7. 'These distribu-
tions are subject to much greater uncertainties
than those in the previous figures, a consequence
of their low cross sections and the higher density
of states. Most of the groups shown contain con-
tributions from unresolved states, which presum-
ably accounts for their nonstandard shapes com-
pared to Fig. 6. Similar remarks apply to the
angular distributions for most of the groups
corresponding to the excitation region from 8.77 to

MeV
IO

2
IO =

V

10 =I

1

10 =

S7 MeV
srz-)

IO
0

.S.
i=a

3/2+
i I I

20 40 60 80 IOO

-I
10

I I I I

20 40' 60 80 IOO'

FIG. 4. Angular distributions obtained for the four
known l=2 transitions to the ground state and low-lying
states in Mg at 0.45, 2.91, and 5.29 MeV. There may
be an unresolved l = 1 contribution to the 2.91-MeV state
(see text). Symbols, curves, and plotting factors are
explained in the caption for Fig. 2.

FIG. 5. Angular distributions for the ~& 2.05-MeV
state, and for the 3.97, 4.68, and 5.45-MeV states whose
spin and parity assignments are discussed in Sec. IV A
of the text. All four angular distributions pre indicative
of multistep or L& 2 transitions, or of interference be-
tween such transitions. Symbols, curves, and plotting
factors are explained in the caption for Fig. 2.
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I.O—
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x IOO
6.54 MeV
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FIG. 6. A comparison of typical known angular dis-
tributions taken from Figs. 2-5 to Qlustrate the char-
acteristic signatures of different Q, d) orbital angular
momentum transfers at 94.8 MeV. The curves are
guides to the eye.

FIG. 7. Angular distributions for deuteron groups
corresponding to ezcitations in 23Mg from 5.69 to 7.79
MeV. Errors, curves, and plotting factors are ex-
plained in the caption for Fig. 2.

|,

10.75 MeV shown in Fig. 8. Among these groups
it is unlikely that single states contribute to the
extracted angular distributions, except possibly
in the case of the very strong groups (see Fig. 1).

IV, DISCUSSION OF RESULTS

A. Empjrical conclusions

1. States ut medium excitutions

Accurate excitation energies and definite (or
alternate) spin and parity assignments for the low-
lying states of "Mg are given in the recent com-
pilation of Endt and van der Leun. ~ The lowest
state for which a definite spin and parity assign-
ment ig not made by these authors is at 2.71 MeV.
This state is not resolved in the present work from
the 2.77-MeV state, but the energy shift of the
centroids of the observed group implies an in-
crea, sing contributj;on of the 2.71-MeV state at
larger angles. Such a behavior would be consistent
with the -', assign&pent for the 2.71-MeV state
indicated by Endt and van der Leun (presumably
requiring a two-step process), but not with the

possible alternate & assignment.
'The first state for which no assignment is quot-

ed" is at 3.97 MeV. This state and the next lower
state at 3.88 MeV are believed'0 tobe the (inverted)
mirror states of the -', 3.85- and -', 3.91-MeV
states in "Na. An l = 2 transition reported by
Nelson and Bobersonso to. the 3.86-MeV state in
"Mg provides a 2 or 2 assignment. This group
could not be resolved in the present work from the
tail of the much stronger l = 1 group leading to the
3.80-MeV state. However, the angular dj.stribution
shown in Fig. 5 for the 3.97-MeV state is certainly
not consistent with an l =2 transfer, and likely
suggests a two-step mechanism. This would be
required for a & assignment, unless a two-
particle two-hole component involving (lf,~,)' in
the "Mg ground state is appreciable. In the latter
event the angular distribution for the 3.97-MeV
state could represent a one-step l = 3 pickup (see
Sec. IVB for the corresponding DWBA prediction)
or interference between this and a two-step me-
chanism. Either way, the shape of the angular
distribution strongly favors the empirical assign-
ment of & rather than —,

' to the 3.97-MeV state,
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FIG. 8. Angular distributions obtained for deuteron
groups corresponding to the deep-hole state region from
8.77 to 10.75-MeU excitation. Errors, curves, and
plotting factors are explained in the caption for Fig. 2.

in agreement with an inversion of the 3.86-3.97-
MeV states in "Mg from the mirror states in "Na.

The next uncertain state" in "Mg is at 4.68 MeV.
It has been proposed that this state is —,', based
upon Nilsson model arguments and experimental
results. "'" A definite —,

' assignment has been
made to the presumed mirror state at 4.78 MeV
in "Na. A —', assignment for the 4.6$-MeV state
iri "Mg is empirically quite consistent with the
similarity of the first and third angular distribu-
tions in Fig. 5.

'The next unassigned" state in "Mg is at 5.45
MeV; it has been proposed" to have spin and

parity —", . The very weak group observed in the
present experiment which corresponds to this
state rides on the tail of the strongly forward-
peaked l =2 5.29-MeV group, so that large errors
result in extracting cross sections at forward
angles as shown at the bottom of Fig. 5. It is
clear that the cross section for this group holds
up to about 50'c.m. , whereas the 5.29-MeV group

is dropping rapidly over this angular range. The
resulting shape of the angular distribution for the
5.45-MeV group in Fig. 5 then suggests either a
two-step process or an l transfer considerably
greater than 2. In the mirror nucleus "Na the
only nearby state which could not be reached by
E = 2 is the 5.53-MeV state which is assigned
It is highly unlikely that even the small 4-pb/sr
peak cross section observed in this work for the
5.45-MeV state in "Mg could result from a one-
step li„&, pickup from a small component of the
"Mg ground state, so a multistep transition of
some sort is probable. Either way, however, the
shape of the angular distribution for the 5.45-MeV
state is empirically more consistent with an —",

assignment than with any other assignment ap-
pearing among nearby mirror "Na states.

Little can be concluded about the angular dis-
tributions shown in Fig. 7 because of the low in-
tensities of the groups and the cJ,ose proximity of
the states. 'The angular distributions of the groups
corresponding to excitations of 5.69 MeV (unre-
solved 5.69+5.71-MeV states), 6.16 MeV (6.13
+ 6.19-MeV states), 6.24 MeV (with some tail from
the 6.19-MeV state), and 6.54 MeV (6.51+ 6.54
+6.57-MeV states) look like mixtures of I = 1 or 2

and two- step transitions. Forward-angle cross
sections could not be extracted for the 6.45-MeV
group. It would be tempting to interpret the rather
unusual oscillation of the 6.38-MeV group as due
to an 3=0 transition to a-,'' state corresponding to
the & 6.31-MeV state in the mirror nucleus "Na.
However, by comparison with the observed shift
between the first two ~2 states in "Mg and "Na,
and with the shell-model predictions, "one would
expect the third —,

' state to lie lower than 6.31 MeV
in "Mg. Furthermore, the maxima and minima
in the oscillations in the angular distribution of
the 6.38-MeV group are shifted from the observed
oscillations for the first two known l =0 transitions
even more than the DWBA prediction (see Sec.
IV B).

'The 7.79-MeV group has an angular distribution
in Fig. 7 which suggests a two-step process for
the dominant V.VB-MeV state, with possibly some
I= 1 contribution from the 7.85-MeV state (see
Table I). There are a number of states with un-
known assignments in the mirror nucleus "Na in
this region; in fact, nearly half again as many as
observed by Nann et al." in "Mg. The —,

' T = —,

state at 7.79 MeV (Ref. 49) is centered on the group
observed in this experiment, but should not con-
tribute appreciably because it is isospin forbidden.

2. Deep-hole states

It is clear from Fig. 6 that there is not a marked
difference between /= 1 and l =2 angular distribu-
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tions at this bombarding energy, both showing
modest structure superimposed on an exponential
decrease of a few orders of magnitude out to
90' c.m. In spite of the pronounced peaks due to
presumed deep-hole states shown in Fig. 1, the
cross sections in this region of excitation are not
large, and data were therefore taken at fewer
angles in this region. In order to aid in the
identification of the deep-hole state l transfers,
two methods of display of the data, were utilized in
addition to Fig. 8 to emphasize the differences
between l = 1 and 2 transitions.

As a first empirical approach, the data for all
known 1=1 and k=2 transfers were replotted as a
function of momentum transfer q in MeV/c after
division by an exponential factor of the form
exp(-q/66). The original motivation for this dis-
play was to emphasize smal. l oscillatory differ-
ences, although the suggestion has been made"
that both the nuclear form factor arid the one-
particle momentum distribution in a nucleus may
in fact have an exponential dependence on momen-
tum transfer q for q large but q/A not large
(where A = nuclear mass number). The exponential
factor chosen was based upon an average repre-
sentation of the observed decrease in cross section
for the known l =1 and 2 transitions. Figure 9
displays by solid curves the results obtained in
this way for known states. This representation
clearly emphasizes the difference of th'e forward-
angle behavior, where all known /=1 transfers
peak between 110-120 MeV/c and all known l = 2

transfers peak between 145-165 MeV/c. (Note
that the 2.91-MeV group peaks a little forward of
the other E= 2 cases, but it is believed to have
some I = 1 contamination as discussed in Sec. III.)
'The display in Fig. 9 also emphasizes backward-
angle structure, but unfortunately it appears that
one cannot draw definite conclusions about either
E or j dependence by examining this representation
at large momentum transfers. It is likely that the
display overemphasizes experimental errors in the
small cross sections at the large angles. (One
should again note that the observed group corre-
sponding to the 2.77-MeV state appears to contain
a two- step contamination which affects the shape
of this group at large angles. )

All curves in Fig. 9 are arbitrarily normalized
so that they may be reasonably displayed and com-
pared on one graph. The results obtained for five
of the deep-hole states are shown by experimental
points connected by dashed curves. From the
locations of the first apparent maxima one can
make empirical orbital angular momentum as-
signments of 3=1 for the 8.91-, 9.02-, 9.67-, and
10.57-MeV deep-hole. states. These four assign-
ments have been confirmed recently using the
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FIG. 9. Display of angular distributions after division
by an exponential momentum-transfer factor. Solid
curves are obtained from the guides to the eye for known
E=I and E=2 transitions to low-lying states in Figs. 3
and 4. Dashed curves guide the eye between data points
obtained for deep-hole states. The vertical reference
lines are drawn at 115 MeV jc and 155 MeV/c.

'4Mg(d, f)23Mg reaction at 76 MeV, ""and are in
agreement with an earlier assignment to two states
quoted at 9.68 and 10.55 MeV using the '4Mg(P, d)
"Mg reaction at 185 MeV. '

On the other hand, Fig. 9 shows that a weak
group corresponding to an excitation of 9.85 MeV
i,n "Mg definitely is not /=1, in agreement with
the recent (d, I) results. ""No firm assignments
can be made to weaker groups found in this region,
although some suggestions based on the angular
distributions in Fig. 8 are given in parentheses in
'Table I.

As a second approach, an attempt w'as made to
develop a representation of the data which would
remove the rapid angular dependence of the cross
sections on a theoretical basis. Although full
DWBA calculations will be discussed in the next
section, there was hope that a plane-wave ap-
proximation might give some understanding of the
underlying physics behind the effects which show
up in the detailed D%BA fits. A standard plane-
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FIG. 11. Comparison of.experimental data with DWBA
predictions for 1d&~& transfer to the 0.45-MeV state of

Mg for four different choices of deuteron potentials
described in the text. All theoretical curves are nor-
malized to the first maximum for comparison purposes,
but spectroscopic factors vary considerably.
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FIG. 12. Comparison of experimental data with nor-
malized DWBA predictions for 2s&~& and 1ps&& transfers
to the 2.36- and 5.99-MeV states of Mg using the deu-
teron potential of Ref. 56.

results for the best comparison. Oscillations pre-
dicted for the l = 1 transition are roughly in phase
with those shown by the data, . but the general slope
is not wel} reproduced, and the overall fit is in-
ferior to those shown for the l = 2 transition in
Fig. 11.

The l = 0 predictions clearly do not provide a good
fit to the shape of the experimental angular distri-
butions, as shown in Fig. 12. Predicted oscilla-
tions have roughly the correct angular spacing,
but the average slope is not well reproduced and
the maxima and minima are shifted to larger
angles than those exhibited by the data. Similar
problems have been observed for the reactions
"Mg(p, dP'Mg investigated at 27.3 MeV (Ref. 42)
and "Mg(d, 'He)"Na at 52 MeV, "where different
radius prescriptions were needed to obtain l =0
fits. In the present work the radius and diffuse-
ness of the form factor for the l =0 transitions
were varied over the range from 1.10 A' ' to
1.40 A. ' 'fm and 0.5 to 0.8 fm, respectively. These
adjustments did not make substantial improve-

ments to the l =0 fits. The rms radius prescrip-
tion" for the neutron orbit was not tried. An

analysis of these l =0 DWUCKcalculations showed
that a substantial contribution to the predicted 0'
cross section comes from the interior radial re-
gion between 0.5 and 2.0 fm, although the major
contribution is still from the region beyond 3.6 fm.

It is interesting to note that the simple plane-
wave analysis shown in Fig. 10 with a cutoff radius
of 1.33 M' 'fm does predict the first experimental
maximum for l =0, 2, and probably 1 transitions,
while the presumed more realistic DWUCK pre-
dictions fit the first experimental maximum for
l = 2 and probably l = 1 but not for l = 0. It should
be emphasized that no attempt was made to include
possible two-step interference effects in the one-
step allowed transitions.

Some preliminary coupled- channel analyses
using the CCBA code CHUCK" have been attempted
for two of the states which are not likely to be
populated by one-step pickup. The two-step pre-
diction for inelastic excitation of the lowest 2'
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state in "Mg followed by 1d, &, neutron pickup to
excite the -', state at 2.05 MeV in "Mg is shown
as a dashed curve in Fig. 13, with normalization
to fit the experimental data. Other possible two-
step paths were not included in the calculation.
Purely for comparison, a DWUCK prediction (using
the deuteron potential of Ref. 56) for the unlikely
one-step l =4 pickup from a two-particle two-hole
component in the '~Mg ground state involving
(1g,&,)' is shown by a solid curve. For this com-
parison the DWUCK prediction for a one-step
transition to the 2.05-MeV state corresponds to a
spectroscopic factor of about 0.03. Both the DWBA
and CCBA predictions peak at about the right angle,
but fall off too rapidly at larger angles.

Figure 13 also shows the experimental angular
distribution for the 3.97-MeV state, whose spin
and parity are likely -,'as discussed in Sec. IVA.
Superimposed are the normalized DWBA prediction
(using the deuteron potential of Ref. 56) for a
possible one-step 1f,&, pickup (solid curve), and
a preliminary normalized CCBA prediction for a
two-step process with inelastic excitation of the
lowest 2' state in "Mg followed by 1t)]/2 neutron
pickup only (dashed curve). The one-'step process
corresponds to an absolute spectroscopic factor
of about 0.02. Again both predictions peak at about
the correct angle but drop off too rapidly there-
after.

Evidence for an —", assi. gnment for the 5.45-MeV
state, excited weakly in this experiment, was
given in Sec. IVA. A normalized DWBA prediction,
assuming a (highly unlikely) one-step li» &, pickup,
is shown by the solid curve at.the bottom of Fig.
13. The normalization would correspond to an
absolute spectroscopic factor of about 0.01. It is
of course probable that this weak transition pro-
ceeds by some sort of multistep process, but a
CCBA analysis was not attempted since simple
two-step processes leading to an ~ state appear
rather unlikely.

Although it is believed that all of these transi-
tions indeed proceed primarily by two (or more)
steps, the fact that the CCBA predictions in Fig.
13 may be closer to the data than the one-step
predictions can hardly be taken as proof of the
two-step mechanism at this level of analysis.
Small amounts of one-step interference can also
have large effects.""

Although absolute spectroscopic factors are quite
sensitive to the deuteron potentials employed in
these calculations, it is possible to give relative
spectroscopic factors for states with known or
probable assignments observed in this work.
'These should be reasonably accurate if the DWBA
formulation is meaningful, assuming further that
the Q dependence of the DWUCK predictions is

40

40
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40

+ CA

b C', ioo

40

00 20' 40' 60' 80' 400

FIG. 13. Comparison of experimental data with nor-
malized one-step DWBA predictions (shown by solid
curves) and preliminary two-step CCBA predictions
(shown by dashed curves) for the 2.05-MeV, 3.97-MeV,
and 5.45-MeV states of 3Mg. The data. for the 2.05-MeV
and 5.45-MeV states were multiplied by the factors
shown before plotting.

reliable.
'Table II summarizes experimental spectro-

scopic factor and peak cross-section results for
'Mg from the present work at S4.8 MeV, spectro-

scopic factor results from earlier (P, d) studies
by Kozub ' at 33.6 MeV and by Kallne and Fager-
strom' at 185 MeV, and available theoretical
comparisons. Shell-model wave functions for the
even parity states of A = 23 nuclei have been cal-
culated recently by Chung and Wildenthal" in the
full 2s-1d shell basis space. 'The two-body matrix
elements used in their calculations were treated
as independent free parameters adjusted to fit
experimental ground-state binding energies and
level spacings. Their predictions for the energies
and spectroscopic factors of the first two or three
even-parity states of each spin are also shown in
the top part of Table II. 'The predicted binding
energies (with respect to "0) were normalized in
the table so that the fiist predicted —, state is the
ground state of "Mg. Since no shell-model pre-
dictions are available to our knowledge for A. = 23
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negative-parity states, the results of Maripuu"
for relative excitation energies and spectroscopic
factors of —,

' and —,
' states excited in "Si(P,d)"Si

are included, even though any direct comparison
with "Mg is unrealistic. 'The work by Maripuu
used the Oak Ridge shell-model code with realistic
two-body interactions, and incorporated 1P states
as well as the s-d states in the model space. Pre-
dicted excitation energies for "Si were arbitrarily
normalized in 'Table II to the lowest —,

' and —,
' states

xn "Mg.
For general information only, included from the

present work in Table II are the absolute spectro-
scopic factors (S,) for the lowest state of each
spin and parity determined in a DWUCK calculation
using the deuteron potential of Ref. 56. Since the
extracted absolute spectroscopic factors depend
strongly on the choice of deuteron potential, the
relative spectroscopic factors (S/S, ) for each spin
and parity provide much more meaningful com-
parisons. An indication of relative spectroscopic
factors for states of different spin and parity can
be obtained from the table, since the absolute
values of S, for each spin and parity obtained with
the same DWUCK parameters are given. However,
the same deuteron potential was used in every
case, which is not quite realistic because of the
10-MeV range of residual, excitation energies
covered in the table.

It should be emphasized that in the table spin-
parity assignment entries without parentheses or
question marks are the definite assignments of
Endt and van der Leun. " Entries in parentheses
are considered here to be very probable based
upon the evidence available from this experiment,
the mirror nucleus "Na, and the shell-model
calculations. It has also been assumed that only
the lowest l = 1 group leads to a state with spin
and parity —,', based upon the results of Breuer
et rzl 60 for (d. , 'He) analyzing powers in the s-d
shell. Question marks by entries indicate possible
assignments only.

Examination of the even-parity states in Table
II shows reasonable agreement between the pre-
sent experiment and theory for the relative spec-
troscopic factors of the 1d, /, and 2s]/g transitions
(although the latter are less reliable because of
the poorer quality of the fits). The relative
strengths of the two 1d', /, transitions are inverted
compared to the theoretical prediction"; this is-
also the case for the 185-MeV measurements. '

The relative spectroscopic factors for the &

states including the deep-hole states are qualita-
tively consistent with the "Si expectations. Un-
resolved P, /, strength no doubt occurs in some of
the groups shown in Figs. 7 and 8, and in the
clumps of states between 6.6 and 8.5 MeV or above

10.75 MeV, shown in Fig. 1. For this reason, re-
construction of an experimental (1p,&,)

' quasihole
structure"'" has not yet been attempted.

Comparisons in Table II with the previous ex-
perimental results for the x'atios of spectroscopic
factors in the few cases available generally show
reasonable agreement at the bombarding energies
of 33.6., 94.8, and 185 MeV. The largest devia-
tions are for the 2sy/p transitions, where the
quality of the DWBA fits is in fact the worst and
the contributions to the predictions from the nu-
clear interior are the greatest.

V. SUMMARY AND CONCLUSIONS

This study has examined for the first time with
good resolution and large momentum transfer the
high-excitation region of the residual nucleus from
a (p, d) reaction on an s-d shell target. From
angular distributions obtained for the "Mg(p, d)
reaction at 94.8-MeV bombarding energy, it was
possible to identify four deep-hole P states at
excitations of 8.91, 9.02, 9.67, and 10.57 MeV in
"Mg. From shell-model calculations" for the
nearby nucleus "Si, these are presumed to be
fragmented states from the 1P,/, shell.

Angular distributions were also obtained for 29
other deuteron groups leading to states (or groups
of unresolved states) up to 10.75-MeV excitation
in "Mg. 'The excitation energies determined are
in good agreement with the compilation of Endt
and van der Leun" up to 7.25 MeV and the "Mg
(p, t)"Mg work of Nann et al.4' up to 9.72 MeV.
Above 9.72 MeV, excitation energies for 18 deep-
hole states (or groups of states) were obtained up
to 13.28 MeV.

Characteristic angular distribution signatures
are found for known l = 0 transitions (strong os-
cillations) and transitions which must proceed
primarily by two-step processes (broad maxima
with no oscillations). Except at the very forward
angles (6' to 10' in the laboratory system), f = 1
and l =2 transitions are very similar and drop
exponentially with large momentum transfer with
very minor oscillations superimposed. l = 1 and
l = 2 states were best differentiated by an empirical
method which removed the exponential momentum
transfer (q) dependence by dividing by exp(-q/66
MeV/c), or a plane-wave theoretical approach
which multiplied the observed cross sections by
(q'+ a')', where a' is directly determined from
the neutron separation energy. Both methods give
distinctive maxima at low momentum transfers,
at about 115 MeV/c for l = 1 and 155 MeV/c for
l = 2 transitions.

Empirical analyses of the angular distributions,
coupled with information from the mirror nucleus
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"Na and other experimental evidence, lead to
very probable assignments of -', to the 3.97-MeV
state of "Mg and -', to the 4.68-MeV state. The
results are also consistent with (but do not prove)
a —', assignment to the 2.71-MeV state, and an
~2' assignment for the 5.45-MeV state.

DWBA predictions using existing proton and
deuteron potentials show rather good agreement in
the shape of the angular distributions only for the
l = 2 transitions, which have little contribution
from the nuclear interior; however, absolute l =2
spectroscopic factors vary by up to a factor of 3
for different deuteron potentials. l = 0 transitions
are not fit in either slope or locations of the os-
cillatory maxima or minima. Preliminary two-
step CCBA predictions for transitions to the —',-

state of "Mg at 2.05 MeV and the probable —,
' state

at 3.97 MeV agree about as well with the data as
the DWBA predictions for other known one-step
transitions. Relative spectroscopic factors for
known one-step transitions are in reasonable
agreement with detailed shell-model calculations
by Chung and Wildenthal, " and by Maripuu. "

The major difficulty with the DWBA (p, d) pre-
dictions compared to (d, t) maybe a consequence
of the long proton mean free path. " At the same
time the present results may present a new

opportunity to study the nuclear interior, since it
is likely that (p, d) processes can occur there at
these energies. Difficulties in DWBA analyses to
date may be due to the fact that deute ron wave
functions derived from elastic scattering are not
accurate in the nuclear interior. Such an inter-
pretation is consistent with the fact that the worst
one-step fits in this work are obtained for the l = 0
transitions, which also show significant contri-
butions to the predicted cross sections from well
inside the nuclear radius.

It should finally be emphasized that the DWBA
predictions in this work were straightforward
DWUCK calculations" with standard finite-range

and nonlocality corrections, and used available
optical potentials from the literature. No attempt
was made to investigate all possible alternatives
and corrections to the DWBA in detail prior to
publishing these experimental results, since the
primary motivation for this work was the location
and l assignments for the prominent deep-hole
states. Further, a very recent detailed DWBA
study by Anderson et a/. "has been made of (j&, d)
reactions in heavier nuclei at a similar bombarding
energy.
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