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Differential cross sections of the [' 0, "N(g.s.)] reaction on Si and Si were measUred at E(' 0)= 60 MeV at
far forward angles. The strongly oscillatory Lk L = 1, (2) angular distributions for the 2s, /, and 1d3/2 transitions
to ' P and "P were found to be out of phase. The pure 5,L = 1, 2s, /, transitions were fitted well by finite range
distorted wave Born approximation calculations using the code rat.A. The phase of the structure of the 1 d3/2
transfer anguhLr distributions could not be fitted with the distorted wave Born approxi~~tion. Spectroscopic

good agreement with {'He,d) results for 2s»2 and 1 d&/, transitions and a factor of 2 too large for
1d3/, transfer. This factor of 2 for the 1d, /2 transitions is not understood. The mixed j taLnsition to the 2
state in P (1.454 MeV) was found to be consistent with almost exclusive j=

~ transfer as predicted by shell
model calculations.

N UCLEAR REACTIONS ~' OSi( 0, N), & =60 MeV; measured (T(&&5N, 6)),~

deduced C Sij.

I. INTRODUCTION

In a direct single particle transfer reaction on
even-even targets the spin J& of the residual nu-
cleus is equal to the j value of the orbital into
which the particle is transferred. If the target
is odd-even, usually several orbitals with differ-
ent j values between !Jz —4, ! and &~+ J'& can con-
tribute to the transition, where 4& is the target
spin. For example, if the target has J', =&', a J&
=2' canbe reached bytransfer of either j, = a or
j, = &'. For comparison with shell model calcula-
tions a knowledge of the relative amounts of j,
and j, transfer is of particular interest.

The angular distributions of (d, P) or similar
light ion induced reactions with unpolarized beams
do not show sufficient j dependence to allow an
extraction of the individual j, and j, transfer
strengths. Usually, the analysis is done with the
assumption that either of the two j values is dom-
inant. In heavy ioninduced transfer reactions, how-
ever, the transitions with the j, transfer are st& ongles
enhanced" over the ones with the j& transfer.
This enhancement should make it possible to
measure, for example, the strength of a weak
1d,~, component in the presence of a strong 1d, &,
component. The enhancement of the j, transitions
is a consequence of angular momentum selection
rules and matching conditions. '

The orbital angular momentum transfer 5, I. is
restricted by the two conditions

!l,—/2t ~« l, +Q

and

For stripping reactions l, and j, and E, and j, are
orbital and total angular momenta of the trans-
ferred particle in the projectile (l) and residual
nucleus (2), respectively. Specifically, for the
proton transfer reaction t "0,"N(g.s.}j we have
l, = 1 and j,' = —,

' so that a transfer to an f, =2 and

j,' = —,
' orbit can proceed by b,I.= 1 and 2, and a

transfer to an f, =2 and j,' =
2 orbit can proceed

by AI. =2 and 3. Brink's matching conditions are
mostly closely satisfied for n. L =2 for the ("0,"N}
reaction on ' Si and 3 Si at 60 MeV, the subject of
the present investigation. Consequently, the cross
section for a AI. =3 transition is expected to be
considerably larger than the one for a b, l. =1 tran-
sition of equal spectroscopic strength. A summary
of these allowed orbital angular momentum trans-
fers for transitions to the shell model orbits of
interest in the (' 0, "N) reaction on ~ Si and '9Si
is given in Table I along with the respective g.s.
Q values, excitation energies, and J& values of the
final states in the residual nucleus. 4 The normal
M, is underlined in the table. The relatively weak
nonnormal hL =2 recoil term contributes to the
angular distribution significantly only at the min-
ima of the normal ~ =1 angular distribution, both
angular distributions being out of phase with each
other.

An experimental estimate for the enhancement of
the j, transition over the j, transition can be ob-
tained from a comparison of the ("0, "N) and
('He, d) reactions on the even-even ' Si target. ' '
We have chosen Si as a target rather than Si
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Reaction ' Q
(MeU) (MeU) J n2$ 2j

TABLE I. Basic data (Ref. 4) of the reactions studied.
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1.973

(1d5/2)

3 ld 5/2
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23
S, 15Qnly N (g.s.) with (&1l1j1)=(lp1/2) was observed.
(~, l,j,) of orbitals which contribute only weakly are

in parentheses.
Normal &I are underlined.

II. EXPERIMENTAL PROCEDURE

A 60 MeV "0beam was supplied by the Univer-
sity of Minnesota MP tandem Van de Graaff. A
duoplasmatron source in combination with a CH,
exchange gas was used to generate "0 ions. Tar-
gets were self-supporting Si0, foils, typically 50
gg/cm' thick, with isotopic enrichments of 92%
for Si and 95.6/p for Sj. Two pairs of 30 mm

long, 10 mm high, position sensitive solid state
detectors were placed along the focal plane of an
Enge split-pole spectrometer to detect both "N
(6') and "N (7') ions simultaneously. These two
charge states are of comparable intensity at the
outgoing energies of the present experiment while
the fraction" of "N (5') ions is less than 5%. It
was necessary to detect both the 6 and the 7'
charge states because the self-supporting target
foils would not generate the equilibrium charge
state fractions. In elastic scattering experiments
it was observed that the charge state fractions
would asymptotically reach the values for charge
state equilibrium due to the slow carbon buildup
on the target.

Particle identification was accomplished by

because the very negative Q value, -9.380 MeV for
"Si("0,"N)"P (g.s.), implies very poor matching
in this latter reaction.

In the "Si("0,"N)"P reaction, the transition
to the 2' state at 1.454 MeV is of particular inter-
est, because shell model calculations predict'
a small 1d, /, component for the transition to this
state in addition to a strong 1d, /, component. The
major objective of this experiment is to measure
the small 1d, /, component in this heavy ion induced
transfer reaction.

FIG. 1. Energy spectrum for one position sol. id state
detector used for N (6+) ion identification in the S
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FIG. 2. position (X =XE/E) spectra of ' N (6') ions
for two adjacent detectors in the OSi( Q, N) P reaction.

measuring the energy of the ions which, for the
same magnetic rigidity, is proportional to Z'/M
where Z is the charge and M is the mass of the ion.
This is possible because over the 30 mm length of
a single detector the magnetic rigidity is suffi-
ciently constant. A typical energy spectrum is
shown in Fig. 1. The position signals (X), gener-
ated by dividing the (XE) signal of the detector by
the (E} signal, were accumulated with gates set
on the groups corresponding to the "N (6+} ions
for one pair of detectors and to the "N (7') ions
for the other pair. Position (X) spectra obtained
with two adjacent detectors are shown in Fig. 2
for the "Si("0,"N)"P reaction at 8~,b =20'. The
over-all resolution width of 70 keV is due mainly
to target thickness.

Differential cross sections were measured in
1.25 steps from 6),„,„=5' to 25' on "Si and ' Si,
and in 0.5 steps from 0„b=3.5' to 5' on "Si. They
are shownin Figs. 3 and 4 together with the results
of distorted wave Born approximation (DWBA} cal-
culations to be discussed later. The angular ac-
ceptance of the spectrometer was set to 1, cor-
responding to a solid angle of -0.9 msr. Two
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monitor detectors, placed at ehb = +30' with re-
spect to the beam, were used to detect elastically
scattered "0 ions to check for possible target de-
terioration effects. Absolute cross sections to an
accuracy of 15% were derived from a best optical
model fit to the yields of elastically scattered "0
ions using the code RAROMP. " The cross section
errors given in Figs. 3 and 4 are relative errors
only, derived from the statistical accuracy and
the reproducibility of the data and do not include
the above given error of the absolute cross sec-
tions. Relative errors not explicitly shown lie
within the size of the data points.

III. EXPERIMENTAL ANGULAR DISTRIBUTIONS AND
DNA CALCULATIONS

A. 3oSq(16O»N)»P

Angular distributions for the 30$i("Q, "N}"p
reaction are shown in Fig. 3. Rather large oscil-
lations are observed in particular for the ground
state (g.s.) transition. Surprisingly, the transi-
tions to the &' g.s. and the ~+ first excited state
are found to be out of phase even though both
transitions proceed by hL = 1 in the no-recoil
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FIG. 4. Experimental angular distributions for the ~ISi

( 0, 5N) OP reaction and DWBA curves using optical
model parameter set 1.
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) = 2.234 MeV
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approximation (see Table 1).
The curves shown in Fig. & (and in Fig. 4 to be

discussed later) are the results of calculations
done with the finite range DWBA code LOLA"
which includes recoil exactly. The optical model
parameters used in these calculations are given
in Table II. Set 1 was obtained by fitting the "0
+"Sdata of Ref. 13. Set 2 has been used previ-
ously" for DWBA calculations for the Si("0,"N)
reaction. Bound states were calculated in Woods-
Saxon wells of r=1.25 fm and a= 0.65 fm using
the known binding energy and a Thomas-Fermi
spin orbit strength ~= 20.0.

TABLE II. Optical model parameters used for both
entrance and exit channels.

O. l

0 20 400
I

60

V ry y
8'y i a) r~

Set (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

FIG. 3. Experimental angular distributions for the Si
(6Q, N) P reaction together with DWBA curves. Solid
lines: optical model parameter set 1. Broken lines:
set 2.

1 23.6 1.35 0.467 12.6 1.27 0.255 1.35
2 100.0 1.14 0.68 20.0 1.20 0.60 1.35

' Potential radii R =r(A& ~ +A2 3).
Reference 14.



Si(''0 ''N) PROTON STRIPPING REACTION AT 60 MeV

Both optical parameter sets used in the calcula-
tions of Fig. 3 yield good fits to the 2s, g, g.s.
transition [the fit with set 2 being slightly better
for "P (2')], but both fail to reproduce the shape
of the 1d, /, state angular distribution. Surpris-
ingly, use of the parameter set 2 yields calculated
cross sections a factor of two smaller than set 1.
This will be discussed in more detail in the next
chapter. We were unable to find a modified para-
meter set which would fit the 1d, ~, state angular
distribution. The calculated EL= 2 recoil contri-
bution for the g' transition is out of phase with
the EL=1 component and would fit the g angular
distribution very well; however, the calculated
total 4L= 2 cross section is an order of magnitude
smaller than the normal EL= 1 contribution. A
similar anomaly, i.e. , data in phase with DWBA
calculations using the (weaker) nonnormal nr.
angular distribution, has been seen before. "'"
The calculation for the 2' state of "P (2.234 MeV)
reproduces the gross features of the data but is
unable to account for the observed fine structure.

As mentioned previously, both the g.s. (2 ) and
the 1.266 MeV (a') state should involve 41.= 1

transitions with a small, nearly negligible, hI =2
recoil component for the 1d, /, transition. Inter-
estingly, the two DWBA predictions for the two
states were very different in shape, as shown in
Fig. 3. We found that this difference is due to a
number of effects. The binding energies E~ and

Q values differ, resulting in a damping of the os-
cillations for the excited state. This effect is dis-
cussed further in the comparison of the ' P and
"P g.s. transitions. The effect of different angular
momentum coupling is of greater interest; i.e. ,
the 1d, /, transition involves transferring the l,
= 1 proton in "Q to an I,, = 2 orbit in "P while the
2s, ~, transition involves transfer to an I, =0 orbit.
For the 1d, /, transfer this results in a vastly
greater number of possible angular momentum
couplings (angular momentum tensors of Ref. 12)
which also damps the predicted angular distribu-
tion for the first excited state. Figure 5 shows
three calculated curves using a 2s, /, radial form
factor throughout. The solid line gives the normal
calculation for the 2s, /, g.s. transition. The bro-
ken line shows the effect of the change in E~ and

Q only; again a 2sy/2 transfer is assumed. The
dash-dot line finally was obtained by use of the
g.s. E~ and Q and 2s, /, radial form factor, but
allowing for the angular momentum couplings of
a 1d, /, transfer by an appropriate modification of
the code. It is quite clear that the 1d, ~, coupling
has a considerably larger damping effect than the
change in Es and Q. However, the 1d, g, coupling
caused a shift in the calculated diffraction pattern
towards smaller angles, while a shift towards

1.0

sos. (IsoleN)sl

cn O.l

~6O

b

0.1

0.01
with coupling
allowed by

Id//p transfer

\

l

~/

0.001
0 20

I

40

FIG. 5. Q-value and angular momentum coupling
effects in DWBA calculations for a pure ~= 1 transition.
All curves shown were calculated utilizing a 2s)/2
radial form factor.

larger angles is necessary to fit the shape of the
experimental angular distribution for the ~ state.
The normal calculation for the 1d, /, transfer state
gives essentially the same shape as the dash-dot
line of Fig. 5.

8 29S (160, IS~)3O

Angular distributions for the ' Si("0,"N)"P
reaction are shown in Fig. 4 for the 4" = 1'ground
state, the 2' state at 1.454 MeV, and the 3' state
at 1.973 MeV. The 0' and 1 doublet at-0. 7 MeV
could not be resolved. No angular dis'ribution was
taken, since for most runs the doublet fell be-
tween the two detectors on the focal plane.

The data for the 1' g.s. are nearly in phase
with those for the pure AL = 1, g.s. transition in
the "Si("0,"N)"P reaction although the oscil-
lations are not as pronounced as for the "Si tar-
get. The 1' state in ' P can be reached both by
2&,y, and 1d, ~, transfer. However, the ('He, d)
and (d, n) experiments" '9 showed almost pure
2sy/2 transfer in agreement with shell model cal-
culations. ' Thus, the "Si("0,"N)"P (g.s. ) transi-
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tion may be taken as another example for a 2s, /„
EL=1 angular distribution. In fact, the observed
damping of the oscillations, compared to "Si-
("0,"N)"P (g.s.), was correctly reproduced by
DWBA calculations and appears to be a Q-value
effect.

It should be emphasized at this point that the
difference in Q values between the two 2&y/2 g s.
transitions to ' P and "P is larger than the differ-
ence in Q values between the g.s. and first excited
state in "P. The striking difference in shape be-
tween the experimental 2+y/2 and 1d, /, transitions
of "P thus cannot only be due to a difference in

Q values. The same conclusion was reached from
the DWBA calculations shown in Fig. 5.

According to Table I, the 2' state of ' P (1.454
MeV} can be reached either by 1d, /2 or 1d, /,
transfer or both. The experimental angular dis-
tribution for the 2 state transition exhibits a
shape very similar to that of the pure 1d, /2 tran-
sition to "P (1.266 MeV). We are tempted to use
this fact as evidence for a principal 1d, /, compon-
ent in the transition to this 2 state. However,
the structure of the experimental angular distri-
bution for the 2' state (al. =3) is also not very
different from that of the 2' state. Thus, at this
energy, it is very difficult to derive the angular
momentum of the transferred particle from the
shape of the angular distributions. " Furthermore,
calculated 1d, /, transfer angular distributions for
"St("O "N)"P (-") and "St("0 "N)"P (2') of
Figs. 3 and 4, respectively, show much larger
differences in shape than observed experimentally.
The calculation for the former reaction fits the
general shape of the experimental distribution
quite well but the observed oscillations are out
of phase with the strongly damped oscillation in
the calculations. [Figure 5 shows a 1d, y, angular
distribution (dash-dot line) with stronger oscilla-
tions because the EL=2 recoil term was not in-
cluded. ] The 1d, ~, calculation for the latter re-
action ['9Si("0, N)' P (2')] fails to fit the for-
ward angle data when normalized at the grazing
angle (Fig. 4, dashed line).

The angular distribution for the transition to
the 3' state (1.973 MeV) which can go only by
1d, ~, transfer (if we restrict ourselves to the
2sld shell) is smoother than that for the ~' state
in "P and is fitted very well by DWBA.

IV. SPECTROSCOPIC FACTORS

Despite the still unsolved problem of fitting the
details of the shape of the 1d, /, angular distribu-
tion by the DWBA, we proceed to extract products
of spectroscopic factors |"]&] x &2 ~2 from the
data. Spectroscopic factors |-",'~, for proton strip-
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ping onto Si were obtained by dividing out a Cy Sy
= 1.75 for IP, /, proton pickup" from "0. (The
isobaric spin Clebsch-Gordan coefficients are

-"P.} We found that the well-fitted("0, "N) an-
gular distributions for the g.s. transitions in "P
and "P give absolute spectroscopic factors in ex-
cellent agreement with the ( He, d) results' 8

and shell model calculations' "when optical mo-
del set 1 is used (see Tables III and IV}. When
extracted from the average cross sections, the
spectroscopic factor for the poorly fitted Id, »
transition to "P is a factor of 2 too large in com-
parison to the ('He, d} results or the shell model
prediction. " As can be seen in Table III, which
includes results from lower energy ("0,"N) data
which were analyzed without" and with recoil (this
work), the effects from recoil are large for this
j, transition. However, if recoil is included and
the same optical model set is used, the 42 and 60
MeV results show surprisingly good agreement,
but both yield C,'S, values for 1d, ~, transfer a
factor of 2 larger than from ('He, d). The discrep-
ancy for the 1d, ~, transition between all transfer
data ' and the shell model value is not to be
taken as serious, because it is a weak transition
into the "filled" 1d, y, shell. Only the C,'S, value
for "Si("0,"N)"P (~'} at 73.5 MeV "appears to
stand out as unusually large among the experimen-
tal spectroscopic factors.

Special care has to be taken when comparing
spectroscopic factors given by different authors.
For example, no spin-orbit term is used in the
bound state calculations of Ref. 14. Its inclusion
for the Si+P bound state will increase the 1d, /,
strength and decrease the 1d, ~, strength. All
three (2s, /2 ld, /2 and 1d, /, ) absolute O'S will
be affected through the "0-"N+p bound state
spin-orbit term. Another difference is that our
calculations include the Coulomb part in the inter-

action which causes the transitions. Inclusion of
this term reduces considerably the post-prior
discrepancy" and decreases deduced C,'S, values
by 20 to 30%. Further, we use a C,'S, =1.75 for
proton pickup" from "0while Ref. 14 used 3.5
because of an apparent mixup between C'S and S.
That means the "S," values (C,'S, in our notation)
extracted from the 73.5 MeV data have to be multi-
plied by C, '= 2. With that factor included, we
have a factor of 2 discrepancy in the g.s. transi-
tion strength between the 73.5 MeV results" and
our values. This, however, is a consequence of
the use of optical parameter set 2 of Table I which
was applied in Ref. 14. Thus, use of this set 2

does yield C'S values from our data a factor of
2 larger than those given in Table II, which were
obtained with set 1. Consequently, there is no
discrepancy between the results of Ref. 14 for
the 2s, /, transition (after correction for the C,'
value) and ours when parameter set 2 is used in
both analyses. The factor of 3 discrepancy in the
k' (2.234 MeV) state transition between the 73.5
MeV data and our data is obviously too large to be
solely due to the bound state spin-orbit term and
is not understood. It should also be mentioned
that the S, values of Refs. 5 and 6 apparently were
taken in Ref. 14 as "S,"= C,'S, values without
properly inserting the C2 3 ~

If we ignore for the time being the special prob-
lems of the 1d, /, transitions [no detailed fit of the
oscillations and the factor of 2 discrepancy in
spectroscopic factors in comparison to ('He, d)],
we may proceed to untangle the mixed j,= g', ~'
transition to the 2+ state of "P. If we assume a
pure ~', EL= 3 transition we get a good fit to
the general shape of the 2' state angular distribu-
tion, and extract a C,'S, = 0.1, more than two
times smaller than for a pure 1d, /, in ('He, d)
which gave C,'S, =0.24. If we assume a pure ~',
EL=1 transition we have a very poor fit to the

TABLE IV. Spectroscopic factors &2 S2 for proton transfer to OP states.

(3He, d}
15 MeV

( He, d}
25 MeV

(d, n}
8 MeV'

(160 15N}

60 MeV Shell model'

0.0

1.454

1.973

1
2

0.48

0.33

0.22

0.49

0.32 '

(0.24}

0.034

0.47

0.34

0.06

0.61

0.54

0.05

0.10

0.61

0.32

0.03

0.07

~ Reference 17~

Reference 18.' Reference 19.
This experiment.

~ Reference 9.
If transition were purely 1d3g2 or 1d&y2, respectively.
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experimentally observed shape and get a rough
estimate for a 1d, ~, spectroscopic factor C,'S,
=1.0, about a factor of 3 large~ than for a pure
1d, y, in ('He, d) which gave C,'$, =0.32. This fac-
tor is more than the factor of 2 which we left un-
explained in the pure 1d, ~, transition to the —'
state in "P. Finally, if we consider a mixture of

and —,
' transitions, a 1d, ~, component with a

small C,'S, =—0.05 added to a 1d, ~, component with

C,'S, =0.54 gives a good over-all fit to the 2' dif-
ferential cross section, with spectroscopic factors
in very good agreement with the shell model pre-
diction. ' The small —,

' strength has a strong effect
on the cross section because of the large enhance-
ment of the j, transition over the j& transition. It
is also very important for the fit at forward angles.
The strength of the 1d,~, component is larger than
the (~He, d) value by about the same factorasforthe

~' state transition in "P.
In conclusion, the fact that the angular distribu-

tions for both the 2' state of "P at 1.454 MeV and
the ~' state of "P at 1.266 MeV are out of phase
with their respective ground states has not, at
present, been explained. This observation and
the dependence of absolute spectroscopic factors
on different optical model sets require appropriate
qualification of the reliability of the extracted
C,'S, values. Acknowledging these qualifications,
in certain cases the ("0,"N) reaction appears to
be a useful way in untangling states of mixed j
transitions.
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