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(a,oP) auasifree Proton knockout reaction On H, Li, anti F
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The (n,ap) reaction on 'H, Li, and ' F has been studied with 140 MeV o. particles. Energy spectra for

the ground state transition are presented at one angle pair, for 'H and ' F, and three angle pairs for Li.
Distorted-wave impulse-approximation calculations provide good fits to the 'H data, the ' F data, and data at
one angle pair for Li. The other two angle pairs for Li show significant deviations from the distorted-wave

impulse-approximation suggesting contributions from processes more complicated than those included in the

distorted-wave impulse-approximation.

NUCLEAR REACTIONS H, Li, ~F(e, np}, E~= 140 MeV; measured (Ep, E~,
0&, 0~); 0%IA analysis; deduced spectroscopic factors.

I. INTRODUCTION

Quasifree proton knockout reactions can provide
important information on the sirigle particle struc-
ture of nuclei. A number of (P, 2P) reactions per-
formed at medium energies have provided informa-
tion on the location of the single particle strength
of deep-lying shells and at least qualitative infor-
mation on the single particle wave function. ' '
The (e, eP) reaction, although more difficult to
study experimentally, has the advantage that the
electrons are more penetrating in addition to the
fact that the electron-proton interaction is well
understood. Such studies4' thus provide informa-
tion on deeper-lying single particle states as well
a.s more quantitative information on the single
particle wave function, particularly at small radii.

In contrast, owing to the strong absorption of the
n particles, we expect the (o. , op) reaction to be
very surface localized in comparison to the (e, ep)
and (P, 2P) reactions. Thus it offers the possibility
of studying the single particle wave functions of
valence nucleons at large radii where the wave
function is determined by the spectroscopic factor
and the binding energy tail.

Very few experimental studies of the (o. , o.P)
reaction have been performed. Thus, before ex-
tracting nuclear structure information, one must
first demonstrate that the distorted-wave impulse-
approximation (DWIA)' assuming a quasifree reac-
tion mechanism is applicable under the chosen ex-
per imental conditions.

As an initial investigation we have measured the

(o, o p) reaction with 140 MeV incident o. particles
on targets of 'H, 'I.i, and "F. The 'H target was
chosen primarily for setup purposes, but it does
provide some information on the reaction mechan-

ism. The main interest in the 'I.i target is that
the transition to the ground state of 'He permits
both s and P wave proton knockout, due to the fact
that the final state is unbound. ' A DULIA analysis
of the 'Li(p, 2p)'He reaction shows that the relative
s and P contributions depend upon distortion ef-
fects, ' so a comparison of the (o. , np) and (p, 2p)
reactions should provide more insight into these
reactions. FinaBy, "Fwas chosen as a heavier
target primarily due to the fact that the ground
state transition is pur e l = 0, thereby enhanc ing the
knockout cross section.

In the following we discuss the experimental
details (Sec. II) and the DWIA analysis of the (o. , nP)
reaction (Sec. III) and finally we compare this
reaction to other knockout reactions (Sec. IV).

II. EXPERIMENT AND RESULTS

A. Experimental Details

A 140 MeV n-particle beam from the University
of Maryland Isochronous Cyclotron was energy
analyzed to approximately 90 keV and focused at
the center of a 1.5 m diameter precision scattering
chamber. The outgoing particles were detected
with two counter telescopes placed coplanar with,
and on opposite sides of, the beam. The Q. -particle
detector telescope consisted of a 300 gm Si surface
barrier b.Z detector followed by a 5 mm Si (Li) Z
detector rotated by 45' (effective thickness of ap-
proximately 7 mm). The solid angle of this tele-
scope was 0.31 msr (approximately 1'x 1'). The
proton detector telescope consisted of a 1000 p. m

Si surface barrier d F. detector followed by a 5

cm thick, 2.5 cm diameter cylindrical Naj(TI)
crystal E detector. The solid angle of the proton
telescope was 4.65 msr.
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A fast signal from each detector was used to
form AF. E coincidences for each telescope with
a resolving time less than the time between ad-
jacent rf beam bursts. The outputs of these two
hE ~ F. coincidence units, their relative timing
determined by the AF signals, were used as start
and stop signals for a time-to-amplitude converter
(TAC), thus allowing simultaneous storage of real
and accidental coincidence events. The time reso-
lution for n-P coincidence events was better than
3 ns.

The slow linear signals were handled with con-
ventional electronics. The five li'near signals
(AE„, E, AE~, E~, and TAC), suitably gated by
coincidence requirements, were sent to analog-
to-digital converters interfaced with an IBM 360/44
computer. The data were analyzed on-line as well
as written event-by-event on magnetic tape for
subsequent analysis. Particle identification and
various gating requirements were performed by
computer software. Dead time corrections were
made using a four channel pulser triggered by the
Faraday cup sealer.

The targets consisted of a deuterated polyethy-
lene foil (0.3 mg cm ' of 'H), a rolled 'Li (99%)
foil 3.3 mg cm ' thick transferred to the scatter-
ing chamber under vacuum to prevent oxidation,
and a Teflon (C,F,)„foil providing a 2.03 mg cm
thick "F target. Owing to deterioration of the
Teflon foil under beam, this target was constantly
monitored and moved when necessary.

Coincident n-P data were obtained only at quasi-
free angle pairs, i.e. , angle pairs for which it is
kinematically possible for the residual undetected
nucleus to be left at rest, in order to enhance the
importance of the quasifree knockout mechanism.
Energy sharing data were obtained at one angle
pair for 'H and "F and at three angle pairs for
'Li. The overall residual nucleus binding energy
resolution of the two telescope system was ap-
proximately 500 keV as measured using 'H(a, o.)'H
free a-P coincidences. (The binding energy B,
defined by po B 7' +pp+&3 where T, is the pro-
jectile kinetic energy, P and T~ are the detected
particle kinetic energies, and T, is the computed
kinetic energy of the recoiling residual nucleus,
determines the resolution in residual nucleus exci-
tation energy. )

B. Experimental Results

The binding energy spectrum for "F is shown in
Fig. 1. In addition to the "F(o., nP) "0ground
state transition we observed peaks associated with
transitions to excited states of "Q, as well as the
ground and excited states of "Bfrom the "C in the
Teflon target. The binding energy spectra from
the 'Li(o. , oP)'He reaction at two angle pairs are
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FIG. 1. The binding energy Spectruxn for crt'o. , ep) O
at E =140 MeV,

presented in Fig. 2. We observed strong transi-
tions to the 'He ground state at all three angle
pairs studied, but only the 8 /9, = 12.5 /-27. 0'
angle pair shows significant excitation of excited
states near 20 MeV, which presumably arise from
1s gz proton removal.

The energy sharing spectrum for 'H(a, ap)n is
shown in Fig. 3. The cross section peaks at an n
energy. corresponding to leaving the residual neu-
tron at rest, which is consistent with the knock-
out of an s-state proton. This distribution is also
narrower than those for the other targets studied,
reflecting the fact that the wave function of the pro-
ton in deuterium is relatively weaker in high mo-
mentum components.

The energy sharing spectrum for the "F(o,&p)-
"O ground state transition (—,'+-0+) is shown in

Fig. 4. Again the cross section peaks near zero
recoil momentum as would be expected for the
knockout of the 2s„, proton.

In Fig. 5 we present the energy sharing spectra
for the three angle pairs measured in the
'Li(n, op)'He reaction. In each case these data
represent a sum over 3 MeV bin in binding energy
centered about the ground state (—', ) n-n resonance
in the corresponding binding energy spectrum.
The data for the 10.0'/-55. 2' angle pair show a
very slight minimum near zero recoil momentum,
suggesting the presence of both P-state arid s-state
knockout, as observed for the 'Li(p, 2p)'He reac-
tion. At 12.0'/-47. 5' the data show a definite
asymmetr. y about p. =0, as well as a reduced cross
section at jt), =0. This asymmetry becomes even
more pronounced for the angle pair 12.5'/-27. 0'.
At this angle pair, which corresponds to the sec-
ond solution in free z-P kinematics, we obtain a
significantly enhanced yield on the high n energy
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FIG. 2. The binding energy spectra for Li(c.', np) He at E~ =140 MeV, for angle pairs (a) () ( UU =12.5'/ —27 p' and
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FIG. 3. The energy sharing spectrum for H(e, op)g.
The dashed curve is a PWIA calculation (normalized by
0.35) and the solid curve is a DWIA calculation (nor-
malized by 0.85).

side of the distribution. Also the cross section
at p, =0 is reduced compared to the other two

angle pairs.

III. ANALYSIS

The analysis of these data was carried out with
the distorted-wave impulse-approximation (DWIA).
In the DWIA the A(n, nP)B knockout cross section
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FIG. 4. The energy sharing spectrum for the F(e,
eP)' O(0+, g.s.) reaction. The curve represents DWIA
calculations for the knockout of a 2g~/2 proton nor-
malized to the data by the factors indicated.
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FIG. 5. The energy sharing spectra for the Li(n,
np) He ground state transitions at three angle pairs.
The upper curve in each spectrum shows the variation
of the product (XE &&do/dQI~ &). The dashed curves
represent 2si/2 DWIA calculations (normalized by O.l)
and the dot-dashed curves represent 1P3/2 calculations
(normalized by 0.7). The solid lines represent the sum
of the two calculations.
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can be written in the form'

d3

dQ dQ+E dQ

where C'S is the usual single particle spectro-
scopic factor, gE is a known kinematic factor,
and do/dQ ~„~ is the two-body o-P cross section.
The quantity T~ i.'s given by

where the X's are distorted waves for the incoming
and outgoing particles and )p~A(r) is the bound proton
wave function. In the plane wave limit (PWIA) T~
represents the momentum space wave function for
the bound proton.

The DWIA calculations were carried out with
the code THBEEDEE written by Chant. The distorted
waves were calculated from Woods-Saxon poten-
tials obtained via elastic scattering analyses. Ex-
cept in the case of deuterium, the bound proton
wave function was calculated by binding the particle
in a Woods-Saxon potential including a spin-orbit
term, with the depth of the central potential chosen
to reproduce the proton separation energy. The
two-body cross section d&x/dQ

~ ~, which is proper-
ly evaluated half-off the energy shell, was typically
replaced by the n-P on-shel1. cross section corres-
ponding to the measured final state of the n-P
pair (final energy prescription). However, other
possible choices were also investigated.

As expected, based on DWIA analyses of other
types of knockout reactions, ' the inclusion of dis-
tortion effects is found to be crucial. For the
cases studied here, the magnitude of the DWIA
cross section at p3 =0 is reduced when compared
to the PWIA calculations by factors ranging ap-
proximately from 2.5 to 40, depending on the tar-
get. Additionally, the shape of the energy sharing
spectrum is generally significantly modified by
the distor tion effects.

A. H(n, np)n

Calculations for 'H(o. , nP)n were carried out
using a Hulthen wave function for the deuteron in
all cases. The dashed curve in Fig. 3 shows the
resulting PWIA calculation normalized to the ex-
perimental data. The importance of multiple
scattering effects is clear both in terms of mag-
nitude (the PWIA calculation is a factor of 3 too
large) and shape. These results are rather simi-
lar to those obtained for 'H(o. , o.P)n at I8 MeV by
Bonbright, ' suggesting that there is no large de-
crease in multiple scattering effects with an in-
crease of almost a factor of 2 in bombarding
energy.

Although the application of the DWIA to such
light systems may be questionable, we have per-
formed calculations to investigate the ability of
the DULIA to correct the major discrepancies ob-
served in the PWIA calculation. The entrance
channel optical potential was obtained from n-d
elastic scattering. " For the exit channel, X

~

was calculated with an optical potential obtained
from an analysis of P-n elastic scattering" while

was determined from either a real nucleon-
nucleon potential or no potential at all (plane wave).
Turning off the P-n interaction in the exit channel
affects the magnitude of the result by only 10%%u~

with no significant change in shape.
The resultant DWIA calculation is represented by

the solid line in Fig. 3, again normalized to the
experimental data. The normalization constant is
0.85, which shows that the inclusion of distortion
effects removes most of the discrepancy observed
in the PWIA. The agreement in shape is also sig-
nificantly improved, with some of the remaining
discrepancies being perhaps due to the approximate
treatment of recoil effects in the DWIA. However,
for such a light target the overall agreement be-
tween the DWIA and the experiment is remarkably
good.

B. F(e,ocp) 0 (0+, ground state)

Calculations for the "F(o., o p) "0ground state
(-', + 0+ transition) were carried out assuming the
knockout of a 2s„, proton. The geometry of the
Woods-Saxon potential for the bound proton ob-
tained by interpolating the results of Elton and
Swift" (which reproduce electron scattering and
single particle energies) yields the values r, =1.4
fm and a=0.6 fm. The optical potentials were
taken from elastic scattering analyses of e+ "C
at 140 MeV (Ref. 13) for the entrance channel and
of o. + "C at 104 MeV (Ref. 13) and P + "0at 30
MeV (Ref. 14) for the exit'channel.

The resultant calculations normalized to the
experimental energy sharing data are shown as a
solid line in Fig. 4. The agreement in shape is'

quite satisfactory. The normalization gives a
spectroscopic factor C'$ =0.5 which is larger than
the value 0.38 obtained by Kaschl et a/. ,"in an
analysis of the (d, 'He) reaction at 52 MeV and the
value 0.36 obtained by shell-model calculations. "
However, our result is similar to that obtained
by High et a/. ,

" in a DWIA analysis of the
"F(P,2P) "0 reaction at 42. 7 MeV.

A calculation including nonlocality in the bound
state with a nonlocality range" 0.85 fm was then
performed. The effect of the nonlocality correction
for the bound state is to increase the DWIA cross
section with no change in shape, thus reducing the
spectroscopic factor to 0.37, in rather good agree-
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FIG. 6. Hadial sensitivity of the ~F(n, np)~ 0 reac-
tion.

ment with the theoretical calculations. The in-
clusion of nonlocality in the optical channels had a
negligible effect due to the strong surface localiza-
tion of the reaction.

The sensitivity of the calculation to the optical
potentials was studied by repeating the DWIA cal-
culations with n potentials obtained from an energy
dependent analysis" of z+ "Mg. The results dif-
fer by only 5% in magnitude, again with no change
in shape. Also the effects. of choices for dg/dQ~
other then the final energy prescription were in-
vestigated. It was found that the common pre-
scriptions, such as the initial energy prescription,
only serve to increase the spectroscopic factor.

Overall, the agreement between the DWIA and
experiment is reasonably good. The shape of the
energy sharing spectrum is well reproduced, but
the magnitude of the spectroscopic factor is some-
what large unless a nonlocal bound state is in-
cluded. However, the spectroscopi. c factor is
sensitive to both the two-body cross section pre-
scription and the bound state geometry.

The region of sensitivity of the cross section
has been studied by calculating the DWIA cross
section. at p, =0 for a series of cutoff radii. The
resultant differences in cross section between the
various cutoff radii are presented as a function of
radius in Fig. 6. From this plot we see that the
reaction is very strongly surface localized, the
main contributions coming from the region around
6.5 fm. Thus, as discussed in the Introduction,
the (o. , nP) cross section results from the asym-
ptotic tail of the single particle wave function.
This result explains the insensitivity of the shape
of the energy sharing distribution to the choice of
bound state geometries and optical potentials.

C. 6Li(o.,np) He(~ resonance)

As discussed in Sec. II the energy sharing spec-
tra for the 'Li(o. , o.P)'He reaction show a pro-
nounced asymmetry about the p, = 0 point. This
asymmetry arises in part from the product (KF
& do'/dQ~„~) in the DWIA cross section. The de-
pendence of this product on E, using the final
energy prescription for do/dQ ~„&, is shown for
each angle pair in Fig. 5, and exhibits about a
factor of 4 to 20 variation over the measured
energy sharing spectra. However, the data,
particularly the 12.5 /-27. 0' angle pair, still show
a pronounced asymmetry beyond that present in
this factor alone.

Since the data at all three angle pairs suggest
the presence of both P- and s-wave knockout,
DWIA calculations were carried out for both i/3/2
and 2s„, proton knockout. The bound proton wave
functions were calculated by binding a proton in a
Woods-Saxon well with a geometry taken from
Elton and Swift" (r, = 1.45, a=0.65) and with a
binding ener gy cor responding to the separation
energy of the centroid of the P„, n nreson-ance.
The entrance channel optical potential was taken
from an analysis' of 166 MeV z+'Li and for the
exit channel the n +'He optical potential was ob-
tained from an analysis" of 104 MeP n +'I i and
the P +'He potential from an analysis" of 35 MeV
P+'Li.

Since the data acquired at the 10.0'/-55. 2' angle
pair showed the least asymmetry, the calculations
were compared primarily with them. The DWIA
calculations were normalized to these data by first
normalizing the 2s„, calculation at p, =0 where
the 1/3/2 contribution is negligible and then in-
coherently adding the 1P3/2 calculation normalized
to obtain the best overall fit to the data. The re-
sult, along with the individual contributions, is
shown in Fig. 5(a). It clearly provides a very
good fit to the experimental data over the entire
range. The relative normalizations are 0.1 and
0.7 for the 2s„, and 1p3/2 calculations, respectively.
[These quantities should not be interpreted as
shell-model spectroscopic factors, since a proper
calculation of the overlap integral between 'Li
and 'He requires the use of a continuum wave
function for the 'He (n-u) system. ] The value 0.1
suggests the presence of a strong admixture of
(2s„,)' in the 'Li ground state. Cluster model cal-
culations give rise to this admixture in a natural
way 7,8

DWIA calculations for the other two angle pairs
using the same absolute normalizations are also
shown in Figs. 5(b) and 5(c). These calculations
clearly do not reproduce the asymmetry observed
in the data. For the angle pair 12.0'/-47. 5' they



19 (n, exp) Q UASIF REE PROTON KNOCKOUT REACTION 0 N. . .

provide a reasonable fit to the data to the left of
the P, =0 point (lower n energies), but they do not
reproduce the broad peak observed at E =115
MeV. The disagreement between the calculation
and the experimental data is even more pronounced
for the 12.5'/-27. 0' angle pair, but again there is
reasonable agreement to the left of p, =0.

An attempt to reconcile this discrepancy within
the DWIA was made by varying the parameters in
the calculation. The results of using different
bound state geometries, different optical model
potentials, and a different prescription (initial
energy prescription) for the two-body cross sec-
tion were studied. For all three angle pairs
reasonable changes in the bound state geometry
and optical model potentials produced no signifi-
cant changes in the shape and changes of not more
than 25% in the normalization of the calculated
cross sections. Similarly the use of the initial
energy prescription produced little change in shape
and a renormalization of approximately 50/0 at all
three angle pairs.

Presumably the asymmetry in the data arises
from reaction mechanisms not included in the
DWIA. A study of the kinematics of the 'Li(u, nP)-
'He reaction to investigate the possibility of
processes such as sequential o. decay and final
state interactions between outgoing pairs of parti-
cles showed no effects which would be preferenti-
ally enhanced at any particular angle pair used for
this experiment. Perhaps the discrepancy arises
from contributions associated with triangle graphs
such as (n, 2a) followed by one of the n particles
rescattering from the residual deuteron and break-
ing it up into a proton and neutron. However,
without explicit calculation, we are unable to esti-
mate the region of phase space populated by such
a mechanism.

In conclusion, while the DWIA provides a good
description of one angle pair, as well as the
region of low n particle energies at the other two
angle pair s, it appear s that other mechanisms
are important in this reaction. It is certainly pos-
sible that this problem is due to the four-body
final state involved.
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out such studies in the future.
We have shown that the (o. , o.p) reaction at 140

MeV is very strongly surface localized and is thus
sensitive only to the asymptotic normalization of
the single particle wave function. In order to com-
pare this reaction to other knockout. reactions, we
have computed DWIA predictions for (P, 2P) and

(e, eP) reactions.
In the, case of "F no data exist at a suitable

energy. To obtain an idea of the region of sensitiv-
ity of the various reactions we have performed
DWIA calculations for 2s„, proton knockout via
(p, 2p) at 150 MeV and via (e, ep) at 500 MeV,
energies which a|.. e available at other accelerators.
For the (p, 2P) calculations, optical potentials
from an eriergy dependent analysis" of p+ "C were
used. For (e, eP) plane waves were assumed for
the electrons and the outgoing proton wave was

IV. DISCUSSION AND CONCLUSIONS

The results presented show relatively good
agreement between experiment and DWIA calcula-
tions. However, it is clear that a problem exists
for 'Li(n, np)'He, particularly when both particles
go in the forward direction (12.5'/-27. 0'). Whether
or not this problem results from the four-body
final state for this reaction requires further inves-
tigation, e.g. , an examination of the "F(o., o.j)"0
reaction at other angle pairs. 'We plan to carry

0

0 IQO

FIG. 7. Comparison of the radial sensitivities for the
knockout of a 2g~y2 proton withp3=0 for (a) plane wave
(e, ep), (b) DWIA (e, ep), (c) DWXA (p, 2p), and (d)
DWIA (n, mp) calculations.
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distorted by the p+ "C optical potenf. ia-l. The.
radial sensitivities at the P, =0 points are shown
in Fig. 7 for all three reactions, along with the
equivalent plane wave calculation. One clearly
observes the translation of the reaction into the
nuclear interior as we go from (o. , o.P) through

(P, 2P) to (e, eP). Thus a comparison of these
three reactions along with a consistent DWIA

analysis should provide valuable information on

the details of the nucleon single particle wave func-
tion.

We have carried out similar studies for the
'I.i-'He transition. In this case data exist for
both the (p, 2p) (Ref. 8) and (e, ep) (Ref. 5) reac-
tions. The experimental energy sharing distribu-
tion and DWIA calculations for (p, 2p) at 100 MeV
are shown in Fig. 8. The optical potentials were
taken from Ref. 8. The absolute normalizations of
the 1P„, and 2s„, cross sections are the same as
those used for the (a, op) reaction. The agree-
ment with the data is remarkably good. No com-
parison has been made to the (e, eP) data, due to
the fact that these data show inconsistencies with
previous higher energy (p, 2p) measurements.

With consistent analyses one can thus obtain ex-

FIG. 9. The radial sensitivities for the knockout of a
2s~y2 proton withP3 —-0 for the (a) Li(p, 2p) He, and (b)
6Li(0. , op) He reactions.

cellent agreement, including the relative amounts
of 1P,&, and 2s,&, knockout, between the (a, o.P)
and (p, 2p) reactions which sample rather different
regions of the nucleus. To show the regions of
sensitivity for 'Li we again present in Fig. 9 the
ao's at p, =0 for these two reactions. These re-
sults are similar to those obtained for "F.

ln conclusion, the (o. , nP) reaction appears to
be rather well described by the DWIA for angle
pairs corr-esponding to small n-angles and rela-
tively large P-angles (-50'). However, a more
careful study of the reaction for other angle pairs
is required. In addition, one would like to make
a comparison with (P, 2P) and (e, eP) for heavier
nuclei such as 'Ca.
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