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Spin observables for the208Pb„p,n…208Bi reaction at 135 MeV
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We measured the spin observablesAy , P, and SNN8 for the 208Pb(p,n)208Bi reaction at 135 MeV at
laboratory angles of 0°, 3°, 6°, and 9°. The overall energy resolution was about 1 MeV. Data forSNN8 are
compared with distorted-wave impulse-approximation calculations that use random-phase approximation wave
functions. Comparisons are also made for the48Ca(p,n)48Sc reaction. The agreement between these calcula-
tions and the data is generally good, after adjustment of the nucleon-nucleon interaction in the random-phase
approximation calculations to place the 01 isobaric-analog states at the correct excitation energies. A single
adjustment of the nucleon-nucleon force works for both target nuclei.@S0556-2813~97!03107-5#

PACS number~s!: 24.70.1s, 25.40.2h, 25.40.Kv
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I. INTRODUCTION

The study of the nuclear spin-isospin response with m
dium energy probes has been an area of intense interes
nuclear physics. Particularly useful in these studies h
been nucleon charge-exchange reactions because the
purely isovector. The measurement of spin observables
also proved quite useful in probing the nuclear spin respo
Over the past several years we have undertaken a seri
studies of spin observables for the (p,n) reaction on the
doubly magic targets16O, 40Ca, 48Ca, and 208Pb at 135
MeV. The observables we measured were the analyz
powerAy(u), the induced polarizationP(u), and the trans-
verse polarization transfer coefficientDNN8(u); for the scat-
tering of spin 1/2 particles polarized normal to the react
plane only these spin observables are measurable. The
eral relationship between these three observables, the p
ization of the incident particle ([pp), and the polarization of
the scattered particle ([pn) is

pn@11ppAy~u!#5P~u!1ppDNN8~u!. ~1!

The spin-flip probabilitySNN8 is related toDNN8:

SNN85~11DNN8/2!. ~2!

Our spin-observable studies of the (p,n) reaction on
16O, 40Ca, 48Ca, and208Pb were made with a high-efficienc
neutron polarimeter described in Ref.@1#. We reported the
data forDNN8 andSNN8 for the isotope pair

40Ca and48Ca in
Refs. @2,3#. We reported the data forP(u), Ay(u), and
(P2Ay) for

48Ca in Ref.@4#. In Ref. @5#, we compared the
DNN8 data for self-conjugate targets16O and 40Ca with
distorted-wave impulse-approximation~DWIA ! calculations
that used Tamm-Dancoff approximation wave functio
from Donnelly and Walker@6#.
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In this paper we present ourSNN8 data for the
208Pb(p,n)208Bi reaction at 0°, 3°, 6°, and 9°, and we com
pare these data with DWIA calculations that use rando
phase approximation~RPA! wave functions. We describe th
experimental techniques in Sec. II. We describe briefly
DWIA-RPA formalism in Sec. III. In Sec. IV we compar
the data forSNN8 for this reaction with the DWIA-RPA cal-
culations; we also present similar comparisons for the48Ca
(p,n)48Sc reaction at 0°. We then present the summary
conclusions in Sec. V. Data forP(u) and Ay(u) are pre-
sented in Ref.@7#.

II. EXPERIMENTAL TECHNIQUE

We performed this experiment at the Indiana Univers
Cyclotron Facility ~IUCF! with the beam-swinger neutro
time-of-flight facility. The beam energy was 135.7 MeV. Th
proton beam current was typically 150 nA, and the be
polarization was typically10.65 and20.64 for the spin up
and spin down beam states, respectively. We measured
beam polarization withp14He elastic scattering with a po
larimeter located between the IUCF injector cyclotron a
the IUCF main stage cyclotron. The polarization was
versed every 30 s. The areal density of the208Pb target was
175.763.0 mg cm22.

The flight path from the target to the neutron polarime
was 33.7 m. The polarimeter, shown in Fig. 1, is described
detail in Ref. @1#. The polarimeter utilizes the analyzin
power ofn-p elastic scattering from the hydrogen nuclei
the BC-517L mineral oil scintillator in the three scattere
~labeled 1, 2, 3!. BC-517L has an H/C atomic ratio of 2.01
and a specific gravity of 0.86. The BC-517L scintillator
contained in acrylic plastic chambers; the active volume
each scatterer is 0.102 m30.127 m31.016 m. Scattered neu
trons are detected in two sets of ‘‘side detectors,’’ labe
4,5,6 and 7,8,9. The side detectors are made of BC-
plastic scintillator; each has an active volume
0.102 m30.254 m31.016 m. The central scattering angle
263 © 1997 The American Physical Society
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the polarimeter is 22.5°, which is near the maximum value
Ay
23s for n-p elastic scattering, whereAy is the analyzing

power ands is the laboratory differential cross section. The
productAy

23s is the usual ‘‘figure of merit’’ for a polariza-
tion analyzing reaction. Each of the nine detectors is me
timed with a 126-mm diameter Amperex XP-2041 photo
multiplier tube on both the top and bottom ends, coupled
the scintillator with an acrylic plastic light pipe. A0, AL, and
AR are anticoincidence detectors to veto charged particl
and cosmic rays.

For each event we recorded six parameters: the pu
heights in the scatterer and side counter, the positions
interaction in the scatterer and side counter, the time of flig
from the target to the scatterer, and the time of flight betwe
the scatterer and the side counter. In addition, for each ev
we recorded the identity of the scatterer and side coun
involved and the spin state of the beam. From the identity
the scatterer and side detector involved in each event, and
position of interaction in these detectors, we determine
~during data replay! Dx, Dy, andDz for the points of inter-
action; fromDx, Dy, andDz we constructedr , u, andf.
The geometry of each event (r , u, f), and the incident and
scattered velocities for each event were used to elimina
most of the events originating from reactions on the carbo

FIG. 1. The configuration of the neutron polarimeter~a! as seen
from above and~b! in perspective. A0, AL, and AR are anticoinci-
dence detectors.
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nuclei in the scatterers; these events, which have a meas
analyzing power consistent with zero, are the principal ba
ground in the polarimeter. See Ref.@1# for a detailed discus-
sion of the optimization of the software cuts.

We calibrated the analyzing power of the polarimeter w
the 14C(p,n)14N~2.31 MeV, 01) reaction at 0° for beam
energies of 65, 100, and 135 MeV. This is a 01 to 01 tran-
sition, and hasDNN8[1; therefore, at 0°, whereP5Ay50,
the neutron polarizationpn[pp , the polarization of the pro-
ton. We calibrated the efficiency of the polarimeter by me
suring the neutron fluxes from reactions with known cro
sections, namely the12C(p,n)12N~g.s., 11) reaction@8# and
the 14C(p,n)14N~3.95 MeV, 11) reaction @7,9#. The effi-
ciency is the probability that a neutron passing through
scatterers will produce an event that survives all softw
cuts.

In Figs. 2 and 3 we present, as a function of neutr
energy, the polarimeter analyzing power and efficiency,
eraged over the acceptance of the polarimeter, after impo
all software cuts. For the ‘‘on-line’’ results, the only cu
were pulse-height thresholds on the scatterers and side d
tors. For this experiment, the typical ‘‘off-line’’ polarimete
analyzing power was 0.375, and the efficiency was 0.17

FIG. 2. The analyzing powerAy of the neutron polarimeter as
function of the incident neutron kinetic energyEn . Shown are on-
line results, off-line results for the final software cuts, and resu
from a Monte Carlo simulation assumingn-p scattering alone.

FIG. 3. The efficiency of the polarimeter as a function of t
incident neutron kinetic energyEn . These efficiencies were dete
mined from the12C(p,n)12N~g.s.! and 14C(p,n)14N~3.95 MeV! re-
actions with the final choice of software cuts. The weighted aver
of the four highest points is 0.17%.
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TABLE I. The particle and hole states for the RPA calculations.

Target

208Pb Neutron hole states 1h9/2, 2f 7/2, 1i 13/2, 2f 5/2, 3p3/2, 3p1/2
Neutron particle states 2g9/2, 1i 11/2, 1j 15/2, 3d5/2, 4s1/2, 2g7/2, 3d3/2
Proton hole states 1g7/2, 2d5/2, 1h11/2, 2d3/2, 3s1/2

Proton particle states 1h9/2, 2f 7/2, 1i 13/2, 2f 5/2, 3p3/2, 3p1/2

48Ca Neutron holes states 1s1/2, 1p3/2, 1p1/2, 1d5/2, 2s1/2, 1d3/2, 1f 7/2
Neutron particle states 2p3/2, 1f 5/2, 2p1/2
Proton hole states 1s1/2, 1p3/2, 1p1/2, 1d5/2, 2s1/2, 1d3/2

Proton particle states 1f 7/2, 2p3/2, 1f 5/2, 2p1/2
rlo
ed
en

g
-

th
on

te

ay
y
a
it
f

g
im
rv
pe
im
n
4
n
n
n
na
e
on
re

ich
y

n

a
e

l

PA

sed

to
tly

nd

t

-

t

og
The smooth curve in Fig. 2 is the result of a Monte Ca
simulation of the performance of the polarimeter, multipli
by 0.97; this curve was used to obtain the energy depend
of the polarimeter analyzing power. See Ref.@1# for addi-
tional details on these calibrations. The ‘‘on-line’’ analyzin
power of the polarimeter~obtained with pulse-height thresh
olds as the only ‘‘cuts’’! was typically 0.15. This value of the
analyzing power was large enough that we could monitor
experiment easily without having to set up an elaborate
line replay of the data.

The instrumental asymmetry of the polarimeter was de
mined at 0° where the induced polarizationP(u) must be
identically zero. The measured instrumental asymmetry~a
few percent! was then eliminated by adjusting the repl
parameters to makeP(u) zero. The instrumental asymmetr
was checked at both the beginning and the end of the run
appeared to have changed but little. The average of the in
and final corrections was used for the analysis of the data
3°, 6°, and 9°.

The variation of the measured cross section with the an
can, in principle, produce a false asymmetry in the polar
eter for measurements away from 0°. The largest obse
cross section variation in this experiment is about 20%
degree. The 0.127 m width of the scatterers in the polar
eter corresponds to about 0.2°, so the maximum variatio
the neutron flux across the face of the scatterers is about
From this 4% variation, the geometry of the polarimeter, a
the characteristics ofn-p elastic scattering, we estimate a
upper limit to the false asymmetry of 0.5%. With proto
beam polarizations of typically 0.65, and a polarimeter a
lyzing power of 0.375, the maximum true asymmetry w
could have observed is about 25%, which would corresp
to DNN851.00. Thus the maximum false asymmetry cor
sponds to 0.02 inDNN8, or 0.01 inSNN8; these values are
significantly smaller than the statistical accuracy with wh
we determinedDNN8 and SNN8, and we have ignored an
corrections for this possible false asymmetry.

III. DWIA-RPA CALCULATIONS

The DWIA-RPA calculations for both208Pb and48Ca are
similar to those described by Lisanttiet al. @10#. Optical po-
tentials were taken from Schwandtet al. @11#, with the Cou-
lomb term turned off for the exit channel. For the nucleo
nucleon interaction we used thet matrix of Franey and Love
@12#. To evaluate the importance of distortions for these c
culations, we also performed plane-wave impuls
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approximation~PWIA-RPA! calculations, where the optica
potentials were set equal to zero.

The nuclear structure is described with the 1p-1h R
with 2p-2h damping in the continuum@13#. We list in Table
I the hole and particle basis states for both targets. We u
the residual interaction of Rinker and Speth@14#, which is a
zero-range Landau-Migdal force. We found it necessary
make one modification to this force. To describe correc
the excitation energy of the 01 isobaric-analog state~IAS! of
the 208Bi and 48Sc residual nuclei, we had to change thef 08
strength parameter~which multiplies thet•t term! from 1.5
to 0.9. For 208Bi, this moves the IAS from 25 MeV to the
correct value of 15.5 MeV, and for48Sc this moves the IAS
from 10 MeV to the correct value of 6.5 MeV. Figures 4 a
5 show the 0° excitation-energy spectrum of 01 states pre-
dicted for both nuclei with the two different values off 08 . It
is noteworthy that a single change inf 08 produces the correc
location of the IAS for both targets. Changingf 08 makes no
change in the 11 spectrum which describes the Gamow
Teller giant resonance~GTGR!; the GTGR dominates the
low excitation energy spectrum at small angles.

At 135 MeV there is a non-negligible probability tha
multistep processes will contribute to the (p,n) continuum.

FIG. 4. DWIA-RPA calculations of the spectrum of 01 cross
section strength at 0° for the208Pb(p,n) 208Bi reaction at 135 MeV.
The dashed line is the calculation withf 0851.5; the solid line is the
calculation with f 0850.9. The largest peak is the isobaric-anal
state which is located experimentally at 15 MeV.
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266 56MARCO R. PLUMLEY et al.
To the cross sections obtained from the single-step DW
RPA calculations, we have added multistep~MS! cross
sections calculated with the Feshbach-Koonin-Kerm
~FKK! method@15#.

IV. COMPARISON OF EXPERIMENT AND DWIA-RPA

In Figs. 6, 7, 8, and 9 we present the comparison of
data for the center-of-mass differential cross section and
spin-flip probabilitySNN8 for the

208Pb(p,n)208Bi reaction at
0°, 3°, 6°, and 9°, respectively. In Fig. 10 we present
same comparison for the48Ca(p,n)48Sc reaction at 0° using
the data originally reported in@2,3#. The data are plotted as
function of the energy loss. For both targets, the small an
small energy loss (v,25 MeV for 208Pb,v,20 MeV for
48Ca! spectra consist primarily of 11 excitations, most nota
bly the Gamow-Teller giant resonance~GTGR!. For these
11 excitations we would expect, in a plane-wave model@16#
to find SNN8;

2
3, as is generally the case for our data. T

other strong feature of the data is the 01 IAS which comes
experimentally atv515.5 MeV for 208Pb and atv56.5
MeV for 48Ca. Since the 01→01 IAS transition must have
SNN8[0, we observe a dip inSNN8 at the location of the IAS
in all spectra.

For comparison with the cross section data~top panel of
each figure!, we show the MS calculations as a dash-dot
line, the sum of the MS and DWIA-RPA calculations as
solid line, and for reference the sum of the MS and PWI
RPA calculations as a dashed line. In the comparisons w
the 208Pb data, we also show~as a dotted line! the sum of the
MS calculation and a DWIA-RPA calculation with a redu
tion in the strength of the imaginary part of the optical p
tential by 20% (WV30.8), to show the relative insensitivit
of these calculations~particularly forSNN8) to distortions.

For comparison with theSNN8 data~bottom panel of each
figure! we show the DWIA-RPA, PWIA-RPA, and~for
208Pb! DWIA-RPA(WV30.8) calculations, all without in-

FIG. 5. DWIA-RPA calculations of the spectrum of 01 cross
section strength at 0° for the48Ca(p,n)48Sc reaction at 135 MeV.
The dashed line is the calculation withf 0851.5; the solid line is the
calculation with f 0850.9. The largest peak is the isobaric-anal
state which is located experimentally at 6.67 MeV.
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clusion of the MS calculation. The FKK method makes
predictions of spin observables; however, because the ca
lated MS cross section is a small fraction of the measu
cross section forv<30 MeV, omitting the MS calculation
for v<30 MeV makes little difference. Forv>30 MeV,
SNN8'1/2 for the data and for the PWIA-RPA, DWIA-RPA
and DWIA-RPA(WV30.8) calculations.SNN851/2 means
that the neutrons are unpolarized. If we assume that i
multistep process the spin direction of the detected particl
randomized, the MS calculation would also correspond
SNN851/2. Hence neglect of the MS calculation forv>30
MeV should not be significant for the comparison with t
SNN8 data.

For the 208Pb(p,n) reaction, the DWIA-RPA1MS calcu-
lations reproduce the general shape of the cross section
sonably well. The calculation withWV30.8 reproduces the
absolute magnitude of the cross section somewhat bette
v>15 MeV, but this could be due to underestimation of t
MS contribution. For the48Ca(p,n) reaction the agreemen
of the DWIA-RPA1MS calculation is significantly worse
due primarily to omission in the RPA of a significant amou
of 11 strength nearEx58 MeV (v59 MeV!, seen clearly in

FIG. 6. Data for the differential cross sections ~top panel! and
spin-flip probabilitySNN8 ~bottom panel! as a function of the energy
lossv for the 208Pb(p,n)208Bi reaction at 0°. Shown also are mult
step ~MS! calculations (2•2•2•), DWIA-RPA1MS ~——!,
PWIA-RPA1MS ~- - - -!, and DWIA-RPA ~with WV30.8)1MS
(• • • •). The MS cross section is not included for theSNN8 cal-
culations.
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56 267SPIN OBSERVABLES FOR THE208Pb(p,n)208Bi . . .
the higher resolution 135 MeV cross section data of And
sonet al. @8#.

For both reactions, all three calculations ofSNN8 agree
generally rather well with the measured values ofSNN8 ex-
cept for the region nearv59 MeV for 48Ca(p,n), for the
reasons discussed above. The differences between the
calculations are for the most part small, consistent with
conventional wisdom that ‘‘SNN8 is a robust observable.’
The agreement of the DWIA-RPA calculations f
208Pb(p,n) is noteworthy, in light of similar comparisons o
SNN8 for

208Pb(p,p8) at 200 MeV reported in Ref.@10# by
Lisantti et al. The DWIA-RPA calculations for
208Pb(p,p8) reproduced the measuredSNN8 data quite well,
although for that dataSNN8<0.25 over most of its range; b
contrast,SNN8>0.40 for almost all of the (p,n) data for both
targets. The (p,p8) reaction is mixed isoscalar and isovecto
exciting primarily natural parity states, whereas the (p,n)
reaction is purely isovector exciting primarily unnatural pa
ity states. As a result, these two reactions have quite diffe

FIG. 7. Data for the differential cross sections ~top panel! and
spin-flip probabilitySNN8 ~bottom panel! as a function of the energy
lossv for the 208Pb(p,n)208Bi reaction at 3°. Shown also are mult
step ~MS! calculations (2•2•2•), DWIA-RPA1MS ~——!,
PWIA-RPA1MS ~- - - -!, and DWIA-RPA ~with WV30.8)1MS
(• • • •). The MS cross section is not included for theSNN8 cal-
culations.
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values forSNN8, which the DWIA-RPA nevertheless repro
duces well.

V. SUMMARY AND CONCLUSIONS

In this paper we reported measurements of the spin-
probability SNN8 for the 208Pb(p,n)208Bi reaction at 135
MeV for laboratory angles of 0°, 3°, 6°, and 9°. These d
were taken with a high-efficiency neutron polarimeter with
typical polarimeter analyzing powerAy50.375 and an effi-
ciency of 0.17%. For comparison with these data, we p
formed DWIA-RPA calculations; the RPA calculations a
1p-1h RPA with 2p-2h damping in the continuum. We al
performed calculations for the48Ca(p,n)48Sc reaction at 135
MeV for comparison with previously published data. For t
RPA calculations, we had to adjust thef 08 parameter in the
Landau-Migdal residual interaction to place the 01 isobaric
analog state~IAS! at the correct excitation energy. A sing
adjustment off 08 from 1.5 to 0.9 placed the IAS at the corre
energy for both targets.

FIG. 8. Data for the differential cross sections ~top panel! and
spin-flip probabilitySNN8 ~bottom panel! as a function of the energy
lossv for the 208Pb(p,n)208Bi reaction at 6°. Shown also are mult
step ~MS! calculations (2•2•2•), DWIA-RPA1MS ~——!,
PWIA-RPA1MS ~- - - -! , and DWIA-RPA ~with WV30.8)1MS
(• • • •). The MS cross section is not included for theSNN8 cal-
culations.
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For comparison with the cross section data, we combi
the DWIA-RPA cross sections with multistep~MS! cross
sections calculated with the Feshbach-Kerman-Koo
method. This combination reproduces fairly well the gene
trends of the experimental cross sections, except for
48Ca(p,n)48Sc reaction nearv59 MeV where a significant
amount of 11 ~GT! strength is missed.

FIG. 9. Data for the differential cross sections ~top panel! and
spin-flip probabilitySNN8 ~bottom panel! as a function of the energy
lossv for the 208Pb(p,n)208Bi reaction at 9°. Shown also are mult
step ~MS! calculations (2•2•2•), DWIA-RPA1MS ~——!,
PWIA-RPA1MS ~- - - -!, and DWIA-RPA ~with WV30.8)1MS
(• • • •). The MS cross section is not included for theSNN8 cal-
culations.
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The DWIA-RPA calculations forSNN8 generally agree
well with the data for both targets, except again for48Ca near
v59 MeV. PWIA-RPA calculations and DWIA-RPA calcu
lations with the strength of the imaginary part of the optic
potential reduced by 20% are very similar to the stand
DWIA-RPA calculations, indicating thatSNN8 is generally
insensitive to distortions.

This research was supported in part by the U. S. Natio
Science Foundation.

FIG. 10. Data for the differential cross sections ~top panel! and
spin-flip probabilitySNN8 ~bottom panel! as a function of the energy
lossv for the 48Ca(p,n)48SC reaction at 0°. Shown also are mult
step~MS! calculations (2•2•2•), DWIA-RPA1MS ~——!, and
PWIA-RPA1MS ~- - - -!. The MS cross section is not included fo
theSNN8 calculations.
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