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Double-differential cross sectior®’o/(dQdE,) and spectra of analyzing powers,, for the “He(p,n)
reaction were measured @L~100 and 200 MeV at forward angles betwe@r,=0° and 44°, and were
analyzed using wave functions from the recoil-corrected continuum shell NMR@EZLSM. The steep rise of
the cross-section spectra just above pie'He rest energy threshold results from the excitation of thard
1~ resonances ifflLi and is well reproduced by the RCCSM at both incident energies. At higher excitation
energies, the predicted cross sections fall off faster than the experimental values at forward angles. The
absolute cross sections from the RCCSM were renormalized by factors of 1.3 and 1.6 at 100 MeV and
200 MeV, respectively, in order to fit the cross section summed over the lowest 10 MeV of excitation at the
peak of the angular distribution. The 100 M&\/, averaged over the lowest 10 MeV of excitation, are well
reproduced by the RCCSM but not the 200 My, nor are the details of tha, spectra well described at
either energy.
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I. INTRODUCTION corrected continuum shell mod@gkCCSM [8-10. Some of
. - this analysis was shown in Rdfl].
Th_|s paper pre;ents aII_ the_data taken for fh_ke(p,n) The RCCSM wave functions provide a more realistic ap-
reaction at the Indiana University Cyclotron FacilityCF)  5ximation to the'Li states than does the quasifree scatter-
at two incident energie$, ~100 MeV and 200 MeV. Sub-  ing formalism[5-7] employed in Ref[2]. In the quasifree

sets of the data were published previously R¢fs2], and  gpalysis, theélLi* states are obtained as potential resonances

presented at a conferen¢®]. See also Ref[4]. Reference in the optical potential of the+3He channel of then+p

[1] emphasized the implications of thele(,n) data for the  +3He three-body final state. In the RCCSM, the unbofirid

mass-four system and astrophysical applications, and Reétates exist in a shell model potential well derived from the

[2] concentrated on a comparison of the spectra fitte  M3Y g-matrix descriptionf11] of the nucleon-nucleotNN)

and“He taken at 200 MeV and their interpretation in termsinteraction.

of a quasifree scattering mod&-7]. This paper includes the  The motivation for takingHe(p,n) data at two energies

analysis of the entiréHe(p,n) data set with the recoil- 100 and 200 MeV is the strong incident-energy dependence
of the ratio of the spin-dependent isovectotr) to the spin-
independent isovectdrr) parts of theNN t matrix [12,13.

*Present address: Department of Physics, Montana State UniveFhe square of the ratio @f, andt, at zero-momentum trans-
sity, ~Bozeman, Montana 59717. Electronic address:fer q increases by a factor of 3 between 100 MeV and

riedel@physics.montana.edu 200 MeV. Qualitatively similar comparisons persist for
Present address: Henryk Niewodnitgki Institute of Nuclear =<1.5 fm™ (e.g., Fig. 4 in Ref[12]). The data reported in

Physics, 31-342 Krakéw, Poland. this paper span 02q=<2.3 fm'! in momentum transfer to
*Present address: Los Alamos National Laboratory, Los Alamosthe mass-four target. Thus, the sensitivity of the isovector

New Mexico 87545. (p,n) reaction, especially near threshold, to the spin-transfer
Spresent address: Brookhaven National Laboratory, Upton, NeWAS=1) versus non-spin-transfédS=0) modes of excita-

York 11973. tion is expected to be much stronger at 200 MeV than at
'Present address: Department of Physics and Astronomy, Ohid00 MeV.

University, Athens, Ohio 45701. The continuum of states in the residufal nucleus con-
TPresent address: S.A.P.-A.G., Walldorf, Germany. sists of a superposition of resonances of different multipo-

** Present address: St. Francis Hospital, Topeka, Kansas 66606larities [14], each of which is expected to proceed from the
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4He(p,n) reaction either witlAS=0 or with AS=1. Specifi- and analyzing powers are displayed in the figures as a func-
cally, the transitions to thd"=2" ground statég.s) and to  tion of the excitation energ§, in the residuat’Li system.

the 1 first excited state ofLi should become more promi- Because the g.s. dlLi is particle unstable and decays into
nent at 200 MeV than at 100 MeV, because these states aper*He, we chosé&,=0 MeV at thep+°3He rest energy. The
expected to arise primarily froddS=1 transitions. The tran- cross-section spectra are shown in 1-MeV binning. The ana-
sition to the I third excited state, however, is expected to belyzing powers are shown averaged over 5 MeV, except for
mainly AS=0 and therefore more weakly excited atthe three largest angles at 200 MeV where the limited-
200 MeV than at 100 MeV. The RCCSM predicts a con-statistics data were averaged over 10 MeV.

tinuum of I states that are mixtures of triplétP) and sin- As determined from thé*C(p,n)*?N calibration data, the
glet (P) states with excitation-energy-dependent mixing am-energy resolution in the forward-angle detector statioea-
plitudes. Experimental data at the two energies shoulguring 0°< 6,,=<20°) is better than 0.3 Me\(full width at
provide a basis for a thorough test of the spin dependence dfalf maximum at 100 MeV, and 0.6 MeV at 200 MeV. The

the model calculations. resolution at anglez24° is roughly a factor of 2 worse due
to a shorter flight path to the second detector station. The
Il. EXPERIMENTAL RESULTS full-empty target subtraction leads to a small-angle-

dependent and incident-energy-dependent residual at

The experimen(2,4] was performed using the polarized E,<0 MeV (see Figs. 1 and)3lue to frame overlap. In the
proton beam at the IUCF beam swinger and neutron time-ofworst cases, frame overlap is estimated to contribute no more
flight facility [15]. Neutrons from(p,n) reactions with the than a 5% increase in cross sectionEgt0 MeV, and this
target were detected in NE102 plastic scintillation detectorgontribution decreases with increasiig
in two stationary detector stations, and their energy spectra An R-matrix analysis by Hale, quoted in RéfL4], of p
were reconstructed from the measured neutron time of flight+*He elastic scattering data a},<20 MeV places the 2
The target was a welded stainless-steel gas cell with thig.s. at 4.07 MeV(full width I'=6.03 Me\) above thep
Havar windows, cooled to liquid-nitrogen temperatures+3He rest energy. Thus, with our definition B, the 2 g.s.
(77 K) and filled with “He at pressures up to 7 atm, which resonance has its centroidB&t=4.07 MeV. The small-angle
provided a*He thickness of~18 mg/cni. The yields from peak shape of the 2state predicted by the RCCSKbng
the “He(p,n) reaction were obtained by subtracting dashed line in Figs. 1 and 3, discussed in Sec. JlisBcon-
evacuated-target yields frofide-filled-target yields, and the sistent with a 4-MeV centroid and a 6-MeV width. The next
neutron detection efficiencies were calibrated using meathree states oad”=1"(3P), 0", and I(*P), are placed14] at
sured solid-target yields from?C(p,n) and **C(p,n) and E,=4.39,6.15, and 6.92 MeV, with widthE=7.35,9.35,
published cross sectiond6-2Q for these reactions. The and 13.51 MeV, respectively. The RCCSM dtate is a mix-
solid-target data also determined the neutron energy calibrdure of 3P and P, so the calculated peak shape is not easily
tion. We estimate an 8% systematic uncertainty in the meacomparable to thdR-matrix centroids and widths, and the
sured cross sections, dominated by uncertainties in neutrd@CCSM O is too weakly excited to be visible with the cho-
detector efficiency, target thickness, and contributions arisingen vertical scales of Figs. 1 and 3. The data cover a range of
from frame-overlap eventgslow neutrons from a previous E, from -5 MeV to 30 MeV atT,~100 MeV and from
beam burst that arrive at the detector at the same time as fast0 MeV to 50 MeV at 200 MeV, and the RCCSM wave
neutrons from the current beam buyrst functions extend up td,=30 MeV. The data and calcula-

The double-differential cross sections and analyzing powtions, therefore, span these odd-parity states as well as parts
ers for the*He(p,n) reaction were measured at an incidentof the even-parity resonances3=0*, 1*, and 2, predicted
proton kinetic energy of ,=99.5 MeV at eight neutron labo- by the RCCSM to be relatively weakly excited fde,
ratory scattering angleg,, between 0° and 40°, referred to =10 MeV, but become more strongly excited at larggr
in this paper as the 100-MeV data. Measurements were made At small E, (<5 MeV), the cross-section spectra are
at 200 MeV in two phases: 199.9 MeV for 0° and six anglesdominated by the transitions to the broad éhd I reso-
between 24° and 44°, and 199.2 MeV for four angles benances, which cause the steep rise in the cross sections just
tween 5° and 20°. The uncertainty in incident energy is esaboveE,=0 MeV (see Figs. 1 and)3As discussed in Ref.
timated to be 0.5 MeV, though evidence suggests that thg2], this result is in contrast to the spectra from #he(p,n)
energies may have been on the order of 1% lower than statedaction at 200 MeV, which are dominated by a simple qua-
above. The mean beam polarization for spin up was 68% ansifree knockout process because there are no known reso-
for spin down it was 73%, both with an estimated systematicances in the three-proton final state.
uncertainty of 3%. A small degradation of the beam polar- Single-differential cross sectiondo/d() were obtained
ization through the flight path to the target was not correctedoy summingd?s/(d() dE,) over the 0—10 MeV range in
Minor ambiguities in polarization and in incident energy do excitation energy. This energy bite was chosen to include the
not affect the conclusions of this paper. bulk of the 2 and T strength, and to highlight the momen-

The cross-section spectfdouble-differential laboratory tum transfer range over which the difference between 100
cross sectionsd?a/(d(2 dE,) and the spectra of the analyz- and 200 MeV incident energies is strongest. The resulting
ing powers A, at 100 MeV are shown in Fig. dine histo-  angular distributions of center of mads/d() and averaged
gram and Fig. 2(data pointy respectively. The data at A, for this range of excitation are shown in Fig. (3,
200 MeV are presented in Figs. 3 and 4. The cross sections 100 MeV) and Fig. 6(200 MeV) as a function of center-
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of-mass angled.,. The 0—10 MeV excitation-energy re- of a distorted wave for a proton in the presence of the
sponse is clearly not dominated By =0 transitions because +“He potential, and a bound-state wave function for a neu-
the angular distributions do not peakét0° at either 100 or tron in “He. The final state is the product of a distorted wave
200 MeV. TheA, distributions at both energies rise sharply for a neutron in the presence of the-“Li potential, and a
from zero atf, ,, =0°, and then fall off slowly for largeé, ,,. ~ wave function for a proton assumed to be boundlin The
distorted waves for both the initial and final states are con-
lIl. DWIA CALCULATIONS structed using the optical potential of van Oetsal. [23] at
100 MeV, and the potential of Leung and Shej#4] at

Calculations using the distorted wave impulse approxima200 MeV. The exchange term in the potential at 100 MeV
tion (DWIA) were performed with the progranwBA70 [21].  was not included due to a limitation mwBA70, and is rela-
Two sets of full direct plus exchangewBA7o calculations  tively unimportant at forward angles in the elastic scattering.
were done(1) with one-particle-one-hol¢lp-1h transition  The interaction that causes the transition is the ¢ t
densities from a simple shell mod@SM), and(2) with the  matrix [13] acting between the proton projectile and the
transition densities calculated from the RCCE3A410 wave  bound neutron.
functions(Sec. Il B).

The formalism on whictbwBA70 is based assumes that
the “He(p,n) reaction is a two-body processwBA70 uses
harmonic oscillator wave functions to calculate the transition The SSM 1p-1h transitions can be used to investigate the
amplitude between the initigh+*He and the finaln+4Li sensitivity of the DWIA cross sections and analyzing powers
state. The'He target is parametrized #8s)* with the oscil-  to optical potentials, the excitation energy, different parts of
lator parameterb=1.2 fm. This value reproduces the the NN force, etc. These calculations also allow a separation
1.676 fm root-mean-square radius of the ground state charg¥ the J™=1"(3P) from the I(*P) so that spin-dependent and
density of “He as measured by elastic electron scatteringpin-independent effects can be isolated, a separation that is
[22]. not possible with the RCCSM transition densities. The exci-

The initial state of the system is described as the produdiation energy at which the distorted waves were calculated

A. DWIA with simple shell model wave functions
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was 23 MeV above the g.s. 8He. This energy is near the B. DWIA with recoil-corrected continuum shell
centroid of the]™=2" state in“Li. Variations in the value of model wave functions

the excitation energy used caused relatively small, angle- A significant step beyond the SSM approach is the use of
dependent effects on the calculated observables. the wave functions from the RCCS[8-10, which is based
Summing all four negative-parity transitions)” 4 theR-matrix approach of Lane and Robsf], and has
=27,1°(°P), 07, and I(*P), the smallE, cross-section data peen very successful in describing transitions to the mass-
fall off much faster as a function of angle than the calculafour continuum[9]. The RCCSM properly treats the un-
tions. The inclusion of the positive-parity transitions does nothound nature of the states thi in such a way that quasifree
reduce the discrepancy appreciably. In order to fit the shapscattering and inelastic scattering to excited states are de-
of the angular distribution of the data better, an unrealisti-scribed simultaneously and cannot be separated. The conven-
cally large value ofb=1.7 fm is required. The analyzing tional continuum shell model, which uses coordinates rela-
powers, however, are remarkably well reproduced with thdive to the total center-of-mass coordinate, contains errors
value ofb=1.2 fm. This is especially surprising, and prob- that arise from a spurious excitation of the center-of-mass
ably fortuitous, at 100 MeV, where the optical potential wascoordinate. The RCCSM corrects for this problem and ac-
fit to elastic cross sections onfi.e., NoA,). counts for some recoil effects, which are particularly impor-
Calculations using SSM 1p-1h wave functions give angu-+ant for light nuclei.
lar distributions for individual multipolarities, but not the The RCCSM has been applied in the description of cross
shapes of the spectra. They also do not describe the quasifreections for inelastic scattering frothle to states in théHe
neutron knockout process. In addition, the simple 1p-1h traneontinuum. In an analysis of tiféle(e,e’)*He" reaction[26]
sition densities calculated with harmonic oscillator waveat 180°, the RCCSM cross sections were multiplied by a
functions inbwBA70 do not have the proper recoil correc- center-of-mass correction factor of 1.4 at 130 MeV incident
tions nor do they include transitions to unbound states. energy and 2.4 at 200 MeV. In those calculations, the con-
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tribution of the recoiling core to the form factors was ignored2 too small and the analyzing powers a factor of 2 too large
and the ground state was taken as pil@®*. In two subse- relative to the data, but the shapes of the angular distribu-
guent calculation$27,28 which include the core contribu- tions and the qualitative features of the analyzing power data
tions, correlations in the ground state, and meson-exchangeere described reasonably well by the RCCSM.

currents, the correction factors were not necessary, and good In this paper, we present DWIA calculations using the
agreement with the data was achieved. These calculatiofr®CCSM wave functions for théHe(5,n)*Li" reaction, with
demonstrated that the core contribution becomes more inthe same optical potential23,24 and NN forces [13] as
portant with increasing momentum transfer. The calculationgvere applied in the SSM studies. The RCCSM wave func-
reported in this present paper also neglect the core contribions for the unbound proton ifLi are constructed as a sum
tion and employ a0s)* g.s. becaus®wsa7o is not orga- ©OVer & basis of harmonic oscillator bound-state wave func-
nized to handle all of the Jacobi coordinates. Hence, onHOns: The RCCSM providek,-dependent expansion coeffi-
expects to see in this*He(p,n)*Li* work, in the cients in terms of these .baS|s states for each .multlpole com-
“He(ma')*He work of Blilie et al. [29], and in the ponent, and includes highes p, d, and f orbitals up to

Mg s ay principal quantum numben=8. The oscillator parametdr
He(p,p’)*He" work of Sterbenzt al. [30], the same order =1.2 fm was used for all of the harmonic oscillator expan-

of error, increasing with momentum transfer, as one sees igjon states. The radial integration grid was scaled by a factor
comparing the calculations of Hotéa al.[26] and Halderson  a/(A-1)=4/3 to correct for the Jacobi coordinate used in
[27,28. . o the RCCSM and the center-of-mass radial coordinate used in
In the *“He(w,7')*He” work [29] at 180 MeV incident en-  pweavo. In order to expedite the calculations, the distorted
ergy, the RCCSM was found to describe the measuredvaves for then+“Li channel are calculated only once Bt
double-differential cross-section spectra fairly well after=5 MeV and used for all excitation energies. As we found in
renormalizing only the cross section for the transition to thethe SSM calculations, use of the correct valu&gmargin-
J7=2" by a factor of 1.35. In théHe(p,p’)*He" work [30],  ally increases only the small-angle cross sections at large
cross sections were obtained at incident energies oéxcitation energies and therefore would slightly improve the
500 MeV and 800 MeV for 2-MeV bites of the continuum agreement with the data.
betweenE,=22 and 34 MeV. The RCCSM predictions for  In Figs. 1-6, the DWIA results for cross sections and
the cross sections were found to be approximately a factor ainalyzing powers using the RCCSM wave functions in
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DWBA70 are shown for comparison with our 100- and 200- predictions fall below the cross-section data, presumably due
MeV “He(p,n) data. To fit the measured cross sections intein part to the omission of multiple particle breakup channels,
grated from O to 10 MeV irE, at the peak of the angular as may also be the case at higher excitation energies. Good
distribution, the 100-MeV calculations for all multipolarities agreement at forward angles was also found in the quasifree
were renormalized by a factor of 1.3, and the 200-MeV cal-calculations[2] at 200 MeV and in thép,p’) work [30].
culations were renormalized by a factor of 1.6. These renor- As expected, the transitions to unnatural parity states are
malizations are dependent on our choice of the 0—10 Me\predicted to be relatively more strongly excited at 200 MeV
E, bite, but are consistent with the magnitude of the renorthan at 100 MeV. For example, the transition i€ exclu-
malizations required in thée,e’) [26], (7,7') [29], and  sjvely aAS=1 transition and is stronger at 200 MeV than at
(p,p’) [30] work. 100 MeV, whereas the transition to thé is a mixture of
Near the peak of the angular distributiofy,,=~10°), the  AS=0 and AS=1 and is weaker at 200 MeV than at
DWIA calculations reproduce the shapes of the measured00 MeV.
cross-section spectr@igs. 1 and 3 especially the region At both 100 and 200 MeV, the spectra of measured ana-
E, <10 MeV, which is dominated by the=1 resonances. lyzing powers(Figs. 2 and # are quite flat, with a slight
This qualitative agreement mirrors the agreement found imecreasing trend as a function Bf near the peak of the
the (e,e’) work [26] at comparableg®>. We note that the angular distributions. The RCCSM predictions follow a
RCCSM calculates the mass-four continuum wave functionslight increasing trend as a function Bf. The angular dis-
allowing only for two-body breakup, i.ejLi"—p+3He. tribution of A, averaged over € E,<10 MeV at 100 MeV
With increasing excitation energy, multiparticle breakup is(Fig. 5) is fitted quite well by the RCCSM calculations con-
expected to contribute to the measured inclusive spectra. Fsidering the optical potential was not fit to elasfig. At
example, the threshold for the three-body breakup channe200 MeV (Fig. 6), however, the predicted, fall approxi-
ALi" —d+2p, is atE,=5.5 MeV. mately a factor of 2 below the measurdgat small angles.
The angular dependence of the experimental center-offhe 200 MeVA, are better fit by the quasifree calculations
mass cross sections for the energy interval between 0 argtesented in Ref2] (Fig. 11 and the lower panel in Fig. 1,2
10 MeV is also well describetlipper panels of Figs. 5 and whereas the RCCSM calculations strongly resemble the free
6). At larger angles at 200 MeV, the renormalized DWIA NN charge exchangé, [31] also shown in Ref[2] (solid
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FIG. 5. “He(p,n) 100 MeV angular distributions of center-of- FIG. 6. “He(p,n) 200 MeV angular distributions of center-of-
mass cross section@pper pangl and analyzing powerglower mass cross sections and analyzing powers mitBA70 calculations
pane), and pwsA7o predictions using RCCSM transition ampli- using RCCSM transition amplitudes. The cross-section data and
tudes. The cross section data and calculations have been integratealculations have been integrated over the 0—10 MeV range in ex-
over the 0—10 MeV range in excitation energy, and the calculateditation energy, and the calculated cross section has been renormal-
cross section has been renormalized by a factor of 1.3. Uncertaintieéged by a factor of 1.6. The analyzing power data and calculations
in the cross-section data are smaller than the plotting symbolhave been averaged over the 0—10 MeV randg,irThe line types
The analyzing power data and calculations have been averaged ovare described in Figs. 1 and 2.
the 0-10 MeV range inE,. The line types are described in
Figs. 1 and 2. effects were also included ifHe(,7'p) calculations[32],

where their inclusion was absolutely necessary to explain the

line in lower panel of Fig. 12 Therefore, the three-body anomalous values of(s",a"'p)/ o7, 7'p) [33]. An in-
final state, which is incorporated into the formalism of theteresting t?eoretlcil work would be the inclusion of these
quasifree calculations but not into the RCCSM calculationséffects for*He(p, n)*Li.

may be especially important to the description of polariza- ACKNOWLEDGMENTS
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