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Polarization transfer and spin response functions of theH (p,R) reaction at 345 MeV
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Differential cross sections and a complete set of polarization observables have been measured in the quasi-
elastic?H(p,n) reaction at a bombarding energy of 345 MeV and laboratory scattering angles of 16°, 22°, and
27°. The data are compared with plane-wave impulse approximation calculations employing an optimal fac-
torization approximation. The agreement between the experimental and theoretical results validates these
approximations in the present momentum- and energy-transfer regions. The experimental spin-longitudinal and
spin-transverse response functioRg, and Ry, respectively, are deduced from the data. The obtaRetb
consistent with that obtained from the quasielastic electron scattering. The theoretical calculations with the
Reid soft core potential give good descriptions Ryr and Ry, whereas the latter is slightly underestimated
around the quasielastic peak.
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I. INTRODUCTION into nonspin, spin-longitudinal, and two spin-longitudinal

In this article, we present the differential cross sectiongelarized cross sections. The spin-longitudinal and spin-
and a complete set of polarization observables of the quasffansverse polarized cross sections are used to extract the
elastic 2H(p,n) reaction at the proton incident energy ~ SPin-longitudinalR_and spin-transversBy response func-
=345 MeV, and laboratory scattering angles of 16°, 22°, andions, respectively. The observd¥ is compared with the
27° corresponding to momentum transfagg=1.2,1.7, and  correspondind?; obtained via the quasielastic electron scat-
2.0 fmr™. The data obtained &,>100 MeV is of particular  tering. The energy spectra & and Ry are compared with
interest since it enables the investigation of the reactiortheoretical calculations using the Reid soft core potential.
mechanism of thép, n) reaction leading to the continuum, as
well as provides a testing ground for the theoretical calcula-
tions of spin-isospin structures of nucld-3).

One of the unique points of th#H(p,n) reaction is that The experiment was performed at the Neutron Time-Of-
the relevant response functions can be rigorously calculategiight (NTOF) facility [13] at the Research Center for
Thus we compare our data with plane-wave impulse approxiNuclear Physic§RCNP), Osaka University. The experimen-
mation(PWIA) calculations4], employing the optimal fac-  ta| arrangement and procedure were similar to those reported
torization approximation/5-8| to access the accuracy of nreviously[13-15. In the following, therefore, we present a

these approximations. Furthermore, the agreement betweefiet description of the detector system and discuss experi-
the experimental and theoretical results measures the doMiental details relevant to the present experiment.

nance of the one-step quasielastic process assumed in the
calculations. Note that these approximations, together with
an effective neutron number approximation for the absorp- A. Polarized proton beam
tion, have been also used to analyze complete sets of polar- The High Intensity Polarized lon SourcgHIPIS) at
ization observables for quasielastiz, n) reactiong2,8-13.  RCNP[16] was used to produce the polarized proton beam.
The differential cross sections and a complete set of poThe nuclear polarization state was cycled between the nor-
larization observables are used to separate the cross sectiafal and reverse statés.g., between “up” and “down” at the
exit of the AVF cyclotron by selecting rf transitions. During
the data acquisition, the beam polarization direction was re-
*Email  address:  wakasa@phys.kyushu-u.ac.jp:  http:/~fersed every 10 sec in order to minimize geometrical false-
www.kutl.kyushu-u.ac.jp/~member/wakasa asymmetries. The polarized proton beam from HIPIS was

Il. EXPERIMENTAL METHODS
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injected into the AVF cyclotron and was accelerated up to D. Beam swinger system and targets
T,=59.7 MeV. The rf frequency of the AVF cyclotron was

16.244 MHz, which corresponded to a beam pulse period of
61.6 ns. One out of nine beam pulses was selected befo ; ; v
injection into the Ring cyclotron, which then yielded a beam e reaction angle was varied by repositioning a target along

pulse period of 554.1 ns. This pulse selection reduces thﬁe beam trajectory inside the system, while the position of

wraparound of slow neutrons from preceding beam pulse NPOL2 was fixed along a 100 m time-of-fligTOF) tun-
The pulse-selected beam was accelerated up Tfo nel. Protons downstream of the target were swept by the

=345 MeV in the Ring cyclotron. The single-turn extraction beam swinger magnets into a graphite beam gkapaday

was maintained during the measurement in order to keep t P fr?rg which the |tntegrate1dobeadm5<(:)urr:rflt V\f{‘?]s measured.
beam pulse period. Multiturn extracted protons were les iyplca eam currents were 19 an A Tor the cross sec-

than 0.5 % of single-turn extracted ones. on andD;; measurements, respectively.
0 g The data for théH(p,R) reaction were deduced from the

cross section weighted difference between the, @Bd 1%C
B. Proton spin precession magnets results. Relatively thin targets with areal densities of
_ _ 222 mg/cm for CD, and 172 mg/crhfor *°C were used for
Superconducting solenoid magnets, SOL1 and SOL2, I0ghe measurement of cross sections and analyzing powers so
cated in the injection line from the AVF to Ring cyclotrons, 45 1o minimize loss in the swinger magnets, which is essen-
were used to precess the proton spin direction. Each magngl in order to accurately determine differential cross sec-
can rotate the direction of the polarization vector from thetions as described below. In the measuremerDgfthicker
-~ ~ . i

normalN into sidewaysS directions. These two magnets are targets with areal densities of 662 mg/crfor CD, and
separated by a bending angle of 45°, thus they can deliveg82 mg/cm for 1°C were required in order to achieve suffi-
the beam to the Ring cyclotron with two different directions cient statistical accuracy fdd;; values.
of the polarization vector in the horizontal plane. The spin
precession angle in this bending magnet is about 85.8° for

59.7 MeV protons. Thus the Iongitudinﬁl and sidewayé

pOlari_Z€d proton beams can be prOVided at the eX|t of SOL2 A d|po|e magne(NSR magneﬂocated at the entrance of
by using the SOL1 and SOL2 magnets, respectively. the TOF tunnel was used to precess the neutron polarization

vector from the longitudinal’ into normalN’ directions so
as to make the longitudinal component measurable with
NPOL2. In the measurement of the longitudinal component
The beam from the Ring cyclotron was transported to thef the neutron polarization, the NSR magnet was excited so
neutron experimental hall through thié¢ beam line. All  that the precession angle for the neutron corresponding to the
componentsgS,N, L) of the beam polarization just upstream quasielastic peak was 90°. Corrections for the over- and un-
of the target were continuously monitored with two sets ofderprecessions to the lower and higher energy neutrons were
beam line polarimeters, BLP1 and BLP2. BLP1 is positionecberformed to account for the mixing between the longitudi-
at theN¢ beam line, and BLP2 is located in the neutronnal and normal components.
experimental hall. These two polarimeters are separated with Neutrons were detected with the neutron detector/
a bending angle of 98°, allowing simultaneous determinatiorpolarimeter NPOL2 at the end of the 100 m flight path. The
of all of the components of the polarization vector. NPOL2 system [15] consists of six planes of two-
Each polarimeter consists of four pairs of conjugate-anglelimensionally position-sensitive scintillation detectors: four
plastic scintillators. Theg+p elastic scattering was used as liquid scintillators BC519 and two plastic scintillators
the analyzing reaction, and a self-supporting,@&tget with  BC408. The BC519 with a high hydrogen-to-carbon ratio of
a thickness of 1.1 mg/chwas used as the hydrogen target. 1.7 was used since the neutron polarization is determined via
The elastically scattered and recoiled protons were detectatiei+p scattering in the scintillator material. Each of the six
in kinematical coincidence with a pair of scintillators. neutron detectors has an effective detection area of approxi-
The analyzing powers of beam line polarimeters containmately 1 nf with a thickness of 0.1 m. Thin plastic scintil-
the contribution from the quasielasti®C(p,2p) reaction, lation detectors in front of each neutron detector were used to
whose analyzing power might be different from that for thetag charged particles.
free pp scattering. The effective analyzing powers, including Incident neutron energies were determined by the TOF to
this contribution, were calibrated as described in detail inthe given neutron detector with respect to a cyclotron rf sig-
Ref. [15]. The resulting value atT,=345MeV is nal. A prominenty ray from then® decay in the target pro-
0.430+0.003, where the uncertainty is systematic. vides a time reference for the absolute timing calibration.
The averaged magnitude of the beam polarization waghen, the transitions to discrete states with known reacon
0.70 for each polarization state, with a typical magnitudevalues were used to determine the incident beam energy. The
difference of about 0.01 between the two different statesbeam energy was thus determined tolhe 345+ 1 MeV for
This difference is comparable to the statistical accuracy othe measurement &,,,=16° and 27°, whereas it wak,
the beam polarization measurement. Thus we used the aver346+1 MeV for the measurement @,,=22°. The full
aged value to deduce the polarization observables. width at half-maximum energy resolutions are about 2 and

Targets for the(p,n) reaction were placed in the beam
inger system, which consists of two 45° bending magnets.

E. Neutron spin rotation magnet and NPOL2

C. Beam line polarimeters
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POLARIZATION TRANSFER AND SPIN RESPONSE

3 MeV for the cross sections arid; measurements, respec-
tively.

I1l. DATA REDUCTION
A. Polarization observables

A complete set of polarization observablés, P, and
D;;(i=S',N’,L",j=S,N,L) relates the three orthogonal com-
ponents of the outgoing neutron polarizatiop’
=(ps,py.P)) to those of the incident proton polarizatign

=(ps, Pn, PL) through

pS’ Dsrs 0 DS’L pS 0 1

Pv |=|| O Dww O ||pn ]+ TpeA
N
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the six neutron detectofd 5]. The additional measurement
for this reaction atT,=345 MeV was made during the
present measurement, and the detection efficiency was deter-
mined to be 0.14+0.01 where the uncertainty mainly comes
from the uncertainties both in tH&i cross sectior(3%) and

the thickness of théLi target (3%). The small discrepancy
between the present and previously measured efficiencies
seems to be due to different detection thresholds of the neu-
tron detectors. Thus we used the present value of 0.14 as the
detection efficiency for all neutron kinetic energies.

C. Effective analyzing powers

The neutron polarization is analyzed by using thep
scattering in a neutron detector of NPOL2, and doubly scat-
tered neutrons or recoil protons are detected with the follow-
ing neutron detector. Time, position, and pulse-height infor-
mation from both detectors are used to kinematically select
the n+p events. The time resolution of neutron detectors is

lowed by parity conservation. The sidewa&sormalN, and
longitudinalL coordinates are defined in terms of the proton
and neutron momentéy,, andk,,, in the laboratory frame
as L =Kpap, L' =Kjapy N=N'=(KjapX Kizp)/[Kjan ¥ Kigpl, S=N
XL,andS' =N’XL".

The analyzing poweA,, the induced polarizatioR, and
the polarization transfer coefficieByy were measured with
the N-type beam. The other polarization transfer coefficients
Dgs Dy /s Dy, andD,, were obtained from the measure-
ments with two different proton beams polarized in th&

lane. The direction of the proton polarization vector in this > N ) ;
P P b 2(n,n) and(n, p) channels, respectively. The correction for the

plane can be rotated by about 90° by using SOL1 and SOL
therefore, the efficiency of measuring thé3gis almost the
same as that with pur& andL-type beams.

B. Neutron detection efficiency

The relation between the observed neutron yhlg and
the double differential cross sectiary, is given by

Nobs
—_— 2
IpAQGTf"ve ’ ( )

Ojap=

whereZ is the number of incident protong the target thick-
ness,A() the solid angle subtended by NPOL&the intrin-
sic neutron detection efficiencyl, the transmission factor
along the flight path in the air, anf},. the detector live
fraction.

Since it is very difficult to obtain thee and T values

dependent, are about 6—-10 and 4—8 cm for liquid and plas-
tic scintillators, respectively. Both the normil and side-
ways S' components of the neutron polarization are mea-
sured simultaneously with the azimuthal distribution of the
n+p events.

The effective analyzing powers of NPOL2 were measured
with polarized neutrons produced by the zero-degree
H(p,A)pp reaction atT,=146-392 MeV, and the results
are described in detail in Refl15]. For example, effective
analyzing powers of NPOL2 &f,=291 MeV and their sta-
tistical uncertainties are 0.223+0.010 and 0.132+0.004 for

energy dependence of the effective analyzing powers has
been applied to the present data.

D. Normalizations for the previous data

The differential cross sections f¢p,n) reactions orfH

and '°C atT,=345 MeV and6,,=22°, which were already
measured in our previous measurem¢gP}, were herein
found to be systematically smaller than the corresponding
previous data. The difference is most likely due to the beam
loss in the swinger magnets caused by the multiple scattering
effects in the previously used thicker targets. In this measure-
ment, we used appropriately thin targets with thicknesses of
222 and 172 mg/chiffor CD, and*C, respectively, in order

to reduce the beam loss. Measurements with thinner and
empty targets were performed, and the beam loss is found to
be less than 1% in the present measurement. Measurements

independently, we measured the product of these two valuesr (p,n) reactions or’Li, 4°Ca, and?°%Pb were also per-
by using the neutrons from the zero-degreeformed with thinner targets compared with those in R2F,

Li(p,n)’Be(g.s. +0.43 Me\) reaction, which has a con-
stant center-of-mass cross sectionogf, =27.0£0.8 mb/sr
over the wide incident energy range ©f=80-795 MeV
[17]. The independent measuremefitS] were performed at
the incident beam energy rangeTgf=146-392 MeV, which

and the normalization factors for the cross sections in Ref.
[2] are determined to be 0.77, 0.82, and 0.75%dr “°Ca,
and?%pPp, respectively.

IV. RESULTS AND ANALYSIS

covers the neutron energy range necessary for the present
data analysis. It is found that the neutron detection efficien-
cies €T are almost independent of neutron kinetic energy in  Observables for théH(p,n) reaction were obtained by
this region, with a value of 0.15+0.01 by combining all of means of a cross section weighted subtraction of the

A. Observables for2H(j, 1)
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FIG. 1. Cross section, analyzing power, and induced polariza- o -
. . FIG. 2. Complete sets of polarization transfer coefficients for
tion spectra for the?H(p,n) reaction atT,=345 MeV and 6, .
P (p.) P 2 the 2H(p,n) reaction atT,=345 MeV andf,,=16°,22°, and 27°.

=16°,22°, and 27°. The cross sectigiheft panel$ and analyzing . : . . .
powers(right panels are binned in 1 and 5 MeV steps, respectively. The data are binned in 5-20 MeV steps, depending on their statis-

The induced polarizationgight panel3 are binned in 5-20 MeV tics. The notations of the curves are the same as those in Fig. 1.
steps, depending on their statistics. The vertical dashed lines mark
the energy transfer for the fre® scattering. The solid curves are quasielectric distributions at lower energy-transfer side are
the PWIA predictions with the optimal factorization approximation. due to thelS, final state interactionFSI) of the residual
two-proton system. The contribution of the FSI process de-
12C(p, /) observables from the GIB,fi) ones as creases with ingreasing scattering angle. It shoul'd be not_ed
that the analyzing power and induced polarization are in
fairly good agreement with each other around the quasielas-

(o [0y
o2y = <P C, (3) tic peak. Thus, this reaction can be assumed as almost free
2 p+n elastic scattering with little distortion effect.
Figure 2 shows complete sets Bf; for the 2H(p, 1) re-
Dcoz—chc action at,,=16°,22°, and 27°. The data &,,=22° are
Doy=—7-"7"" (4)  published elsewherd2]. The data herein are binned in

5-20 MeV intervals to reduce statistical fluctuations. The
where o represents the cross sectid,is one of the polar- dotted ve(tical lines indicate the energy transfer for the free
ization observablesA,, P, or Djj, and fc=oc/ocp, The NP scattering.
carbon fractionf- was estimated by using the cross sec-
tions based on the nominal target thicknesses and inte-
grated beam current. The relative normalization was ad-
justed to obtain the best subtraction of the prominent peak The PWIA calculations for théH(p,n) reaction were per-
corresponding to the 4state atE,=4.2 MeV in 2N. The  formed with the code developed by Itabashi, Aizawa, and
normalization factors varied from 0.98 to 1.02, which isIchimura [4]. The initial deuteron and finapp-scattering
most likely due to the uncertainty of the integrated beamwave functions are generated by the Reid soft core potential.
current. Both SandD states are included in the deuteron, and the FSI
The cross sections, analyzing powers, and induced polaprocess is included in thep scattering. TheNN tmatrix of
izations for the?H(p,R) reaction atf,,=16°,22°, and 27° Bugg and Wilkin[18] is used in the impulse approximation.
are presented in Fig. 1. The cross sections and analyzing The solid curves in Figs. 1 and 2 represent the corre-
powers are binned in 1 and 5 MeV intervals, respectivelysponding calculations. The calculations reproduce the cross
while the induced polarizations are binned in 5—20 MeV in-sections reasonably well, but slightly underpredict the data
tervals depending on their statistics. The shoulders of theear and below the quasielastic peak. The contribution of the

B. Comparison with PWIA calculations
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FSI process, while moderate éf,=16°, decreases and ap- 1
pears as a shoulder of the quasielastic bump with increasing Dn= Z[l +Dyn— (DgstDyr)cosay
scattering angle. The PWIA results also reproduce the polar-
ization observables reasonably well in the quasielastic re- —(Dus—Dgy)sinay], (8b)
gion.
Recently Andersoret al. [1], and later Prougt al. [3] 1
reported the cross section and complete set of polarization Dg= Z[l —Dnn+ (Dgs— Dy )cosa,
observables of théH(p,n) reaction at 197 MeV. Their re-
sults are in good agreement with Faddeev-type calculations, —(Dus* Dgp)sinas], (80

in which the multiple scattering effects have been taken into

account. This agreement and the present PWIA results certify 1

that the reaction mechanisms are primarily direct at interme- Dp= 4_1[1 —Dnn— (Dgs— Dy )cosa,

diate energies and the quasielastic process in the present

momentum- and energy-transfer regions are well described +(Dp/g+ Dgy)sinas,], (8d)
by use of the impulse and optimal factorization approxima-

wherea; = 0,5+ and a, =26,~ 6,,— (1. The angled, rep-
resents the angle betwekrandp, and(} is the the relativ-
istic spin rotation angle defined in R¢B].

V. DISCUSSIONS The polarized cross section®; can be expressed in

) ) ) ) PWIA with eikonal and optimal factorization approximations
In this section, we deduce the experimental spin responsgg

functions, and compare them with theoretical dace’) re-
sponse functions. IDo = 4K atNeit(|A7°Ro + [CHIR), (93

tions.

IDq = 4K apNerr([E7?Ry + DR, 9b

A. Coordinate system q lab Eﬁ(| |Rq | 1|Rp) (9b)

The momentum transfer of the center-of-méssn.) sys- 1D, = 4K, 3:Neii(|B7°R, + |C7|Ry) (90
tem is given by

q=k’ -k, (5) IDp:4KIabNeff(|Fn|2Rp+|Dg|Rq)r (9d)

wherek andk’ are the momenta of the incident and outgo-WhereKi, is the kinematical factor defined in R¢20], Ne

ing nucleons in the c.m. frame, respectively. We use the c.nfhe effective neutron numbed’-F? the components of the
coordinate systentg,n,p) defined as optimal-frameNN tmatrix, andR; the normalized spin re-

sponse functiond2] determined by the nuclear intrinsic

. q states. Note that the presdfit,, is equal to 22J,+1)CK in

9= 6a  Ref 21,
The contributions fronD{ and D7 are very small com-
k X k' pared with those from other componefi2$. Thus the polar-
n= W (6b) ized cross sectionsD, andID,, are almost directly related

to the spin response function®, and R, respectively. In
general polarized cross sectiotB, andID,, are related to
p=q4xn. (60) both the nonspirR, and spin-transversR, response func-
tions. However, hereifR; and R, may be approximated by
the experimental spin-longitudinal and spin-transverse re-

B. Reduction of experimental spin response functions sponse functions?_andRy, respectively.

The unpolarized double differential cross section the
laboratory frame is expressed as a sum of four polarized C. Experimental spin response functions

Cross sectiontD; as Figure 3 shows the experimental spin-longitudinal and

| =IDg+IDg+1D, +IDy, (7) spin-transverse response functioRs, and Ry, as functions
o ] of the mass difference;,;=my,—my, wheremy is the deu-
Bleszynski, Bleszynski, and Whitte[19], and they are re- gsystem. These response functions are deduced by using Eq.
lated to the polarization transfer coefficieridg in the labo-  (9) with Nz=1. The solid curves in Fig. 3 represent the

ratory frame a$8] theoretical spin response functions calculated with the pro-
1 gram code of Itabashi, Aizawa, and IchimJd. The theo-
Do = Z[1+DNN+(DS,S+ D,/ )cosa; + (D s— Dg)sinay], retical calculations can reproduce the shape of both spin-

longitudinal and spin-transverse response functions very
(8a) well, while the magnitude is somewhat underestimated, es-
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0.06 ' ' T bution from the meson exchange currg®t,23, which is
R; 16° 1[ Ry *H neglected in the present analysis.
004 g — Itabashi
002 o (e,e") VI. SUMMARY AND CONCLUSION
The cross sections, analyzing powers, induced polariza-
0.00 -8 — : L Stete tions, and complete sets of polarization transfer coefficients
for the quasielasti®H(p,n) reaction were measured ap,
0.04 22° -

0.03
0.02
0.01

0.00

0.03

0.02

0.01

0.00

=345 MeV andf,,=16°,22°, and 271q,,=1.2,1.7, and
2.0 fmiY). The data are compared with the PWIA calcula-
tions with the optimal factorization approximation. The the-
oretical calculations reproduce the experimental results well,
which means that the impulse and optimal factorization ap-
proximations are good models f@H(p,R) in the present
momentum- and energy-transfer regions. This supports the
assumption of dominant impulse processes used in the analy-
sis of quasielasti¢p,n) reactions for nuclear targets.

The experimental spin-longitudinal and spin-transverse
response functions are deduced from the spin-longitudinal
and spin-transverse polarized cross sectidbBg, and ID,

0
~20 0 20 40 60 80 —20 O 20 40 60 80 100
Mass difference w,, (MeV)

respectively. The consistency of th- values herein ob-
tained via the(p,n) reaction with the corresponding; of

the (e, e’) scattering, supports the validity of the PWIA with
the optimal factorization to deduce tiip,n) spin response
functions. The theoretical calculations with the Reid soft
core potential reproduce tHg obtained via thep,n) reac-
ion, while they are slightly smaller than tig obtained via

the (p,n) reaction and thée,e’) scattering. The small dif-
pecially for Ry. The discrepancy between the experimentalference between the experimental and theoretical results
and theoretical results might be due to uncertainties in theould be due to the multiple scattering effects in tpen)
reaction mechanisms, such as the multiple scattering effecteeaction and the MEC effects in tlie,e’) scattering.

We note that the calculatelg, and Ry are smaller than the
previously reported ongg], since we corrected the program
code and now the sum rules f& and R; are satisfied in
high accuracy.

FIG. 3. Spin-longitudinalleft panel3 and spin-transverggight
panel$ response functiond}, andRy, for the 2H(p,n) reaction at
To=345 MeV andfj;,=16°,22°, and 27°. The solid curves are the
theoretical predictions with the Reid soft core potential. The ope
circles areR; of the quasielastic electron scattering 2 [21].
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