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Differential cross sections and a complete set of polarization observables have been measured in the quasi-
elastic2Hsp,nd 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 functions,RL and RT, respectively, are deduced from the data. The obtainedRT is
consistent with that obtained from the quasielastic electron scattering. The theoretical calculations with the
Reid soft core potential give good descriptions forRL and RT, whereas the latter is slightly underestimated
around the quasielastic peak.
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I. INTRODUCTION

In this article, we present the differential cross sections
and a complete set of polarization observables of the quasi-
elastic 2Hsp,nd reaction at the proton incident energyTp
=345 MeV, and laboratory scattering angles of 16°, 22°, and
27° corresponding to momentum transfersqlab.1.2,1.7, and
2.0 fm−1. The data obtained atTp.100 MeV is of particular
interest since it enables the investigation of the reaction
mechanism of thesp,nd reaction leading to the continuum, as
well as provides a testing ground for the theoretical calcula-
tions of spin-isospin structures of nuclei[1–3].

One of the unique points of the2Hsp,nd reaction is that
the relevant response functions can be rigorously calculated.
Thus we compare our data with plane-wave impulse approxi-
mation (PWIA) calculations[4], employing the optimal fac-
torization approximation[5–8] to access the accuracy of
these approximations. Furthermore, the agreement between
the experimental and theoretical results measures the domi-
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-
tion, have been also used to analyze complete sets of polar-
ization observables for quasielasticsp,nd reactions[2,8–12].

The differential cross sections and a complete set of po-
larization observables are used to separate the cross sections

into nonspin, spin-longitudinal, and two spin-longitudinal
polarized cross sections. The spin-longitudinal and spin-
transverse polarized cross sections are used to extract the
spin-longitudinalRL and spin-transverseRT response func-
tions, respectively. The observedRT is compared with the
correspondingRT obtained via the quasielastic electron scat-
tering. The energy spectra ofRL and RT are compared with
theoretical calculations using the Reid soft core potential.

II. EXPERIMENTAL METHODS

The experiment was performed at the Neutron Time-Of-
Flight (NTOF) facility [13] at the Research Center for
Nuclear Physics(RCNP), Osaka University. The experimen-
tal arrangement and procedure were similar to those reported
previously[13–15]. In the following, therefore, we present a
brief description of the detector system and discuss experi-
mental details relevant to the present experiment.

A. Polarized proton beam

The High Intensity Polarized Ion Source(HIPIS) at
RCNP[16] was used to produce the polarized proton beam.
The nuclear polarization state was cycled between the nor-
mal and reverse states(e.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-
versed every 10 sec in order to minimize geometrical false-
asymmetries. The polarized proton beam from HIPIS was
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injected into the AVF cyclotron and was accelerated up to
Tp=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 before
injection into the Ring cyclotron, which then yielded a beam
pulse period of 554.1 ns. This pulse selection reduces the
wraparound of slow neutrons from preceding beam pulses.
The pulse-selected beam was accelerated up toTp
=345 MeV in the Ring cyclotron. The single-turn extraction
was maintained during the measurement in order to keep the
beam pulse period. Multiturn extracted protons were less
than 0.5 % of single-turn extracted ones.

B. Proton spin precession magnets

Superconducting solenoid magnets, SOL1 and SOL2, lo-
cated in the injection line from the AVF to Ring cyclotrons,
were used to precess the proton spin direction. Each magnet
can rotate the direction of the polarization vector from the

normalN̂ into sidewaysŜ directions. These two magnets are
separated by a bending angle of 45°, thus they can deliver
the beam to the Ring cyclotron with two different directions
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 longitudinalL̂ and sidewaysŜ
polarized proton beams can be provided at the exit of SOL2
by using the SOL1 and SOL2 magnets, respectively.

C. Beam line polarimeters

The beam from the Ring cyclotron was transported to the
neutron experimental hall through theNf beam line. All
componentssS,N,Ld of the beam polarization just upstream
of the target were continuously monitored with two sets of
beam line polarimeters, BLP1 and BLP2. BLP1 is positioned
at the Nf beam line, and BLP2 is located in the neutron
experimental hall. These two polarimeters are separated with
a bending angle of 98°, allowing simultaneous determination
of all of the components of the polarization vector.

Each polarimeter consists of four pairs of conjugate-angle
plastic scintillators. ThepW +p elastic scattering was used as
the analyzing reaction, and a self-supporting CH2 target with
a thickness of 1.1 mg/cm2 was used as the hydrogen target.
The elastically scattered and recoiled protons were detected
in kinematical coincidence with a pair of scintillators.

The analyzing powers of beam line polarimeters contain
the contribution from the quasielastic12CspW ,2pd reaction,
whose analyzing power might be different from that for the
freepp scattering. The effective analyzing powers, including
this contribution, were calibrated as described in detail in
Ref. [15]. The resulting value at Tp=345 MeV is
0.430±0.003, where the uncertainty is systematic.

The averaged magnitude of the beam polarization was
0.70 for each polarization state, with a typical magnitude
difference of about 0.01 between the two different states.
This difference is comparable to the statistical accuracy of
the beam polarization measurement. Thus we used the aver-
aged value to deduce the polarization observables.

D. Beam swinger system and targets

Targets for thespW ,nWd reaction were placed in the beam
swinger system, which consists of two 45° bending magnets.
The reaction angle was varied by repositioning a target along
the beam trajectory inside the system, while the position of
NPOL2 was fixed along a 100 m time-of-flight(TOF) tun-
nel. Protons downstream of the target were swept by the
beam swinger magnets into a graphite beam stop(Faraday
cup) from which the integrated beam current was measured.
Typical beam currents were 10 and 50 nA for the cross sec-
tion andDij measurements, respectively.

The data for the2HspW ,nWd reaction were deduced from the
cross section weighted difference between the CD2 and 12C
results. Relatively thin targets with areal densities of
222 mg/cm2 for CD2 and 172 mg/cm2 for 12C were used for
the measurement of cross sections and analyzing powers so
as to minimize loss in the swinger magnets, which is essen-
tial in order to accurately determine differential cross sec-
tions as described below. In the measurement ofDij , thicker
targets with areal densities of 662 mg/cm2 for CD2 and
682 mg/cm2 for 12C were required in order to achieve suffi-
cient statistical accuracy forDij values.

E. Neutron spin rotation magnet and NPOL2

A dipole magnet(NSR magnet) located at the entrance of
the TOF tunnel was used to precess the neutron polarization

vector from the longitudinalL̂8 into normalN̂8 directions so
as to make the longitudinal component measurable with
NPOL2. In the measurement of the longitudinal component
of the neutron polarization, the NSR magnet was excited so
that the precession angle for the neutron corresponding to the
quasielastic peak was 90°. Corrections for the over- and un-
derprecessions to the lower and higher energy neutrons were
performed to account for the mixing between the longitudi-
nal and normal components.

Neutrons were detected with the neutron detector/
polarimeter NPOL2 at the end of the 100 m flight path. The
NPOL2 system [15] consists of six planes of two-
dimensionally position-sensitive scintillation detectors: four
liquid scintillators BC519 and two plastic scintillators
BC408. The BC519 with a high hydrogen-to-carbon ratio of
1.7 was used since the neutron polarization is determined via
thenW +p scattering in the scintillator material. Each of the six
neutron detectors has an effective detection area of approxi-
mately 1 m2 with a thickness of 0.1 m. Thin plastic scintil-
lation detectors in front of each neutron detector were used to
tag charged particles.

Incident neutron energies were determined by the TOF to
the given neutron detector with respect to a cyclotron rf sig-
nal. A prominentg ray from thep0 decay in the target pro-
vides a time reference for the absolute timing calibration.
Then, the transitions to discrete states with known reactionQ
values were used to determine the incident beam energy. The
beam energy was thus determined to beTp=345±1 MeV for
the measurement atulab=16° and 27°, whereas it wasTp
=346±1 MeV for the measurement atulab=22°. The full
width at half-maximum energy resolutions are about 2 and
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3 MeV for the cross sections andDij measurements, respec-
tively.

III. DATA REDUCTION

A. Polarization observables

A complete set of polarization observablesAy, P, and
Dijsi =S8 ,N8 ,L8 , j =S,N,Ld relates the three orthogonal com-
ponents of the outgoing neutron polarizationp8
=spS8 ,pN8 ,pL8d to those of the incident proton polarizationp
=spS,pN,pLd through

1pS8
8

pN8
8

pL8
8
2 = 31DS8S 0 DS8L

0 DNN 0

DL8S 0 DL8L
21pS

pN

pL
2 + 10

P

0
24 1

1 + pNAy
.

s1d

This relation involves all the polarization observables al-
lowed by parity conservation. The sidewaysS, normalN, and
longitudinalL coordinates are defined in terms of the proton

and neutron momenta,k̂ lab and k̂ lab8 , in the laboratory frame

as L̂ = k̂ lab, L̂ 8= k̂ lab8 , N̂=N̂8=sk lab3k lab8 d / uk lab3k lab8 u, Ŝ=N̂

3 L̂ , and Ŝ8=N̂83 L̂ 8.
The analyzing powerAy, the induced polarizationP, and

the polarization transfer coefficientDNN were measured with
theN-type beam. The other polarization transfer coefficients,
DS8S, DL8S, DS8L, andDL8L, were obtained from the measure-
ments with two different proton beams polarized in theL-S
plane. The direction of the proton polarization vector in this
plane can be rotated by about 90° by using SOL1 and SOL2,
therefore, the efficiency of measuring theseDij is almost the
same as that with pureS- andL-type beams.

B. Neutron detection efficiency

The relation between the observed neutron yieldNobs and
the double differential cross sectionslab is given by

slab =
Nobs

IrDVeTflive
, s2d

whereI is the number of incident protons,r the target thick-
ness,DV the solid angle subtended by NPOL2,e the intrin-
sic neutron detection efficiency,T the transmission factor
along the flight path in the air, andf live the detector live
fraction.

Since it is very difficult to obtain thee and T values
independently, we measured the product of these two values
by using the neutrons from the zero-degree
7Li sp,nd7Besg.s. +0.43 MeVd reaction, which has a con-
stant center-of-mass cross section ofsc.m.=27.0±0.8 mb/sr
over the wide incident energy range ofTp=80–795 MeV
[17]. The independent measurements[15] were performed at
the incident beam energy range ofTp=146–392 MeV, which
covers the neutron energy range necessary for the present
data analysis. It is found that the neutron detection efficien-
cieseT are almost independent of neutron kinetic energy in
this region, with a value of 0.15±0.01 by combining all of

the six neutron detectors[15]. The additional measurement
for this reaction atTp=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 the7Li cross sections3%d and
the thickness of the7Li target s3%d. 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 thenW +p
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 nW +p events. The time resolution of neutron detectors is
about 0.5 ns, and the position resolutions, which are location
dependent, are about 6–10 and 4–8 cm for liquid and plas-
tic scintillators, respectively. Both the normalN8 and side-
ways S8 components of the neutron polarization are mea-
sured simultaneously with the azimuthal distribution of the
nW +p events.

The effective analyzing powers of NPOL2 were measured
with polarized neutrons produced by the zero-degree
2HspW ,nWdpp reaction atTp=146–392 MeV, and the results
are described in detail in Ref.[15]. For example, effective
analyzing powers of NPOL2 atTn=291 MeV and their sta-
tistical uncertainties are 0.223±0.010 and 0.132±0.004 for
snW ,nd andsnW ,pd channels, respectively. The correction for the
energy dependence of the effective analyzing powers has
been applied to the present data.

D. Normalizations for the previous data

The differential cross sections forsp,nd reactions on2H
and 12C at Tp=345 MeV andulab=22°, which were already
measured in our previous measurement[2], 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/cm2 for CD2 and12C, 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
for sp,nd reactions on6Li, 40Ca, and208Pb were also per-
formed with thinner targets compared with those in Ref.[2],
and the normalization factors for the cross sections in Ref.
[2] are determined to be 0.77, 0.82, and 0.75 for6Li, 40Ca,
and 208Pb, respectively.

IV. RESULTS AND ANALYSIS

A. Observables for 2H„p¢ ,n¢…

Observables for the2HspW ,nWd reaction were obtained by
means of a cross section weighted subtraction of the
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12CspW ,nWd observables from the CD2spW ,nWd ones as

s2H =
sCD2

− sC

2
, s3d

D2H =
DCD2

− fCDC

1 − fC
, s4d

wheres represents the cross section,D is one of the polar-
ization observables,Ay, P, or Dij , and fC=sC/sCD2

. The
carbon fractionfC 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
corresponding to the 4− state atEx=4.2 MeV in 12N. The
normalization factors varied from 0.98 to 1.02, which is
most likely due to the uncertainty of the integrated beam
current.

The cross sections, analyzing powers, and induced polar-
izations for the2HspW ,nWd reaction atulab=16° ,22°, and 27°
are presented in Fig. 1. The cross sections and analyzing
powers are binned in 1 and 5 MeV intervals, respectively,
while the induced polarizations are binned in 5–20 MeV in-
tervals depending on their statistics. The shoulders of the

quasielectric distributions at lower energy-transfer side are
due to the1S0 final state interaction(FSI) of the residual
two-proton system. The contribution of the FSI process de-
creases with increasing scattering angle. It should be noted
that the analyzing power and induced polarization are in
fairly good agreement with each other around the quasielas-
tic peak. Thus, this reaction can be assumed as almost free
pW +n elastic scattering with little distortion effect.

Figure 2 shows complete sets ofDij for the 2HspW ,nWd re-
action atulab=16° ,22°, and 27°. The data atulab=22° are
published elsewhere[2]. The data herein are binned in
5–20 MeV intervals to reduce statistical fluctuations. The
dotted vertical lines indicate the energy transfer for the free
np scattering.

B. Comparison with PWIA calculations

The PWIA calculations for the2Hsp,nd reaction were per-
formed with the code developed by Itabashi, Aizawa, and
Ichimura [4]. The initial deuteron and finalpp-scattering
wave functions are generated by the Reid soft core potential.
Both SandD states are included in the deuteron, and the FSI
process is included in thepp scattering. TheNN t-matrix of
Bugg and Wilkin[18] is used in the impulse approximation.

The solid curves in Figs. 1 and 2 represent the corre-
sponding calculations. The calculations reproduce the cross
sections reasonably well, but slightly underpredict the data
near and below the quasielastic peak. The contribution of the

FIG. 1. Cross section, analyzing power, and induced polariza-
tion spectra for the2Hsp,nd reaction atTp=345 MeV andulab

=16° ,22°, and 27°. The cross sections(left panels) and analyzing
powers(right panels) are binned in 1 and 5 MeV steps, respectively.
The induced polarizations(right panels) are binned in 5–20 MeV
steps, depending on their statistics. The vertical dashed lines mark
the energy transfer for the freenp scattering. The solid curves are
the PWIA predictions with the optimal factorization approximation.

FIG. 2. Complete sets of polarization transfer coefficients for
the 2Hsp,nd reaction atTp=345 MeV andulab=16° ,22°, and 27°.
The data are binned in 5–20 MeV steps, depending on their statis-
tics. The notations of the curves are the same as those in Fig. 1.
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FSI process, while moderate atulab=16°, decreases and ap-
pears as a shoulder of the quasielastic bump with increasing
scattering angle. The PWIA results also reproduce the polar-
ization observables reasonably well in the quasielastic re-
gion.

Recently Andersonet al. [1], and later Proutet al. [3]
reported the cross section and complete set of polarization
observables of the2Hsp,nd reaction at 197 MeV. Their re-
sults are in good agreement with Faddeev-type calculations,
in which the multiple scattering effects have been taken into
account. This agreement and the present PWIA results certify
that the reaction mechanisms are primarily direct at interme-
diate energies and the quasielastic process in the present
momentum- and energy-transfer regions are well described
by use of the impulse and optimal factorization approxima-
tions.

V. DISCUSSIONS

In this section, we deduce the experimental spin response
functions, and compare them with theoretical andse,e8d re-
sponse functions.

A. Coordinate system

The momentum transfer of the center-of-mass(c.m.) sys-
tem is given by

q = k8 − k , s5d

wherek andk8 are the momenta of the incident and outgo-
ing nucleons in the c.m. frame, respectively. We use the c.m.
coordinate systemsq,n,pd defined as

q̂ =
q

uqu
, s6ad

n̂ =
k 3 k8

uk 3 k8u
, s6bd

p̂ = q̂ 3 n̂. s6cd

B. Reduction of experimental spin response functions

The unpolarized double differential cross sectionI in the
laboratory frame is expressed as a sum of four polarized
cross sectionsIDi as

I = ID0 + IDq + IDn + IDp, s7d

where Di are the polarization observables introduced by
Bleszynski, Bleszynski, and Whittenf19g, and they are re-
lated to the polarization transfer coefficientsDij in the labo-
ratory frame asf8g

D0 =
1

4
f1 + DNN + sDS8S+ DL8Ldcosa1 + sDL8S− DS8Ldsina1g,

s8ad

Dn =
1

4
f1 + DNN − sDS8S+ DL8Ldcosa1

− sDL8S− DS8Ldsina1g, s8bd

Dq =
1

4
f1 − DNN + sDS8S− DL8Ldcosa2

− sDL8S+ DS8Ldsina2g, s8cd

Dp =
1

4
f1 − DNN − sDS8S− DL8Ldcosa2

+ sDL8S+ DS8Ldsina2g, s8dd

wherea1;ulab+V anda2;2up−ulab−V. The angleup rep-

resents the angle betweenk̂ and p̂, andV is the the relativ-
istic spin rotation angle defined in Ref.[8].

The polarized cross sectionsIDi can be expressed in
PWIA with eikonal and optimal factorization approximations
as

ID0 = 4KlabNeffsuAhu2R0 + uC2
huRnd, s9ad

IDq = 4KlabNeffsuEhu2Rq + uD1
huRpd, s9bd

IDn = 4KlabNeffsuBhu2Rn + uC1
huR0d, s9cd

IDp = 4KlabNeffsuFhu2Rp + uD2
huRqd, s9dd

whereKlab is the kinematical factor defined in Ref.[20], Neff
the effective neutron number,Ah−Fh the components of the
optimal-frameNN t-matrix, andRi the normalized spin re-
sponse functions[2] determined by the nuclear intrinsic
states. Note that the presentKlab is equal to 2s2JA+1dCK in
Ref. [2].

The contributions fromD1
h and D2

h are very small com-
pared with those from other components[2]. Thus the polar-
ized cross sections,IDq and IDp, are almost directly related
to the spin response functions,Rq and Rp, respectively. In
general polarized cross sections,ID0 and IDn, are related to
both the nonspinR0 and spin-transverseRn response func-
tions. However, hereinRq and Rp may be approximated by
the experimental spin-longitudinal and spin-transverse re-
sponse functions,RL andRT, respectively.

C. Experimental spin response functions

Figure 3 shows the experimental spin-longitudinal and
spin-transverse response functions,RL and RT, as functions
of the mass differencevint=mpp−md, wheremd is the deu-
teron mass andmpp is the invariant mass of the finalpp
system. These response functions are deduced by using Eq.
(9) with Neff=1. The solid curves in Fig. 3 represent the
theoretical spin response functions calculated with the pro-
gram code of Itabashi, Aizawa, and Ichimura[4]. The theo-
retical calculations can reproduce the shape of both spin-
longitudinal and spin-transverse response functions very
well, while the magnitude is somewhat underestimated, es-
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pecially for RT. The discrepancy between the experimental
and theoretical results might be due to uncertainties in the
reaction mechanisms, such as the multiple scattering effects.
We note that the calculatedRL and RT are smaller than the
previously reported ones[2], since we corrected the program
code and now the sum rules forRL and RT are satisfied in
high accuracy.

The spin-transverse response functionRT of the quasielas-
tic electron scattering on2H was reported by Dytmanet al.
[21]. The definition ofRT of these,e8d scattering is described
in Ref. [22], and the result atq=2.0 fm−1 is compared with
the presentspW ,nWd spin-transverse responseRT in Fig. 3. The
se,e8d spin-transverse response function agrees with the cor-
respondingspW ,nWd experimentalRT. The difference between
the se,e8d and the theoreticalRT might be due to the contri-

bution from the meson exchange current[21,23], which is
neglected in the present analysis.

VI. SUMMARY AND CONCLUSION

The cross sections, analyzing powers, induced polariza-
tions, and complete sets of polarization transfer coefficients
for the quasielastic2HspW ,nWd reaction were measured atTp

=345 MeV andulab=16° ,22°, and 27°(qlab.1.2,1.7, and
2.0 fm−1). 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 for2HspW ,nWd in the present
momentum- and energy-transfer regions. This supports the
assumption of dominant impulse processes used in the analy-
sis of quasielasticspW ,nWd reactions for nuclear targets.

The experimental spin-longitudinal and spin-transverse
response functions are deduced from the spin-longitudinal
and spin-transverse polarized cross sections,IDq and IDp,
respectively. The consistency of theRT values herein ob-
tained via thesp,nd reaction with the correspondingRT of
the se,e8d scattering, supports the validity of the PWIA with
the optimal factorization to deduce thesp,nd spin response
functions. The theoretical calculations with the Reid soft
core potential reproduce theRL obtained via thesp,nd reac-
tion, while they are slightly smaller than theRT obtained via
the sp,nd reaction and these,e8d scattering. The small dif-
ference between the experimental and theoretical results
could be due to the multiple scattering effects in thesp,nd
reaction and the MEC effects in these,e8d scattering.
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