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Polarization Transfer in (P, n) Reactions at 318 and 494 MeV
and the Effective Interaction
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The polarization transfer observable Dr, r, (0 ) has been measured for H(p, n)2p, C(p, n) N,
and C(p, n) N reactions with beam energies of 318 and 494 MeV. The deuterium results are
in close agreement with free NN scattering constrained to the AJ = 1+ channel. The results
for the carbon targets, however, are systematically more negative than those for deuterium, which
suggests a di8'erence between the free and effective nucleon-nucleon interactions. Such a medium
modification of the spin-dependent interaction may have important implications for interpretation
of other intermediate-energy scattering experiments.

PACS numbers: 25.40.Kv, 21.30,+y, 24.70.+s

Measurements of the nuclear spin response require an
accurate knowledge of the characteristics of the probe re-
sponsible for the transition. For example, in the analysis
of recent quasifree (p, n) measurements it was necessary
to assume that the probe characteristics are those of free
nucleon-nucleon (NN) scattering [1,2]. It is likely that
the NN interaction is changed when the reaction takes
place in the nuclear medium, but the effects of distor-
tions, inaccurate knowledge of the free interaction itself,
and incomplete knowledge of the nuclear wave functions
present obstacles against unambiguous evidence for such
changes. Recent strategies have involved the study of
transitions such as those to "stretched" nuclear configu-
rations at bombarding energies where the optical poten-
tial and relevant components of the effective (free) in-
teraction appear to be well determined [3,4]. Such stud-
ies have been used to explore the effective interaction in
the momentum transfer range of approximately q = 1—3
fm-'

In this Letter we report evidence for a modification
of the effective interaction near momentum transfer q =
0. Our result is based on the comparison of polarization
transfer for several 4J = 1+ transitions at a scattering
angle of 0 ~ For this type of transition at this angle, an-
gular momentum transfer of AL = 0 dominates and the
effects of details of the nuclear wave functions and spin-
orbit distortions are minimized. Polarization transfer for
1+ transitions at this angle is sensitive to the relative
strength of the central and tensor-exchange interactions.

We have measured the longitudinal polarization trans-
fer observable DL,I.(0') for the zH(p, n) and C(J7, n) re-
actions at 318 MeV and 494 MeV, and for the ~4C(p, n)
reaction at 494 MeV. The final-state interaction in the
2H(p, n)2p reaction restricts the two residual protons to
a So state for small energy loss at O'. This reaction is

therefore well described as 6J = 1+ and, under the as-
sumption that nuclear medium effects are negligible for
the deuteron, serves to characterize the free NN inter-
action amplitudes relevant to 1+ transitions at O'. The

H(J7, n) results reported here agree well with the recent
lower-resolution measurements of McNaughton et al [5]. .
Furthermore, both sets of zH measurements agree well
with free NN scattering constrained to the LJ = 1+
channel. The r2C(p, n) and ~4C(P, n) results, however,
differ systematically from the ~H results and from es-
timates based on free NN amplitudes. Distorted-wave
impulse approximation (DWIA) calculations do not re-
veal any significant effects from distortions or details of
the transition density. Because our data-to-data com-
parison minimizes the reaction-model uncertainties that
are unavoidable in comparisons to calculations only, we
therefore argue that the systematic experimental differ-
ence between the polarization transfer for deuterium and
carbon reflects a change in the effective interaction com-
ponents pertinent to 1+ transitions near q = 0.

Previous measurements of polarization transfer at 0
have been reported for Gamow-Teller (1+) transitions in
a variety of nuclei, ranging from Li to Zr, at ener-
gies ranging from 120 to 200 MeV [6,7]. The average
value of the transverse polarization transfer coeKcient
D~~(0') observed in these measurements is consistent
with minimal tensor contributions at these energies. The
present experiment explores Gamow-Teller reactions at
higher energies, where the free NN interaction leads to
expectations that the effects of tensor contributions will
be more pronounced.

The present data were obtained with the neutron time-
of-Right (NTOF) facility at LAMPF. The experimental
techniques and equipment are described in more detail
elsewhere [2,8]. We summarize the main points here.
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The polarized beam was provided by an optically pumped
polarized ion source [9], with the polarization direction
cycled through normal, reverse, and unpolarized states
every 3 min. The beam was accelerated to energies of
318 or 494 MeV in the LAMPF linac, and nonacceler-
ating rf modules in the linac were used to manipulate
the phase space of the beam to produce a time focus at
the detector [10]. Beam polarization was continuously
monitored by a pair of beamline polarimeters separated
by a 28' bend. The average longitudinal (L-type) beam
polarization delivered to target was about 54%.

The L-type polarization of neutrons produced at 0'
by (p, n) reactions was analyzed by first precessing the
neutron spin in the vertical and horizontal dipole fields
of clearing and sweep magnets in the neutron path. The
fields of the two magnets were adjusted to produce ap-
proximately equal N and S type polarization components
at the neutron detector. The neutron detector was sta-
tioned at a distance of 200 m for the measurements at 318
MeV, and at 400 m for the measurements at 494 MeV.
These long Bight paths were required for good TOF res-
olution. Uncertainty in the scattering angle L9~ b is about
0.14'.

The neutron detector-polarimeter consists of four
position-sensitive scintillator planes, each with a collec-
tion area of approximately 1.07 m2. Each plane is sub-
divided into ten optically isolated cells with dimensions
of 107 cm x 10 cm x 10 cm. Three planes consist of
tanks of liquid scintillator (BC-517s), and the fourth is
made up of individual bars of plastic scintillator (BC-
408). The planes are arranged into front and back pairs,
with an average separation of 140 cm between the front
pair and the back pair. Thin scintillator planes preceding
each pair serve to identify charged particles. Neutron po-
larization is analyzed using (n, n) and (n, p) reactions in
the liquid scintillator in the front pair of detector planes.
Time and position information is used to reconstruct the
trajectory of neutrons or protons scattered into the back
pair of planes. The incident neutron polarization is de-
termined from the azimuthal intensity distribution of the
scattered particles.

The effective analyzing power of the detector was
determined using neutrons from the 0+ —+ 0+
~4C(p, n) 4N(2. 31 MeV) reaction at 494 MeV, and the
1+ —+ 0+ H(p, n)2p reaction at 318 MeV and 494 MeV.
The C(p, n) reaction provides neutrons at 0' with the
same polarization as the incident proton beam. The po-
larization transfer for the 2H(p, n) reaction has been in-
dependently measured by McNaughton et at. [5]. This
reaction has been used as a calibration standard at 318
MeV, and as an independent check on the calibration
at 494 MeV. The C and H calibrations at 494 MeV
agree to better than 3%. The systematic uncertainty in
the polarimeter calibration is about 5% over all energies.

The ~4C target consists of 170 mg/cm2 of enriched car-
bon powder (89% C) packed into a nickel cell. The
nickel cell has a total wall thickness of 89 mg/cm2 but

provides negligible background under the peaks of inter-
est. This was verified using an empty cell of the same
dimensions. The H(p, n) data were obtained using a
CD2 target with an areal density of 780 mg/cm . The
carbon content of this target also provided data for the
~2C(g7, n) ~2N(g. s.) reaction.

Spectra for the C(p, n) and CD2(p, n) reactions are
presented in Fig. 1. The CD2 spectrum shows both the
strong 2p peak from the 1+ ~ 0+ ~H(p, n) reaction and
the N(g. s.) peak from the " 'C(p, n) reaction. The

H(p, n) NTOF results reported here correspond to inte-
grating the region with neutron energy loss & 16 MeV.
The ~ C(p, n) results were corrected for a small under-
lying background (10%) from the 2p distribution. This
correction amounted to about a 2.5% change in DI, I, .

The factorized plane-wave impulse approximation
(PWIA) offers a convenient means of predicting polar-
ization transfer (PT) observables for simple transitions
[ll]. In this approximation the N-nucleus partial cross
sections are described as a product of free NN ampli-
tudes and nuclear transition densities. With isospin in-
dices suppressed, the free NN interaction can be repre-
sented in a standard form as [12]

M(q) = A + C(o&„+o-2„) + Bo&„rr~„

+ +~1q +2q + F+1@tT2p r (1)
or alternately as a sum of central, spin-orbit, and tensor
components

central spin —orbit
1

M(q) = A+ (B+—Z+ F)cr] ~ c7$+C(cr] + cry ) Il
3

where

1 1+ (@ B)~12(q) + -(+ —B)~12(P),3 3

tensor

(2)

1q=k, —kf, p= —(k, +kf), and n=pxq.
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FIG. 1. Zero-degree spectra for the C(p, n) and CD2 (p, n)
reactions at 494 Mev and t9& b = 0 . The energy resolution
obtained in the ' C(p, n) measurements averaged about 750
keV (FWHM). Excitation energies for a few states are indi-
cated.
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FIG. 2. Zero-degree polarization transfer for H(p, n) (solid
circles), C(p, n) (open circles = 3.95 MeV, boxes = 13.72
MeV), and ' C(p, n) (diamonds). Data points at 318 MeV
and 494 MeV are &om the present experiment. The C and

C data below 300 MeV are from D~~ measurements [6,7]
converted using Eq. (4). The error bars are statistical, except
for H points from McNaughton et at. [5] at 305, 485, 635,
722, and 788 MeV, which include systematic uncertainties.
The dashed line corresponds to calculations by Bugg reported
in Ref. [5]. The solid line corresponds to the Bugg and Bryan
phase shift amplitudes obtained from Ref. [14].

686

For transitions in which a single (L, S, J) angular-
momentum amplitude is dominant the PT coefficients re-
duce in the PWIA to ratios of linear combinations of the
free NN amplitudes [11]. In particular, for zero-degree
(C = 0, E = B) 6J = 1+ transitions with AL = 0,

F —2B2""'=F +2m' (3)

If the tensor-exchange interaction is zero (F = B), then
DI,I,(0') = —1/3. Deviations of Dl, l, from this nominal
value of —1/3 therefore directly reflect the strength F B—
of the Si2(p) tensor interaction.

The zero-degree PT observables are not independent.
For Gamow-Teller transitions the longitudinal and trans-
verse coeKcients are related according to

1 + Dl, l.(0') + 2Diviv(0') = 0.

This relation makes it possible to convert and compare
the present DL,L, measurements with previous D~~ re-
sults.

Our new DL, I, results, the recent results of Mc-
Naughton et at. [5] for H(P, n), and previous measure-
ments from IUCF [6,7,13] are plotted in Fig. 2. The
IUCF data have been converted from D~~ to DI,L, using
Eq. (4). Also plotted are two predictions based on free
NN scattering constrained to the AJ = 1+ channel.
The dashed line represents the parametrized calculations
for H(p, n) performed by Bugg and reported in the paper
by McNaughton [5]. The solid line represents the predic-
tion of Eq. (3) using free NN amplitudes from a phase-
shift analysis by Bugg and Bryan [14]. The parametrized

calculation by Bugg agrees quite well with the 2H(p, n)
data. The two calculations also agree well below 500
MeV. At higher energies the difference is due to new
additions to the NN database that were not included
in the earlier phase-shift analysis [14]. Calculations by
Bugg and Wilkin [15] indicate that, aside from the angu-
lar momentum constraint imposed by the S0 final state,
details of the deuteron wave function have negligible ef-
fect on the value of Dl.i, . Such details produce deviations
in the expected value of DI, I, that differ by less than 1%
from the true "free" value, and are well within the ex-
perimental uncertainty. The net polarization transfer is
also insensitive to the exact region of integration over the
H(p, n) excitation energy distribution [8,16].

The C(p, n) and C(p, n) results in Fig. 2 systemat-
ically fall below the values for 2H(P, n) At .494 MeV the
average 2H value is —0.59 + 0.01 while the average of the
three carbon measurements is —0.69 + 0.02. Because the

H and carbon measurements were made under the same
conditions, the difference is largely unaffected by system-
atic uncertainty in the polarimeter calibration. Factors
that may contribute to this difference include details of
the nuclear wave functions, distortion effects, or differ-
ences between the effective and free NN amplitudes.

The nuclear wave functions can influence the value of
Dl, l, by invalidating the assumptions that lead to Eq. (3).
For example, a large AL = 2 amplitude can change
the relative importance of the tensor contribution. We
have investigated the likely size of wave-function and dis-
tortion effects by performing distorted-wave impulse ap-
proximation (DWIA) calculations for 500 MeV scatter-
ing. The calculations were done with the distorted-waves
code Dw81 [17], using the 515-MeV t-matrix interaction
of Franey and Love [18] and optical potentials obtained
from Jones et al. [19]. Calculations were done for the

C(p, n) N(g. s.) and C(p, n) N(3.95 MeV) reactions
using the wave functions of I ee and Kurath [20] with the
DL = 0 amplitude reduced to give the correct P-decay
transition strength. Additional calculations were done
using pure p-shell particle-hole configurations:

~
~ 2, and 2

~ 2, for target masses ranging from A =
6—15. The calculations were performed with both the full
set of optical potentials and with the optical potentials
set to zero (plane waves limit). The effect of distortions
is to make the calculated values of Di, i, more positive by
an amount LDI.L, = 0.02, which is in the wrong direction
and is too small to explain the difference between the ex-
perimental results for deuterium and carbon. The wave-
function differences simply introduce a spread of about
bDI, L, = +0.02 in the calculated values. This is again
too small to be a plausible explanation for the observed
differences. Finally, variations in DI,I, associated with a
nonzero reaction Q value are small: for 2C(p, n), with

Q = —18.1 MeV, the change in Dl, l, amounts to about
—0.02 compared to what it would be for zero energy loss.
The effect on the other transitions is much smaller. We
therefore conclude that, within the context of this reac-
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tion model, the effective isovector interaction amplitudes
F and B for scattering from carbon are difFerent from
the free NN amplitudes near zero momentum transfer.
This difference is evident at lower energies, where the
low-momentum-transfer interaction appears to be pre-
dominantly central, and also near 500 MeV, where the
tensor interaction has a significant effect on the observed
polarization transfer (and a much smaller = 5%%uo effect on
the cross section).

The data presented here suggest the need for care-
ful consideration of medium effects in the analysis of
intermediate-energy nucleon-nucleus scattering. It is im-
portant to note that such effects are evident here for the
spin dep-endent interaction, which plays a central role in
studies of current interest. For example, in (p, p') and
(p, n) reactions the nuclear response to the transverse
spin operator cr x g is primarily driven by the transverse
F and B amplitudes in the nucleon-nucleon interaction.
These amplitudes contribute directly to the observations
reported here. If these amplitudes are altered at larger
momentum transfers as well, then the transverse response
derived from quasifree (p, n) cross sections (by dividing
out the free amplitudes) will have the wrong magnitude.

Candidate models for exploring nuclear-medium effects
include the relativistic model of Horowitz and Murdock
[21] or the vector-meson rescaling model of Brown and
Rho [22—24]. A rescaled p-meson mass will affect both
the central and tensor components of the interaction. At
least two groups have investigated such effects in inelastic
proton scattering by making appropriate adjustments to
the t-matrix interaction used in DWIA calculations [3,4].
For the present case, we emphasize that it is the tensor-
exchange interaction Si2(p) that produces the large de-
viation of Dl, l, from its central-only value of —I/O. This
term has no counterpart in local coordinate space meson-
exchange interactions. It is therefore difficult to assess
whether the effect reported here is consistent with the
results of the (p, p ) studies, which are mainly sensitive to
the direct tensor interaction. For example, a calculation
employing the modified tensor interaction of Hintz et at.
[4] for 325 MeV scattering drives DI.I.(0') in the wrong
direction. Additional work is clearly needed to make a
consistent connection to the (p, p') results at larger mo-
mentum transfer.
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