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Isoscalar spin observables in quasielastic deuteron scattering
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Inelastic scattering of 600 MeV vector and tensor polarized deuterons has been carried out at energy losses
corresponding to quasielastic, incoherent scattering from individual nucleons in targets,0€Obl C, Ca,
and Pb at fixed momentum transfers of 345 and 500 MeVéctor (A,) and tensor A,,) analyzing powers
were measured, and the vector polarizatiBypsof the scattered deuterons were determined by the polarimeter
POMME. These observables were combined to determine the vector spin transfer coeﬂ(@{i'ehm; the
deuterons and several signatures for spin transfer probabilities across the quasielastic spectra.
[S0556-28188)03304-4

PACS numbegps): 25.45.De, 24.70:s, 25.10+s

[. INTRODUCTION sible combinations. It is the purpose of this study to measure
quasielastic observables in strictly isoscalar spin channels by
Since thewr meson is expected to generate strong correthe scattering of deuterons. The lightest single mesons that
lations among the nucleons in a complex nucleus, scatteringould contribute to isoscalar correlations would be #han
specific to the quantum numbers of themeson has been the longitudinal interaction and the in the transverse, as
studied under kinematic conditions such that the projectiléletermined by their quantum numbers. The multiple ex-
has interacted incoherently with individual nucleons in com-change of mesons can also provide these correlations. Al-
plex targets as they interact with their nuclear host. The |arg'ghough the isoscalar channel also contributes tolthe scattering
. . > o . of protons, at the beam energies needed to achieve quasielas-
est body of data arises from the isovectq,r{) reaction

19 K led £ th ton b larizati q tic kinematics these data are dominated by the isovector in-
[1,2]. Knowledge of the proton beam polarization and measygactions of the proton bearf6—8). These experiments

surement of the polarization of the outgoing neutrons can bg, 4 that spin transfer is enhanced at high excitations, in
combined to yield knowledge of both the longitudinal spin .,irast to its suppression at low excitations.

scattering(with an interaction proportional te--g) and the Our experiment measured the scattering of 600 MeV po-
transverse scatteringproportional too X q). Here, the spin larized deuterons at angles and energy losses corresponding

projection of the struck nucleon is and q is the three- 10 scatteriqg from free nucleons, with energy losses rear
momentum transfer. Since the charge exchange reaction i§9°/2m, with m the nucleon mass. Values of the laboratory-
explicitly isovector, the quantum numbers of the means tdrame three-momentum transfgrto the deuteron were se-
transfer the momentum correspond to the pion interactions dected to be 345 and 500 Med//or 1.75 and 2.5 fm*, to
the struck nucleon in the longitudinal channel, and most simmatch recent data from thep(n) reaction[2] and from the
ply to thep meson interactions in the transverse channel. ThépP.p') reaction[6]. Targets were selected to be GHCD,,
transverse channel has also been the subject of extensite Ca, and Pb to match the isovector experiments. Knowl-
quasielastic scattering studies with electron beams, also predge of both the vectorA() and tensor 4,,) analyzing
marily isovectof3]. A review of the specific transition quan- Powers of the deuterons, of the vector spin transfer coeffi-
tum numbers probed by a variety of simple projectiles isdentsK{ , and of the absolute cross sections would be suf-
found in Ref.[4], and a recent review of the nuclear spin ficient to determine all of the isoscalar spin responses of the
responses to the scattering of polarized protons and deutetargets if the conditions of the plane wave impulse approxi-
ons is found in Ref[5]. mation were met. The relations that determine the scattering
With two possible isospin channels and three possibl@bservables have been given by Suzi%il0] and are de-
spin channelgtransverse, longitudinal, and nonspiimter-  scribed in the Appendix.
actions of a projectile with a single nucleon include six pos-  Since our experiment measured only the spin observables,
without absolute cross sections, we are not able to invert the
expressions of Suzuki to find the nuclear isoscalar responses.
*Present address: Johnson-Matthey Semiconducors, Chippev@@ur data trace out the evolution of the spin observables
Falls, WI 54729. across the region of the quasifree peak, and compare those
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TABLE |. Polarization states of the deuteron beams and their theoretical maxima.

State 1 2 3 4 5 6 7 8
Py 0 —2/3 +2/3 0 +1/3 —-1/3 +1/3 —-1/3
P 0 0 0 0 +1 +1 -1 -1

for a sample of complex targets to those for free protonstarget was clad in thin aluminum foil. Targets were up to 200
Any calculated isoscalar nuclear responses may then be uset/cn? thick, and their thicknesses were known to an accu-
in the expressions of Suzuki for comparison to data from theacy of 1%.
experiment. Scattered deuterons were detected in the magnetic spec-
These methods to determine and interpret deuteron spifiometer SPES1. Essentially no counts were seen from runs
observables in elastic scattering from complex nuclei havavithout scattering targets. Since the momentum acceptance
previously been applied to excitations of discrete states an@f SPES1 is only 4%, up to five field settings were used to
the low-lying continuum, where the quantum numbers of the?btain overlapping spectra across the wide quasielastic re-
coherent nuclear states are knofi—14. Those studies at 9ion. The scattering angle was changed for each momentum
low momentum transfer allow us to compare our data togSetting to maintain a fixed momentum transfer at the center
results for coherent states of specific and known spin struc@f the spectrometer acceptance, from 9.8° to 12.1° ofor
ture. Quasielastic scattering proceeds through the incohere345 MeVk and from 15.8° to 18.0° fog=500 MeVk.
sum of allowed quantum numbers, as if the target were a fre@ll events in the 2.7° angular acceptance were binned to-

nucleon, and is the incoherent sum of all contributing multi-9ether. An unnormalized spectrum for scattering from car-
poles. bon is shown in Fig. 117], at a momentum transfer of 500

MeV/c, using an empirical acceptance function for SPES1
derived from forcing the spectra for lead to be continuous.
Counts from five spectrometer settings are superimposed for

Our experiment was carried out at the Laboratoire Nathis spectrum. The curve shown is calculated for the quasi-
tional Saturne. The polarized deuteron beams originated iflastic scattering from a gas of nucleons with a Fermi mo-
the atomic beam source HYPERIGNS], with vector beam mentum of 221 MeW for carbon, as determined from elec-
polarizationsP, and tensor beam polarizatioR, listed in ~ tron scattering[18]. The region of the spectrum that we
Table | with their maximum allowed values. Beam polariza-Ccover includes most of the quasielastic region. The narrower
tion states were changed for each synchrotron cycle in twéluasielastic peak a=345 MeVk is even more completely
separate run modes. The two-state beam alternated betwegpvered by our data. The quasielastic peak for deuterium is
states 2 and 3, and the four-state beam cycled through stat@¥pected to be narrower, with a full width at half maximum
5, 6, 7, and 8. The two-state beam was used to obtain acc@f about 40 MeV observed by electron scattering at 500
rate vector analyzing powers and to measure vector spiMeV/c [19]. Isovector spectra of the nuclear continuum are
transfer coefficients. The four-state beam was used to detegomplicated by the presence of counts due to pion produc-
mine tensor analyzing powers and to provide an independefon, but this feature will not be present in the isoscalar deu-
check of the vector analyzing powers. teron scattering, which would then look more similar to the

Vector (P,) and tensor P,,) beam polarizations were quasielastic spectra for the charge channel in electron scat-
measured several times during the experiment by a polarinf€ring [3].
eter near the source, using tHel(d,p)3H reaction[15]. 100 \ . | ‘

Il. EXPERIMENT

Weighted averages of the beam polarizations used during the
experiment were
300
two-state P, =0.603+0.009, Y
E 200
four-state Py,=—0.317+0.009, 3
P,,=0.356+0.051 (for q=345 MeV/c) 1007
=0.837+0.021 (for q=500 MeVic). o
0 5b 160 15|O 2CI)O 250

The tensor polarization was anomalously low for our runs at w (MeV)

345 MeVEk. An additional uncertainty of- 2.5% arises from FIG. 1. A missing energy spectrum of 600 MeV deuterons scat-

the calibration of the low-energy polarimetet5]. These  iqreq from carbon at laboratory angles from 15.8 to 18.0°, so as to
deuterons were accelerated to 600 MeV in the storage ringnaintain a fixed momentum transfer of 500 Me\ the scattered
booster MIMAS and the synchrotron SATURNE. It has beengeyteron. Five overlapping spectra are shown, using a relative ac-
shown that the intitial beam polarization is maintained in theceptance function taken from a demand that the continuum spec-
acceleration up to 2.3 GeM6]. trum for scattering from our lead target be smooth. The curve shows

Scattering targets were natural isotopic mixtures of Pbthe expected cross section for quasielastic scattering from a Fermi
Ca, C, and CH, and a highly enriched Cpfoil. The Ca  gas withkr=221 MeVk.
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FIG. 2. A missing mass spectrum of two-state 600 MeV deuter- FIG. 3. Second-scattering events measured by the polarimeter
ons scattered from a CHarget at 17.3°, without acceptance cor- POMME are shown for azimuthal angles about the direction of the
rections. The sharp peak for scattering from protons is superimscattered particle for two vector beam polarization states. Counts

posed on the carbon quasielastic scattering spectrum at thfsom the full momentum acceptance of SPES1 and for its full an-
momentum transfer of 500 Me¥/ gular acceptance target and scattering angle were added to improve

the statistical accuracy. The curves show fits with the form of Eq.

The relative intensity of the beam for each target was1). Similar data for each 5 MeV bin i and each 1° bin i,
monitored by plastic scintillator telescopes viewing the beamwere fit to determine the coefficients used in Eq(2) across the
spot. MonitorM was in they-z scattering plane, 60° above full range of missing energies.
the x-z scattering plane, and insensitive to the vector polar-
ization of the beam. MonitoN was in thex-z scattering mined from the azimuthal distribution of events in POMME.
plane, at 45° from the beam direction. The counts the moniA sample distribution at 500 Me¥/is shown in Fig. 3. We
tors observed depended on the beam polarization, the targétthese¢ distributions for each POMME scattering angle
thickness, and the target analyzing power for the productby the form
each monitor observes. No Faraday cup was available for
absolute beam intensity determinations. N(6.,¢p.)=ag+acosp.+a,cosp.+b,sing.

Vector polarizationsP,, of the outgoing deuterons were bosi
determined with the polarimeter POMME attached to the +0osin2¢., @)
rear of SPES120]. With scattering in the horizontal plane, a
horizontal bend, and horizontal dispersion, SPES1 does n
precess the normal component of the deuteron spin measur
by POMME. The figure of merit for this polarimeter is large
for deuterons corresponding to quasielastic scattering at
=345 and 500 MeW for the 600 MeV incident beam en-
ergy, and its vector analyzing pow&f 1, is known [20].
Two thicknesses of the carbon and iron absorbers in the p
larimeter were used to maintain a high figure of merit as th
spectra included a wide range of scattered deuteron energi
About 90% of the deuterons scatter by less than 5° in th
carbon second scattering planes of POMME, and these carry
little polarization information. A fast on-line software system P, = i a,(6c) @)
in this experiment rejected events that scattered in POMME y \/§ iT1(6e)°
by less than about 2°.

During data analysis the checks and tests described iR, is independent of; but is determined by a series of
[12,13 were satisfactorily carried out in a series of replays.analyses ing, from 2.5° to 10°. A weighted average of
A typical missing mass histogram is shown in Fig. 2, for thepolarizations was formed for each beam state during a run,
events observed in scattering from the Ctarget at 17.3°, and these averages were combined for runs at the same mo-
using the two-state beam. The sharp peak is from the frementum setting for each target to form the final result. The
protons in the sample, and the broad continuum arises fromncertainties in the fitted coefficierds and in the published
the quasielastic scattering from carbon, uncorrected for thealues ofiT,; were used to determine the final uncertainty in
acceptance of the spectrometer. The observed width of By,_
MeV for the proton peak is dominated by incomplete com-

here the coeffieients will depend upép. The coefficients
4 and b, were small, relative ta,, a;, anda,, for all
values ofé, beyond the 2.5° software cut.

The analyzing poweA, of POMME depends upon the
deuteron momentum, and has been made available as the
coefficientiTq1(6.) [20]. The deuteron momentum at the
yoint of the analyzing scattering event was estimated to be
hat at the middle of the carbon scattering plane where the
e%cattering occurred. The polarization of the scattered deu-
ée'ron is then determined from

pensation of kinematic effects in the energy-loss spectrom- Ill. DATA ANALYSIS
eter SPES1, and may also be taken to be the resolution of our
guasifree spectra. It may not be safe to assume that each synchrotron spill

Vector polarizations for scattered deuterons were deterearried exactly the same number of polarized deuterons, and
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we must know how many beam particles were in each stat ———— —— —
in order to determine analyzing powers. We used a numeri
cal fitting procedure to estimate the analyzing power for eacl
target at each of the monitor angles to determine the corres
beam fractions for each run. An attempt to determine thes 5 -
by algebraic methods encountered dangerously unstable u Cr 522 ] -
certainties due to the differences of very large numbers. ST %

Predicted numbers of counts in monitdw and N for &
each beam state are given by
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ing of 600 MeV four-state deuteron beams are shown for all targets
3 N1 N at a momentum transfer of 345 Ma)//For reference, note the free
Ng=fs(1—-SP A, +5P, A, (I TKNT), 3 ’
5= Ts(13PyAy yyAyy) (Fono/K) ©® proton datum at»=62 MeV andA,=0.236(0.008 and the curve

3 N1 N taken from 300 MeV isoscalar nucleon-nucleon scattering.
N6:f6(1+243yAy+243yyA (lo-NO/KNT)’

Yy
5 vl \ tical uncertainties 085, . Overlapping regions of the missing
N7=f2(1=3PyA; =3Py Ap) (lono /Kyr), mass spectra were suitably averaged. Missing mass distribu-
tions of spin observables faf and D were determined by
N8=f8(1+§PyA>’)'+%PyyA§‘y)(l ono/KnT)s appropriate subtractions using the carbon target.
whereK denotes a combination of monitor solid angle and IV. RESULTS

target thickness contribution$,, is the fractional beam in- ) ]
tensity in each statey andAM are the analyzing powers of __Vector analyzing powera, for all targets are shown in
each target at the monitor angles, where cross sections aféd- 4, using the four-state beam, and in Fig. 5, using the
oo, andl is the beam intensity. From reasonable initial esti-two-state beam, at 345 Me¥/ The energy scale is the
mates for the terms on the right side of this equation, théaboratory_—frame energy loss of the scattered de_uterons_. Elas-
predicted numbers of counts were compared to the actudlc Scattering fromD would be atw=31 MeV, while elastic
valuesM, andN, . Nine unknowns were varied among eight Scattering peaks for C, Ca, and Pb would be»at5, 2, and
equations to achieve the best valueydf The sensitivity of 0 MeV, respectively. Scattering from free protons puts a
the result to the parameters around ffeminimum yielded single point atw=62 MeV on this scale. These two indepen-

a stable uncertainty for each determination. This stability

may be traced to the small values of the target analyzing L ]
powersAM andAN at the monitor angles. The beam fractions 0s |- o

in each spin state were very near the simplest expectation o i 6 Ca
1/2 in each of states 2 and 3 and 1/4 in each of states 5, 6, 7 o Pb 1
and 8. 04 7 g XI 7]

This procedure was carried out for each run for each 5 i ”’m%?@//
MeV wide bin in deuteron missing energy, using the average .. oz L L %%‘?% ]
beam intensities in each state for each run. Analyzing powers™ Tt - “} “o %ﬁ%%% ]
for the two-state beam were determined by [ gesteipeeetg %%f?fgg ]
A 2 1,853—13S; @ o B
V3P, £S5+ 155, : ]
o A E S R R
and for the four-state beam by %o 50 100 150
o (MeV)
2 [f5—Sglfg+S;/f;—Sg/f
y=25" Ss/fs= Se/tet /M7= 5 8, (5) FIG. 5. Vector analyzing powers, determined for the scatter-
3Py Ss/fs+Se/fe+S/T7+Se/fs ing of 600 MeV two-state deuteron beams are shown for all targets

at a momentum transfer of 345 Ma¥//For reference, note the free
A :i Ss/fs+Ss/fe—S;/f;—Sglfg 6) proton datum atw=62 MeV andA,=0.229(0.03) and the curve
YW Pyy Sslfs+SslfetS;/f7+ Sl g’ taken from 300 MeV isoscalar nucleon-nucleon scattering. The sta-
tistical accuracy of these data is better than those shown in Fig. 4
using the beam fractiorfs, and the good spectrometer eventsbecause of the higher vector polarization and the longer running
S, for each state. Uncertainties arise largely from the statisperiods used for the two-state beam.
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FIG. 6. Tensor analyzing powe#s,, determined for the scat- FIG. 8. Vector spin transfer coefficierl’@' for the scattering of

tering of 600 MeV four-state deuteron beams are shown for alf00 MeV vector polarized deuterons from all targets at a momen-
targets at a momentum transfer of 345 MeVFor reference, note tum transfer of 345 Me\W are shown. For reference, note the da-
the datum for free protons at=62 MeV andA,=—0.069(0.06 tum for free protons atv=62 MeV andK§’zO.35 (0.0) and the
and the curve from free isoscalar scattering. curve from free isoscalar scattering.

dent determinations oA, agree well, except possibly at the beam state 2 and the lower from beam state 3. Since the
largest energy transfers. One more spectrometer setting wastial beam polarizations were about 61%, these scattered
taken with the four-state beam than with the two-state beanpolarizations show that the reaction depolarized the beam,
Reducedy? values for the agreement between the two-stat@nd not symmetrically.

and four-state measurements&,fare 1.3 for deuterium, 2.3 Sp|n transfer CoefﬁcientK¥’ were Computed from

for carbon, 2.0 for calcium, and 0.8 for lead, neglecting sys-
tematic uncertainties.

It is remarkable to note how closely the data from all kY’
targets are in agreement across the quasifree peak, which Y
would have a parabolic shape centered near 62 MeV and @)
with a full width of 147 MeV for a gas of nucleons with
Fermi momentum 200 Me¥/ The data shown at 345 and are plotted in Fig. 8. The curves shown for these spin
MeV/c span this entire range. observables are for scattering 300 MeV nucleons from free

Tensor analyzing powers,, for all targets atq=345 nucleons, in the isoscalar channel only, at the angles used to
MeV/c are shown in Fig. 6 and the polarizatiof, of maintain the fixed momentum transfer. These observables
deuterons scattered from all targets are shown in Fig. 7 avere calculated from a phase shift analysis of free nucleon-
this momentum transfer. The upper band is obtained fronfiucleon scatterinf21], and are near the observed 600 MeV

deuteron data for free protons in our GHarget at 345

L MeV/c.

[ ] At q=500 MeVk, vector analyzing power8, are plot-
ted for all targets in Fig. 9 using the four-state beam, and in
Fig. 10 using the two-state beam. The redugédor agree-

. | ment between the data from the two beam states are 3.6, 1.5,
%%g%%%%g%%%%%mﬂ@%mﬂ 1 and 1.4 for C, Ca, and Pb, respectively. Scattering from free
00 — ] protons yields a single datum at=132 MeV, and a Fermi

i 1 gas parabola of quasifree scattering would extend from 30 to
230 MeV of energy loss. These data are in agreement for the
two beam states for each target nucleus, although two more
spectrometer settings were used to gain the wider coverage
| seen with the four-state beam. We note a steady upward
I progression of this observable as the target mass increases.
0 50 100 150 The tensor analyzing powe#,, at =500 MeVkt are

w (MeV) shown in Fig. 11. The datum for free protons at 132 MeV
and the narrow distribution of counts for the deuterium target

FIG. 7. Vector polanzahoq?w measured for the scattering are notable above the uniform trend seen for the other tar-
from all targets of vector polarized 600 MeV deuterons at momen-

tum transfers of 345 Me\/ The upper band is for beam state 2 and gets. Polarization®,, for scattered deuterons are shown at

the lower band is for beam state 3, each with about 61% bear#oo MeYb in Fig. 12 and the vector spin transfer coeffi-
polarization. Proton data are at=62 MeV andP,, =0.280(0.004 cientsK§ are shown in Fig. 13. These observables vary little
and —0.386(0.009. from target to target. Elastic scattering peaks for D, C, Ca,

1
=35, [Py (D(LH3PA) ~ Py (3)(1=3PA)]
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the scattering of 600 MeV four-state beam at a momentum tranSfeﬁansfer of 500 MeW. For reference, note the datum for free pro-

of 500 MeVck. For reference, note the datum for free protons ations ate =132 MeV andA,,=0.69(0.03 and the curve from free
0=132 MeV andA,=—0.208 (0.004 and the curve from free

! ) isoscalar scattering.
isoscalar scattering.

and Pb would be found ai=62, 11, 3, and 1 MeV, respec- 1his spin transfer signature has been measured to be 0.38
tively, for these spectra a=500 MeVEk, using our scale of (0.03 _[13]_ar11d 0.44(0.03 [22] for the 0+-_>1+ 12.7 MeV
energy loss to the projectile. transition in C at =92 MeV/c. This signature has been

In contrast to the case at 345 Ma&Vfthe curves shown Shown to be effective in the selection AfS=1 transitions
for the free spin observabl¢21] at 500 MeVEt are not near and to b? near zero for nonspin trar_15|t|_c[rla]. Values of
the proton data from our Chitarget. By this higher momen- this quasifree observable are shown in Fig. 14 at 345 MeV/
tum transfer th state of the deuteron projectile has a large@nd in Fig. 15 at 500 Me\¢l Results for all complex targets
influence not included in the estimate made through that sim@'€ @ bit above the proton datum at 345 MeVut nearly
plest approximation. atop the proton datum at 500 Med/The validity of thisS;

Signatures for spin transfer have been derived by SuzukP determine “spin flip” has only been demonstrated at
and by Morlet. The combinatiosg,’ was shown by Morlet angles below_ 10913], whereas the data we treat are from
[12] to be the probability of transferring one unit of the y larger scattering angles: These data also exceed the values of
component of the deuteron total spin, computed by Sy computed from free isoscal&-N observables.

The signaturer; is defined by Suzuki9] to be

s 2 2 oK) (8)
=—+2A,—2K) .
3 3 vy y Y/
0'1=2+2Ayy—3Ky , (9
06 T
L x H
X o 1.0 |
04 — o C — x H
I O Ca X D
. o Pb 50
C b [ e
02 = m;imm§§ — 05 [ o b —
[ . ;ﬁmm TR 5 ]
C i ]
e S TR T
= L Miak e 1 . 00 |- —
-0z - = ] A
-0.4 — ® A: —0.5 t— |
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w (MeV) 1% 100 150 200
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FIG. 10. Vector analyzing powers, are shown for all targets

for the scattering of 600 MeV two-state beam at a momentum trans- FIG. 12. Vector polarization®,, measured by POMME are

fer of 500 MeVE. For reference, note the datum for free protons atshown for all targets for the scattering of 600 MeV vector polarized
0=132 MeV andA,=—0.153(0.03 and the curve from free iso- deuterons at a momentum transfer of 500 MeWhe upper band is
scalar scattering. The statistical accuracy of these data is better théor beam state 2 and the lower band is for beam state 3; each state
seen in Fig. 9 because of the higher vector polarization and longdrad a vector beam polarization near 61%. Proton data awe at
running time with the two-state beam. =132 MeV andP,,=0.294(0.0079 and —0.234(0.008.
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FIG. 15. Spin signaturesf, are shown for all targets at a mo-
mentum transfer of 500 Me¥/ For reference, note the datum for
al!ree protons atw=132 MeV andSﬂzl.Zl (0.03 and the curve
from free isoscalar scattering.

FIG. 13. Vector spin transfer coeﬁicieﬁ@' are shown for all
targets for the scattering of 600 MeV vector polarized deuterons
a momentum transfer of 500 Me&//For reference, note the datum
for free protons aw=132 MeV andK§'=O.293 (0.010 and the

curve from free isoscalar scattering. sets of calculations. The lightest single mesons that could be
xchanged to carry the relevant quantum numbers would be
he o (nonspin, 7 (spin longitudinal, and w (spin trans-
versg. Because they, in particular, is known to have only
r’lfairly weak couplings to nucleong23], these calculations
have not been restricted to single-meson exchange contribu-
tions. It has been shown, for instance, that the exchange por-
. N tion of the tensor interaction brought about by pion exchange
Quasifree data for, are shown at 345 Me¥/in Fig. 16 and o haye strong correlating effects in isoscalar charjadls
at 500 MeVE in Fig. 17. Similar to the observab@, this 28] These quench the isoscalar longitudinal quasielastic spin
signature shows all complex target data to be slightly abovgegponse relative to the free and enhance the transverse
the proton datum at 345 Me¥/and all targets are very simi- [25,26. These behaviors are just opposite to the features
lar at 500 MeVE. The 500 MeV¢ data are near the values expected in the isovector channels. Both spin responses are

and represents the probability to transfer one unit of tota
spin magnitude to the projectiler; is not zero for aAS
=0 transition. This signature may be thought of as the “spi
flip” probability, although it often exceeds unity in our data.
For the 12.7 MeV 0 —1" transition in *2C this signature
o, is 0.58(0.06 at 92 MeVk, from the data in Ref{22].

computed for free isoscal®N-N scattering. . _ harder than the uncorrelated case, with quasielastic peaks at
These S|gnatures_are discussed in more Qetall, mcludmg\rger energy losses than found for free scattering. Ground
the role of tensor spin transfer observables, in R2Z]. state correlations contribute strongly to this harderji2@].
The binding energy of the struck nucleon does not influence
V. DISCUSSION the energy loss of the scattered projectilg29].

All of these calculations have been carried out at the den-

The isoscalar correlations in complex nuclei brought . . . . :
fies of complete nuclei. Our deuteron scattering probe is

about by nuclear inteactions have been considered in seve
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FIG. 14. Spin signatures‘j are shown for all targets at a mo- FIG. 16. Spin signatures; are shown for all targets at a mo-

mentum transfer of 345 Me¥/ For reference, note the datum for mentum transfer of 345 Me¥!/ For reference, note the datum for
free protons atv=62 MeV andS‘y’=0.58(0.05 and the curve from free protons atv=62 MeV ando;=0.80(0.14 and the curve from
free isoscalar scattering. free isoscalar scattering.
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A T T ] =-0.280(0.009 and—0.153(0.03 at ®=132 MeV. There
1 is an upward slope towards lower energy losses, and this is
stronger for the heavier targets.

Tensor analyzing power,,) data shown in Fig. 6 at 345
MeV/c and in Fig. 11 at 500 Me\¢/show no strong depen-

1 dence uporw for the complex targets at either momentum
— transfer. At 345 MeW all data are very near the free proton
point atA,,=—0.069(0.06. At 500 MeVLk, the deuterium
1 data are quite near the datum for free proton&\gt=0.69
(0.03, but all other targets show consistently lower values.
Coherent nuclear states excited by 400 MeV deuterons scat-
1 tering at lower momentum transfers show valuesApfand
L . [ B Ayy that are positive for states of natural parity and very
50 100 150 =00 small for states of unnatural parity that require spin transfer
[ (MeV) [16]

FIG. 17. Spin signatures; are shown for all targets at a mo-  Scattered deuteron polarizatioRg show no dependence
mentum transfer of 500 MeX!/ For reference, note the datum for Upon the target or the energy transéem the spectra of Fig.
free protons aw=132 MeV ando;=2.53 (0.07 and the curve 7 at 345 MeV¢ or Fig. 12 at 500 MeW. Within the larger
from free isoscalar scattering. uncertainties, this is also true of the vector spin transfer prob-

abilities K{, seen in Fig. 8 at 345 Me¥/or in Fig. 13 at
very strongly absorbed by nuclei, and the surviving quasi500 MeVk.
elastic events come only from surface scattering. We have Spin transfer probabilities at 345 Metk/,/eithers‘y’ in Fig.
used the known deuteron-nucleon total cross section of 894 or ¢, in Fig. 16, show a dip for all complex targets just at
mb[30] and the Glauber approximation to estimate the numipe free scattering value ab=62 MeV, with a width of
ber of nucleon® .« sgnsec_i by the quasielastic reaction,_USingabout 20 MeV. This dip brings these observables closer to
the methods described in ReB1]. The resultingAey is the free proton scattering data than is seen elsewhere in the

; - 0.30 :
given by Aer=0.74 A" For Pb, we are scattering only continuum spectra. The full width at half maximum for scat-
from fewer than four nucleons, corresponding to those nucle;

ons found outwards from where the density is only 4% of th fering from.a Fermi gas witk =200 MeVk would be 104
: L eV at this momentum transfer, much broader than the
central density. For Ca and C, we sense densities only out-

wards from 6 and 14 % of the central values, respectivelnytru‘I:ture ngted n t_h% dataa Both Ssp(')g agrr;?lt:qreslsare jtruc-
Correlations at these low densities might very well belUrél€ss and target-independent at g. 1>an

weaker than those at full density. Fig. 17, and only a bit below the free proton datum. The
Another view of the effects of transverse isoscalar interarrow deuteron peak is, however, actually somewhat above

actions is found in the systematic quenching of stretchedhe free proton result. These free and quasifree spin signa-
magnetic excitations noted by high resolution pion inelastidures are far greater than the values of 0.4 fpa8d 0.58 for
scattering[32]. These studies are carried out at momentumo; for the coherent spin excitation of the 12.7 MeV state in
transfers near 345 Me¥/ with the two pion charge states 2C at 92 MeVt [13,27.
giving accurate decompositions of isoscalar and isovector One of the greatest expected differences that could be
amplitudes. The spin zero of the pion projectile precludesexpected for the range of targets studied would be the role of
coupling to spin longitudinal modes. These pion scatteringlistortions due to the very strong influence of the nucleus
data find that the summed isoscalar magnetic strength igpon the deuterons. These distortions would be less depen-
much less than the isovector strength for these simpléent upon the energy lossfor a given target. What we see,
nuclear states, and much less than is computed even in larg@wever, is only a minor target dependence for only one
basis shell model calculations. For this reason, and becausservable A,), but a more persistent trend across the en-
of what has been learned from basic theory, we anticipatergy loss spectrum. Since the deuterons scattered at each
quite different trends in our isoscalar scattering than thosangle with the proper energy are those corresponding to
seen in the |p,n) experiments. single quasielastic scattering, it is not suprising that there is

We will first use the isoscalar data for our range of targetdittle target dependence of the distortions, since those distor-
to track changes in each spin observable. Vector analyzingions primarily determine only the rarity of the single scat-
powersA, at 345 MeVt in Figs. 4 and 5 are near the free tering events seen. The small fraction of the deuteron-
scattering values of 0.23@®.008 and 0.229(0.03) at @  nucleon total cross section that occurs elastically makes it
=62 MeV at the centers of the quasielastic peaks for D, Phunlikely that an outgoing deuteron has participated in more
and Ca. Relative to free scattering this spin observable ithan one elastic event within the nucleus.
enhanced at lower excitations in the largest nuclei, in what Our data for these spin observables do not permit inver-
appears to be a systematic fashion. Data for carbon are flaion to determine the isoscalar spin responses, which are the
across the entire spectrum. quantities computed in such efforts as those of Rig#4—

This tendency is maintained at 500 MeY/as seen in 28]. If, however, theory provides a full set of the three iso-
Figs. 9 and 10A, data for all targets are more strongly scalar responses, the Appendix shows how these might be
positive for all targets than are the data for protonsAgf  used in the plane-wave impulse approximation to compute

o0 ¢ XX
QoI

o N
|

04
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TABLE Il. Deuteron-nucleon form factors from E@GA9) and isoscalar nucleon-nucleon amplitudes are
given in this table. These are generated at exactly the angles needed for free scattering. Deuteron form factors
are from the average of five theoretical results described in the text, with an uncertainty given by their scatter.
Complex nucleon-nucleon amplitudes in fm are from @5 solution ofsaiD for isoscalamN-N scattering
at 300 MeV|[21].

q (MeVic) dc 9q Os 9L
345 0.3188.0075 —0.04590.0018 0.27730.0102 —0.02930.0016
500 0.1528.0060 —0.04930.0033 0.12930.0096 —0.03250.0029
Ao Bo Co Eo Fo
345 (0.2001,0.469 (—0.3478,0.00140 (0.0479,0.3276 (0.3823,0.254D (—0.2131,0.226p
500 (0.0738,0.388B (0.05995,0.000901 (0.0608,0.411F (0.1522;-0.00798 (—0.4044,0.1856
spin observables to be compared directly to our data, which B=Cy0,
are available as AIP document 0338&3].
Y= COgcv
APPENDIX
. . : : 0=BoJF,
Suzuki has derived factorized relations between the deu-
teron spin observables and the isoscalar responses computed e=Eq0e, (A8)
in nuclear structure calculations, using the plane wave im-
pulse approximation. Referenf@] used only ars-state deu- {=Fo0r,
teron, but the effects of the state are included in Ref10].
The relations are 7=3Ao00,
|0:(3a2+2,82+ 772_3Q02)2(2)+28225 )\,M,V,§:0,
+ (392 +28%+ k2—3y2+20%)32, (A1)
K:3C09Q,
_ _ 2 _ 2
loAy=2Rd (2a—¢)B* |25+ 2R (27— ) 5" ]% (A2 in terms of the isoscalar parts of tié-N t matrix given
(A2) below, using the impulse approximation and the four deu-
|oAyy=[2[32+ 72— 6¢°— 6Re ap*)|S2— 252 teron form factors
2
+[28°+4*— P~ 647~ 6Relyy™) 121, gc<q>=8wf Jo(ar/2[u(r)+8wA(r)]dr,
(A3)
10KY =[2a?+ 2%~ 7>+ 50>~ 2Re a¢*) ]33 9o(q)= —87Tf ja(ari2)[u(r)w(r)—w*(r)]dr,
(A9)
+[29%+28%— K>+ 542 — 2R yyp*) 132,
(Ad) 9s(q) =87 f jo(ar/2)[u?(r)—4w?(r)]dr,
with ¢=(#n+¢{)/3 and = (x+\)/3. Here,l, is the unpo-
larized cross section amdl,, A,,, and K{ are presented in gu(a)= —87Tf j2(ar/2)[u(r)w(r)+2w?(r)]dr,
this work. The isoscalar density, spin-longitudinal, and spin-
transverse nuclear responses are defined by with ge=9s+2g, andgr=gs—g, . Deuteron wave func-
) . tions from the Reid34] and Bonn[35] potentials were used
35=[(flle'9"|0)]? (A5)  to compute values of these form factors for our momentum
L transfers of 345 and 500 MeV, as given in Table Il. These
S2=|(f|o-qe'dr]0))? (A6)  were compared to the models of RE36,37, and found to
o be very similar at 345 and 500 MeX//
32=|(f|ox qe'd "||0)|%. (A7) Nucleon-nucleon scattering amplitudes were evaluated

using the phase shift parametrization of Arrettal. [21],
These are to be multiplied by the effective number ofchanging from channel isospins to isoscalar transfer terms as
nucleons sensed by the deuteron, given by our Glauber cal-

culation asNgz=0.74 A% The driving terms are the 600 1 3

. . . ag=-anpot 7 anp1- Al0
MeV deuteron-nucleon isoscaldrmatrix amplitudes ob- 07 4 “NPO T 4 ONPL (AL0)
tained from folding over the deuteron internal wave function ] ] ]
[10] Spin terms used in EqA8) given by Suzuki are related to

those used by Arndét al, who write the Wolfenstein spin
a=Aq0;, decomposition of thé\-N interaction as
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M=WA+WC(oj,+ gj,) + WMo, i, three measured quantitiés,, A, , andKzl , SO Nno solution
FWG(0 0+ 0100) A WH( 0010 — 0 1) is possible to determine the responses. Ratios of responses,
TipTip ™ TiqTiq TipTip~ TiqTja)- such asR =32/32 for comparison to the isovector result
(A11) [1,2], from our data do not give reasonable values, in con-
trast to the preliminary results shown for one case in Ref.
The relation between the terminologies of Arndt and Suzuk{17). It appears that the assumptions used for the factorized
is given byA=WA, B=WM, C=WC, E=WG—-WH, and  expressions in Eq§A1)—(A4) are not valid for the extrac-
F=WG+WH. The N-N interactions were obtained from tion of nuclear responses in the quasifree region.
SAID at a nucleon laboratory beam energy of 300 MeV to Could we have determined the responses if we had mea-
generate the interactions listed at the centers of our quasifreired the absolute scattering cross sectily?s Equations
peaks(12.17° for 345 MeW¢ and 17.44° for 500 Me\¢) in (A1)—(A4) define four planes in three-dimensional space for
Table II. At energy losses away from that for free scatteringthe three3,?. These intersect dt0=25=25=2$=0, and
these are better evaluated in the “optimal” reference frametherefore nowhere else. The validity of the plane wave im-
[38], as has been done to evaluate responses forgh® (  pulse approximation leading to these factorized equations
reaction[1]. must be strongly doubted.

With this equipage, computed isoscalar spin respobges In spite of questions about the means to connect com-
may be used to generate deuteron spin observables for corputed nuclear isoscalar spin responses with our data, we can
parison to our data. The four equatiofsl)—(A4) contain  anticipate the application of more sophisticated means to test
four unknowns [y, 2o, 3., andX¢), and we have only those responses against our data.
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