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Quasielastic scattering cross sections have been measured with a 956 Me\WWeam on targets ofH,
8Li, C, Ca, Zr, and®®®Pb, over a range of three-momentum transfers from 350 through 650 dVIB¥sults for
carbon are compared to a finite-nucleus continuum random-phase approximation calculation including distor-
tions. The pion spectra at our lowest range of momentum transfers show less scalar/isoscalar correlation than
predicted.
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[. INTRODUCTION different channels. These studies demonstrated that pion
quasielastic scattering can be used to study nuclear responses
Quasielastic scattering is a process in which an incidenin the scalar-isoscalar and scalar-isovector channels. At large
particle elastically and incoherently interacts with only onemomentum transfers, however, the outgoing pions from
nucleon inside a nucleus, with all the other nucleons beinghose studies have such low energies as to be likely to inter-
spectators. At intermediate energies this process dominat@§t again to form the prominedt resonance. A higher pion
the nuclear response, showing two characteristic feature§€am energy is needed to avoid this complication and to

one is that the position of the peak corresponds to that of?@intain a long mean free path within the nuclear medium.
Ehe (K™,K™") quasielastic reaction at 705 Me¥/[6] was

elastic scattering by a free nucleon, and the other is that th X _

width of the peak reflects internal motion of individual meai%red at "ilhet_AItelrnLatlbng (?rad|etn;[(_8yncgrot¢,?@8) a]E h

nucleons in the target nucleus. Nuclear correlations can bgroo aﬁrven ational Laboratory, taking advantage of the
mall K™N cross sections to give a long mean free path

tSr:Zd;iis\l;léﬁgstt?éss?rgoncgﬂsfls]’ gﬁgﬁ;g&?%gﬁeﬂfg'gﬁ g(l)gc_owithin nuclei to reach high densities of nucleons. Theoretical
trons has been extensiyely studied using their short wavq%ﬁ!%’_ lr?ﬂglgiscot]gr?tri?\ﬂutr% thre;nedgrit_%hvggge F;%;?;Tﬁjatligna
lengths, deep penetration, and well-known couplings qrpa) framework[7]. The calculation described the experi-
nucleons. However, the coupling of electrons to nucleons igyenta) results well and provided a constraint on the strength
almost entirely electromagnetic, and hadronic probes argf the effective particle-hole interaction in the scalar-
needed to explore the full set of spin and isospin couplingsisoscalar channel. The model used in that calculation is also
A recent example is the study of isovector spin-transversgpplied below to the present data.
and spin-longitudinal quasielastic scattering with the polar- The present experiment is a study of quasielastic
ized (p,n) reaction[2,3]. 7 -nucleus scattering at 950 Met//principally to investi-
Mesonic probes can be used to study other couplings thagate the nuclear response using a scalar-isoscalar dominant
reached by lepton and baryon beams. Quasielastic nonchargeobe. An advantage of the present experiment at
exchange(NCX) scattering by pion antk™ beams occurs 950 MeV/c compared to the previous one at 624 Me\i$
largely through scalar-isoscalar couplings, while pion singlethe greater predominance of the scalar-isoscalar channel. The
charge exchangéSCX) acts through an isovector, largely momentum transfer dependence of the spin/isospin content
scalar, coupling. Both #,7') (NCX) [4] and (7=, 7°) of pion-nucleon scgttering cr_oss_section at the beam momen-
(SCX) [5] reactions were measured using pions oftum of 950 MeVE is shown in Fig. 1. Ther "N cross sec-
624 MeV/c at LAMPF. The quasielastic peak positions for tions in the four allowed spin/isospin channels are taken
the (m*,7°) reaction showed shifts toward higher energyTom theé SM95 solution teAID [8], assuming charge sym-
loss than for free = p scattering below aboutq metry. The fraction of the scalar-isoscalar channel is more

— 400 MeV/c, while no shifts were observed for ther (') than 55% and up to 75% over a momentum transfer range

reaction. This difference was tentatively explained as arisind™®™ 390 t0 550 MeV¢, which our spectra will emphasize.
from the difference in effective particle-hole interactions for Il EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the 12 GeV proton syn-
*Electronic address: fuji@lambda.phys.tohoku.ac.jp chrotron of the High Energy Accelerator Research Organiza-
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FIG. 1. Theq dependence of the spin/isospin content of the

pion-nucleon scattering cross section at a beam momentum of FIG. 2. Kinematics of the present experiment. The thin solid line
950 MeV/c. The present experiment covers the range from 350shows the region where measurements were madeqTied loci
through 650 MeVE. As elsewhere in this worlg is measured in  are shown in the dashed lines. The thick solid line shows kinematics

the laboratory frame. of a quasielastic peak and the dotted lines show full width of a
quasielastic peak calculated with a Fermi-gas mod&fl (
=221 MeVic).

tion (KEK) [9]. A negative-pion beam was delivered to the
target by the K6 beam line, which was equipped with a DC
separator. The beam momentum was analyzed by a beam line Natural isotopic targets of CH (3.5 g/cnf), C
spectrometer, which comprises a QQDQQ magnet systen(4.6 g/cnt), Ca (3.1 g/cri), and Zr (3.4 g/crf) and highly
three arrays of scintillator hodoscopes, and four sets of drifisotopically ~enriched targets of 28, (1.4 glcnt),
chambers capable of tracking high-rate beam particles. TheLi?H (2.0 g/cnt), and 2°%Pb (4.6 g/cri) were irradiated in
momentum spread of the beam wasl.2%. The typical the present experiment. The size of the targets was 4.6 cm
beam intensity at the experimental target wasx110°  wide and 4.1 cm high for the lead target and 10 cm wide and
particles/spill, where the beam duration was 1.8 s and th&0 cm high for the other targets, more than 3 times as large
spill repetition cycle was 4 s. The beam sizms) was typi- as the beam size. The targets were chosen to studythe
cally 6.3 mm horizontal and 13.0 mm vertical. dependence of the quasielastic scattering over a wide range
Scattered pions were analyzed with the Superconductingf nuclear sizes. The deuteron target was used to ensure that
Kaon Spectromete(SKS) [9]. It consists of a 11 MJ super- we correctly account for scattering on both neutrons and pro-
conducting dipole magnet, four sets of drift chambers, array$ons.
of time-of-flight (TOF) scintillators, Aerogel @renkov Free =~ p scattering cross sections were measured with
counters, and Lucite €enkov counters. The SKS was posi- the CH, and C targets at several beam momenta. The differ-
tioned at a fixed laboratory scattering angle of 30°. Since thential cross sections were derived using an SKS acceptance
SKS has a large solid angle of 100 msr, it could cover arfunction determined by a Monte Carlo simulation, in which
angular range oft15°. The momentum acceptance of the measured field maps, geometry and efficiencies of detectors,
spectrometer was 20%. Four magnetic field setting860, and the beam profile measured during the experiment were
780, 720, and 630 Me\/ central momentumwere used to used. Figure 3 shows an example of the mapped acceptance
cover the entire guasielastic region, allowing good overlagnd the loci of elastic proton events at several beam mo-
regions. The present setup covers momentum transfers fromenta. These cross sections were compared to those from
350 to 650 MeV¢ and energy loss up to 350 MeV, as shown SAID [8] as shown in Fig. 4 and normalized to th&D cross
in Fig. 2. sections. The normalization factor was 1.05. The overall ac-
A veto plastic scintillato24 cm wide was placed along curacy of this normalization was 5% for the quasielastic re-
the beam direction 40 cm downstream from the scatteringion, as determined by the comparison between the shapes of
targets, subtending:-17°. This was used to reject the large the measured and th®aID cross sections. In addition, the
background from the pion beam not interacting with the scatelastic scattering cross sections for carbon at 900 Mevé
tering target but directly hitting a detector frame down-in agreement with those of Takahagdtial. at 895 MeVE
stream. The veto counter cut into the most forward event§l10] within 15%. The systematic error of the cross sections
accepted by the SKS, so only pion scattering angles beyondas estimated to be 11%, determined by the above agree-
20° were analyzed. Comparing continuum spectra with anagnent withsaib, the accuracy with which overlapping spectra
without the veto at the same low beam rate, the differencegreed(never worse thair %), and the éécts of the veto
was less than 3% across the quasielastic region. We comounter. We include no uncertainty for the p cross sec-
clude that use of this veto system did not affect the shape dions of SAID, since any theoretical comparisons to our data
magnitude of our quasielastic spectra beyond 20°. are likely to use these same cross sections.
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angular resolution of 0.8°, to get enough statistical accuracy
events at a range of angles and outgoing energies.

Doubly differential cross sections féH, °Li, C, Ca, Zr,
and 2%%Pb are presented as a function of energy loder a
given momentum transfer bin, whete was defined as the
difference between the initial and final laboratory kinetic en-
ergies of the scattered pions. Deuteron spectra were extracted
by subtracting the C spectra frontid, spectra after normal-
ization. The®Li spectra were similarly obtained frofLi?H
and deuteron spectra.

Ill. RESULTS
A. Doubly differential cross sections

Figure 5 shows the doubly differential cross sections for

FIG. 3. Effective solid angle of the SKS for the highest SKS ?H, C, and ?°%Pb at fixedq of 350, 500, and 650 Me\/.

field setting (860 MeW¢ central momentuiy covering most of the

The measured spectra clearly show the characteristic shape

quasielastic spectra as determined by ray tracing through the megs 5 quasielastic peak, centered near the energy loss corre-
sured field profile. The loci of elastic proton events at several bearng onding to that of freer N elastic scattering125 MeV at

momenta used for checks of the normalization are shown as dott

lines.

The energy resolution was 3.0 MeWull width at half

=500 MeV/c) and broadened due to the internal motion of
individual nucleons inside the nucleus. These features are
familiar from electron scattering continuum spectra, which,
however, require an awkward radiative unfolding procedure

maximum (FWHM)], as determined by the carbon elastic not required in the pion scattering.

peak. This is good enough for quasielastic scattering studies. The observed spectra were fitted by a sum of three com-
Events were collected into momentum transfer bins of fullponents: a quasielastic peak, a background, and additional
width 25 MeV/c or about 1.8°, which was wider than the Gaussian pedg) for elastic and inelastic scattering. For the
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FIG. 4. Differential cross sections for~ p elastic scattering

nuclei other than the deuteron, an asymmetric Gaussian with
exponential cutoff factoiC(w) was used to describe each
quasielastic peak as follows:

1 (,()_Cz 2 .
c.C(w)exg — = if w<c,,
. B 2\ c3
qe(w)_ 1 w—Cy 2 .
c1C(w)ex 3 G if w>c,,
1)
0 if w<wg,
Clw)= ]_—e)(F{—w;we') ifw>we|, (2
5

Wel= \/q2+ Mtzgt_ Migt, ()

wherewg, is the energy loss due to target recoil aigj; is a
target mass. This formalism was introduced by Estlhl.

[11]. The cutoff factor,C(w), describes the suppression due
to Pauli blocking. In addition, in the case of fitting calcium
spectra, an additional Gaussian was included to describe a
contribution from a small hydrogen contamination. The
width and central energy of the additional Gaussian were

measured with the highest SKS field setting. The open circles shofixed to those of ther ™ p scattering data.

the cross sections before normalization to #a cross sections.
The solid lines show the results sAID.

For the deuteron spectra, a shifted Lorentzian distribution
was used to describe each quasielastic peak:
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(0 sections, which include a small correction from an oxygen
T contaminant, assuming from the observed H peak some con-
W= Wels taminant of Ca(OH).
fod @) =1 1 1 The model uncertainty of the fits due to the “background”
Cof 21 o, (oo o2t assumption was estimated by also ascribing the “back-
(0= we=Cz)"+C3  (@—wetC2)"+Cg ground” only to A production. A Breit-Wigner peak at the
L T 0> energy loss corresponding o production was assumed and

(4)  folded with the quasielastic peak shape in the fitting. For the
carbon data afj=500 MeV/c, this procedure gives changes
The original form(without w,;) was introduced by Esbensen of +15% to the quasielastic cross sectionf% to the
and BertscH12] to parametrize a free response of a semi-width, and+2 MeV to the centroid. These changes can be
infinite slab model. taken to represent a systematic uncertainty in the effects of
There will also be contributions to the strength under thethe continuous background under the quasielastic peak. At
guasielastic peak from nonquasielastic processes: multipldne largestq of 650 MeVic, these changes increase to
scattering[7], two-particle—two-hole (B-2h) excitations +40%, +10%, and+5 MeV, respectively. Error bars from
[13], and pion productiori14], for example. In the present Figs. 6 to 9 include all the systematic errors.
analysis, these contributions were subtracted as “back-
ground,” assuming the shape as a linear functiorwof B. Quasielastic cross sections

Figure 6 shows the extracted quasielastic cross sections
_ (5) for = -nucleus scattering as a function of momentum trans-
Colw—wg) I 0>wg. fer. The solid lines show fitted results to a noninteracting
Fermi-gas model,

Each of the spectra in Fig. 5 shows examples of the fit-
ting. The spectra were well fitted by the present fitting func- d_U:A B(qg,k )(d_‘f) (6)
tions. Then, cross sections and the centroids and widths of do TR da)
the quasielastic peaks were deduced. The quasielastic cross
sections for calcium were deduced from the extracted croswith a parameteA . B(q,kg) is the Pauli blocking factor

if w<wg,
fbg(w): °
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TABLE |. Extracted values for the effective nucleon numbers
A, Fermi moment&:, and peak shifts relative to free scattering
Awq (at g=500 MeV/c). Ags and kg were obtained from fits to
cross sections and widths at glk.

102}

Target A Aot ke Awy(q=500 MeVrc)

(MeV/c) (MeV)
o ZH 20 1.76°9% 534711 25+25
s Li 6.0 2779015 146.6°2; 3.3+3.0
g C 120 3.57° 5% 183.437 11.7+2.7
= Ca 40.1 6.75°330 198.7°89 7.5+2.7
% Zr 91.2 9.21°%3] 214.3 133 4.6+3.2
_8 20%pp  208.0 11.70°37% 1925343 1.6+3.0

a is 0.42+0.01, smaller than the exponent of 0:56.03
found for #— NCX scattering at 624 Me\/ [4]. The expo-
nenta<1 indicates a shadowing of nucleons in the nucleus
by neighboring nucleons. For electron scatteriagis near
unity because of the weakness of electron-nucleon interac-
T | T tion. The present value of 0.42 indicates that pions are
300 400 500 600 700300 400 500 600 700 largely absorbed at the nuclear surface and thus scattered
Momentum transfer (MeV/c) only from the surface region of.a nucleus. _ .
The value ofA.; can be estimated by using an eikonal
FIG. 6. Integrated quasielastic cross sectionsfdy 6Li, C, Ca,  approximation based on Glauber the¢hg]:
Zr, and 2°%Pb as a function of momentum transfer. The solid lines

show fits to the cross sections, using average free scattering cross calc_ 2 —o-T(b
sections and a scale factag;, and the dotted lines show the same Aeii = f d*b T(b)e ®, ®
fits without the Pauli blocking factor.
+
[15], andk is the Fermi momentum of the target nucleus. T(b)=f dzp(y/b?+7%), 9

The dotted lines show the fits without the Pauli blocking

factor. The factorA.s can be interpreted as the effective whereo(r) is the proton density taken from the around state
number of nucleons participating in the quasielastic scatter- p(r) P y 9

ing. Since effects of Pauli blocking are small for the mea_gh?rgeldlstnbutlogf Og Rtitlg]‘ The n(tarl:trtonf densny dt'ﬁm'
sured kinematical regioikg is fixed to the experimental val- tutl?n |_sNassume Ot' €the same;\s a o” prohltrnss e h
ues of the é,e’) data of Ref.[16] for this figure. Better otalr N Cross section, averaged over all nucleons In the

results will follow below. @o/d()) .y is the elementary nucleus using values for~p (53.77 mb and 7 n (23.75

7 N elastic scattering cross section at 950 MeMveraged mhb) sctﬂttermg I?t 9?(:hMe\ﬂ| [8]|' tThe Ql_phen (i|rcles ]!anég' 7
over all nucleons in the nucleus. We use the freeN cross oW € resulis of the calcuiation. The slope o e

sections, even for scattering within nuclei. A recent calculapencljlencti IS vtvhell reproc_juce?,lth%ugh tr:_e calc_IL_JrI]atg?ﬂare
tion of meson properties in nuclei suggests little change op Maler than fhe experimental observations. The farger ex-

the = mass and little change of @ meson mass that carries
the scalar-isoscalar interaction favored by our experiment A . =N.A® 208
[17]. It therefore seems appropriate to use free\ scatter- eff 0
ing amplitudes that were obtained with the phase shift code 10
SAID [8] in the present analysis. The present analysis repro-
duces they dependence alo/d() with the single parameter
A as shown in Fig. 6, showing the validity of the factor-
ization of the quasielastic cross sections as given in(&q.

- 0= 0.4240.01

Aeff

C. Effective number of nucleons

The fitted values o4 from Fig. 6 are listed in Table I.

Ay is expected to follow a power law of atomic ma&s 11 — ""1'0 — ""1'02

Aci™=NoA, ) Mass Number (A)

as shown in Fig. 7 and as is also known for other quasielastic FIG. 7. Fit of the effective number of nucleons to a power law.
meson scatterinf#,6,18. The best fit value for the exponent The open circles are the results of an eikonal calculation.
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perimentalA.s may be due to a change of the N total - 20 F 1F 208 -
cross section in the nuclear medium. It is noted that this 40k C_: E Pb_:
difference is present regardless of the assumed “back- bttt B b
ground” shape, since the systematic uncertainties from the (b)
alternative treatment of this subtraction are all positive. S S
40 | 3 3
D. Peak width o s ¢4
' 20F ., & 3 3
In the simple relativistic Fermi-gas model the width 0 _igg B2 O S T R E
(FWHM) of the quasielastic peak is determined by the Fermi ; i ? r % i ]
momentumkg of the struck nucleons: -20 :_C(SCX) 7 Z_Zr(SCX) l B
40 C aL -
M EETEE FRENE SNERE TR i (A ETEN FER RS RN T S

L 300 400 500 600 700300 400 500 600 700
FFG:E[\/'\/'*ZJF(QJr ke)? = VM*2+(q—kg)?], Momentum transfer (MeV/c)

(10) FIG. 9. Quasielastic peak shifts relative to scattering from hy-
drogen for(a) the present result, ar®) = (solid squaresand 7"

whereM* is the effective mass of the struck nucleon, here(CPeN SqUaresSCX at 624 MeVE [S].

taken to be the free mass of a nucleon. The Fermi momentum
for each target nucleus was thus derived using(E@.from  space scattering due to the interaction of the struck nucleon
the experimental widths obtained by fitting the quasielastiavith its mean field or with its neighbor nucleons. In Figa®
peak. For the present spectra the redugédzalues ranged we show the energy loss shift of the peak positions of the
from 0.4 to 1.7. These Fermi momenta are summarized iguasielastic scattering on the nuclear target relative to that of
Table | and shown as the solid circles in Fig. 8. They arenydrogen. The shift is positive for a quasielastic peak with
compared to results obtained froki" scattering[6] (the  greater energy loss relative to the free kinematics. In Fig.
open squargs The K™ penetrates more deeply into nuclei gip) we also show shifts for the quasielastic SCX of
where the nuclear density and thus local Fermi momentum igegative-pior(the solid squarésand positive-pior(the open
higher, resultirjg in a wider quasielastic peak. The Fermi_ MOsquares beams at 624 Me\d [5] for comparison with the
mentum previously extracted from the™-C quasielastic  yresent mostly scalar-isoscalar quasielastic scattering. These
scattering aP ;=624 MeV/c (the open circlgis very simi-  gre 10 be averaged to cancel the Coulomb effect. The striking
lar with the present observatidn]. Equation(10) was ap- gifference of theq dependence between mostly scalar-
plied to the deuteron data so that the data can be included {8yscalar and scalar-isovector probes can be explained from
the f|gur_e as a reference, although the Fermi-gas model is N@te interactions presented in RE20].
appropriate. In the previous {r,7') NCX experiment at 624 Me\¢/
[4] no significant peak shift was observed for momentum
transfers up to about 600 Me¥/However, those results are
The peak positions of the quasielastic scattering processot inconsistent with the present data due to large uncertain-
in a nuclear target would be shifted from that of the freeties of the previous data.

E. Peak position
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of pions by means of a Glauber-type calculation. The same
framework was successfully applied to other reactions with

strongly interacting beamsp(n) [22] and (K,K") [7]. FIG. 11. w~-'2C quasielastic cross sections compared with the

~ Figure 10 shows a comparison between a {tished-dot  gpa calculation. The open circles show the quasielastic portion of
lines) response and RPAdashed lines response in the  he experimental data. The solid lines show the RPA cross section
scalar-isoscalar channel far~-'°C quasielastic scattering. with all channels. The dashed lines show the RPA cross section only
As seen in the figure, there is little difference between thes@jth the scalar-isoscalar channel, and the dotted lines show the
calculations atq=650 MeV/c, but the nuclear scalar- contributions from non-scalar-isoscalar channels.

isoscalar interactions have an important effect at

350 MeVic. Figure 11 showsr™-**C quasielastic cross sec- RpA calculations in Ref7] to reproduce th&* quasielastic
tions compared with the RPA calculations. The open circlegjata. The present data would agree best with an RPA predic-

show the quasielastic portion of the experimental data; thgon with very small or no scalar-isoscalar nuclear interac-
linear background determined by the fitting described in Segijgn.

[l A has been subtracted from the experimental data. The

solid lines show th_e cross section with full mtera_ctlon, while IV. CONCLUSIONS

the dasheddotted lines represent the cross sections through

the scalar-isoscaldnon-scalar-isoscalpchannel. The RPA We have measured quasielastic and continuum scattering
responses shift toward higher energy loss with higher of 950 MeV/c =~ on nuclei ranging fronfH through2°%Pb.
which is consistent with the present data. The origin of theThe measurement was done with single fixed spectrometer
positive shift of the RPA responses depends rFor g angle taking advantage of the large solid angle of the SKS
=350 and 450 MeMW, the shift is due to & dependence of spectrometer, with which good angular and energy resolution
the scalar-isoscalar response. However, gat550 and were also realized. The overall normalization of the mea-
650 MeV/c it is due to an increasing contribution from non- sured spectra was confirmed by comparing the cross section
scalar-isoscalar responses. Theependence of the observed of =™ p elastic scattering with those of tfsaiD calculation.
peak shift on the carbon target is qualitatively reproduced by The present experiment offered high-quality quasielastic
the RPA calculation, except for the lowesbf 350 MeV/c.  spectra for laboratory three-momentum transfers from 350
At the largerq, the agreement between the RPA spectra anthrough 650 MeVE. Since radiative corrections are not
the experimental spectra would imply that interactions inneeded for pion beams in contrast to electron beams, these
scalar-isoscalar and the other channels are appropriateipectra are simple and clean even f8%b; those data are
taken into account in the calculation. At low-energy lossesvery similar in quality and shape to those for carbon.

for q=350 MeV/c, the interacting RPA overestimates the = We have summarized our observations by fitting the spec-
present data even though the interaction strength has be#ma above a background and obtained singly differential cross
already set to half of its expected value, as needed for similagections, and centroids and widths of the quasielastic peaks.

Energy loss o (MeV)
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The integrated cross sections follow a power lawAinas  model found a need to make those interactions weaker than
observed for other meson quasielastic reactions, and aexpected. The present higher-quality spectra show a fur-
nearly as predicted by a simple Glauber model. Peak widthther need to reduce collectivity than is provided by the RPA
were used to extract Fermi momenta, which approach satwalculation. At largerg, the other spin/isospin channels be-
ration as nuclear densities saturate for heavy targets. Owome as important as the scalar-isoscalar channel. The good
Fermi momenta are lower than those found Kof scatter- agreement with the present spectra would indicate that no
ing, as expected since pions interact at lower nuclear densielative change in those interactions is needed within the
ties. The energy shifts of the quasielastic maxima follow thecarbon nucleus.
general trend expected from the momentum dependence of
NN interactions, in a direction opposite to that found for
SCX quasielastic spectra sensing only isovedtdt interac-
tions. The authors would like to thank Dr. A. De Pace for allow-
At the lowestq of 350 MeV/c, the present data are sen- ing us to use the spectra of the RPA calculation. The support
sitive to scalar-isoscalar residual interactions, as included iby the KEK-PS staff for the running of this experiment is
the recent RPA calculations’] to which we compare the greatly appreciated. Dr. R. Chrien kindly loaned us the
data. Calculations of quasielaskc” scattering based on this °Li?H sample.
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