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Analyzing power measurements for both inclusiy {’) and exclusive |§,2p) and @,np) quasifree
scattering at 200 MeV fromH and*?C have been completed in the angular range from 27° to 34°. Previous
experimental and theoretical work has indicated non-negligible suppression of the incfiigvg dnalyzing
powers with respect to impulse approximation calculations. Conversely, both suppression and enhancement of
the isovector [,n) analyzing power data have been found depending on the mass number of the target. Both
nonrelativistic and fully relativistic calculations have sought to explain these features. However to address such
guestions within the inclusive data, it is important to fully understand the makeup of the inclusive spectra. This
ensures that any “nonconventional” aspects of the data do not arise from contamination of the quasifree
scattering yield[ S0556-28139)01004-3

PACS numbeps): 25.40.Ep, 21.30.Cb, 24.70s, 25.40.Kv

I. INTRODUCTION native explanation for the observéq suppression infg,p’)
has been developed within a nonrelativistic mof&+9].
The inclusive quasifree scatterib@FS (p.p’) analyzing These calculations include the nonlocal couplings in the
power (Ay) has been of experimental interest for a range ofhuclear response and the fully off-shell behavior of the inter-
nuclei from*2C to ?°%b[1-3] and more recently from light nucleon force. To this point in time, definitive calculations
nuclei[4], spanning a range of incident proton energies fromfor different nuclei over a broad range of momentum trans-
200 to 800 MeV. This interest stems from the strong supers are not yet available.
pression of the inclusivé, with respect to free space expec-  while the @©.p’) data in the QF region are strongly sup-
tations and impulse approximatigtA) predictions. The the-  pressed relative to free scattering independent of target or
oretical work of Horowitz[5,6] has suggested that this heam energy, the situation fopn) still remains unclear.
suppression is a direct consequence of the need for IA capypjished data show both suppression and enhancement of
culations including fully relativistic dynamics. If true, this the A, data depending on the mass number of the tdttet
would suggest that the data cannot be explained in terms ofh,s” while the inclusive(p,N) and exclusive(p,Np cross
conventional nuclear physics alone, and that the modificatiogection data agree reasonably well with 1A expectations
of the free space nucleon-nuclegNN) interaction by the [10,11), there is a clear disparity with regard to thg. Fur-
presence of the spectator nucleons within the nucleus MUglermore, whatever is going on has a different effect on the
be taken into account. In this relativistic approach the effec(ﬁ,p/) interaction than the {,n) interaction. To address
tive mass of the scattering nucleon within the nuclear enviych guestions within the inclusive data, it is important to
ronment can be described by a reduced nmaswheremy,  fylly understand the inclusive spectra. This ensures that any
is ~80% to 90% ofmy). This reduction of the nucleon mass “nonconventional” aspects of the data do not arise from
results as the lower components of the Dirac wave functioiome unexpected contamination of the yield.
are enhanced in the nuclear medium due to the presence of |nclusive ®,p’) and exclusive [,Np) differential cross
strong potentialsry, =my+ S, whereSis the average scalar sections and analyzing powers were measured from i
field strength. This my, effect is predicted to significantly °C targets employing the 200 MeV proton beam at the In-
enhance the central interaction strength, which results in diana University Cyclotron Facility. ThéH results were ob-
dilution or suppression of th&, . This model also predicts tained from a careful subtraction of the two measured yields.
that the inclusivep,N) cross section and inclusiveg(n) A, Inclusive and exclusive data were acquired concurrently to
are relatively insensitive to such effects. However, an alterminimize possible systematic errors in their intercomparison.
In order to maken-p and p-p coincidence measurements
feasible, a detector with a large figure-of-megfficiency
*Present address: Department of Physics, Carnegie Mellon Unixsolid angle=msrn was commissioned for the higher energy
versity, Pittsburgh, PA 15213. ejectile nucleon(n or p) [12]. The 30° central angle of this

0556-2813/99/5@1)/18699)/$15.00 PRC 59 1869 ©1999 The American Physical Society



1870 D. S. CARMAN et al. PRC 59

A R section results to the analyzing power data. Our goal, given
an understanding of the quasifree yield through the cross
section data, is then to compare thgdata to the IA calcu-
lations. Comparison of the inclusive to the angle-integrated
exclusive results provides further confidence in our under-
standing of the inclusive yield.
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Il. QFS CALCULATIONS

CDe(p.np) In a naive picture of NN QFS, the predictey, should

agree with the corresponding free space values. This simple
picture is modified not only by the bound target nucleon
P momentum distribution, but to some extent as well by
b S energy-dependent final state interactions. This so-called
40 0 20 40 . . . .
Missing Mass (MeV,/c?) Maris distortion effect arises due to the energy dependence
of the attenuation of the nucleon wavefunction through the
FIG. 1. **C(p,Np) and CDy(p,Np) missing mass distributions target nucleug13]. In other words, it is produced by the
summing over all elements in the ejectile and associated protofhfluence of final state interactions forcipgN collisions to
detectors. Overlayed on the GBpectra are the normalizeiC  preferentially occur on one side of the nucleus. This results
contributions. Overlayed on thg,np spectra are the background i an effective polarization of the struck nucleons when they
distributions. are inl>0 angular momentum states. The magnitude of the
effective polarization depends on the energy difference of the
detector was chosen to study the nuclear response at a medtgoing nucleons in the final state, with the size of the ef-
mentum transfer of-1.5 fm ! to be compatible with earlier fect becoming larger for larger energy differences. The ob-
QFS investigations. The lower energy associated proton weagervedA, for the (3,Np) exclusive measurements have con-
detected in a large solid angle array of Nal which spannedributions from both theA, of the reaction, as well as the
in-plane angles from 34° to 95° and out-of-plane angles fronunderlying spin correlation coefficient of th@ N interac-
—5° to 28°. This large coverage enabled studies of the extion. The effective polarization of the knocked-out target
clusive reaction over roughly half of the phase space exnucleon is generated within |IA calculations through the ab-
pected for QFS, which allowed for reliable integration of thesorptive (imaginary terms of the optical model potential
exclusive yield to ascertain the extent to which the inclusivelOMP). On the other hand, the predominantly spin-
(p,p’) and(p,n reactions are dominated by single-step scatindependent final state interactions are not expected to affect
tering. the (9,N) inclusiveA, which is defined in terms of a ratio of
Shown in Fig. 1 are our missing mass spectra for thecross sections, thus cancelling these common distortion fac-
(p,Np reactions from CB and '*C. These distributions, tors.
summed over all elements of the ejectile arm and associated The deuterium and carborp(Np) data were analyzed
proton arm, highlight the system resolution. The resolutiorwithin the IA framework. In this picture, the scattering of a
for the (p,np data is about three times worse than for thefast incident nucleon by a complex nucleus is approximated
(p,2p) data. Overlayed on the GDspectra are the carbon by the superposition of the outgoing wave-functions gener-
spectra used for subtraction to isolate the deuterium reactio@ted by the individual nucleons acting independently, and
Overlayed on thep,np spectra are the backgrounds from thus the many-body collision may be decomposed into a su-
secondary processes occurring in the neutron detector thperposition of two-body collisions. In this respect, the many-
have been modeled within our detailed Monte Carlo of thébody character of the system represents only a secondary
system[12]. feature. The IA calculations implicitly assume that the inci-
Our experimental results for the deuterium and carbortlent beam proton never interacts strongly with two target
cross section data indicate that the factors required to noiucleons at the same time, that the amplitude of the incident
malize the IA calculations to the data are consistent betweeproton wavefunction is not appreciably diminished in tra-
the inclusive(p,N) data and the much more restrictive angle-versing the nucleus, and that the target nucleus binding
integrated exclusivép,Np data[11]. This suggests that the forces are negligible compared to the forces present during
inclusive yield is indeed composed primarily of single-stepthe strong NN interactiofnl4,15.
NN scattering. More complicated reaction dynamics are The QFS process is represented as a transition from an
therefore not expected to significantly contribute to the QF3nitial state consisting of an incident prot¢a) and a target
reaction yield at these energies. Furthermore, the agreementcleus @), to a final state consisting of two outgoing
of the predicted quasifree peak positiat the free value nucleongthe ejectile(c) and the associated nucle], and
shifted by the binding energywidth, and magnitude of the a residual nucleu¢B). The two scattered nucleons are as-
inclusive cross sections for botip,’) and (p,n), make it sumed to have resulted from the QF two-body reaction
clear that there is no strong evidence for the presence of arfy(a,c)d, where the initial target nucleus is represented as a
collective aspects of the nuclear response at these energiessiperposition, A=B+b. The momentum of the residual
As well, these data clearly demonstrate the appropriatenessicleus is assumed unchanged during the scattering process.
of the 1A framework for the cross section data in this regime.lt acts simply as a spectator and is assumed to carry the
This present work represents an extension of our crosgiissing momentum in the reactiopy= — fg).
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In this work, the deuterium data are compared with plangotential to energies below even 40 MeV matched reason-
wave (PWIA) calculations, while the carbon data are com-ably well with results of previous lower energy analyses. The
pared with distorted wavéDWIA) calculations. The remain- fact that the associated protons in optX p) measurements
der of this section is devoted to a further discussion of thevere included in the analysis down 10 MeV implies that
relevant details and limitations regarding these approaches e OMP was further extrapolated by nearly another 30
QFS. MeV. This is a weakness in the calculation that could be
rectified by merging the Nadasen-Schwandt OMP with a po-
tential that fits lower energy nucleon-nucleus elastic scatter-
ing (e.g., the Becchetti OMP fitd=40, 10<T,<50 MeV

The PWIA is based upon the assumption that the incident21]).
proton interacts with only a single particle within the  |n the QF(p,Np knockout reaction, the invariant mass of
nucleus, with no pthe_r interactions in tr_le entrance_ or eXithe struck nucleon is shifted from its free space vatyeby
channels. In this situation, the wavefunctions for the '”C'de”t—(EBer%/Zu). where Eg is the binding energy of the
proton and scattered nucleons can be represented by plaQﬁ*uck nucleonpg is the recoil momentum of theA— 1)
waves. For the 200 MeVH(p,Np) reaction, the PWIA is a esidual, andu ithhe reduced mass of the nuclegi( 1)
reasonable approximation as the incident proton Wavelength ' T ;

(~2 fm) and the range of the strong NN forée 1.5 fm) are system. In this plcturg, t_he struck nucleon is always off-shell
both less than the averagep separation in théH nucleus by "’.‘t. IeastEB. AS th.'s IS deemed not too far off-shell, an
(~2.5 fm). Furthermore, as the deuteron is only very Weak|yadd|t|onal simplification in the two-body scattering ampli-

bound (~2.2 MeV), multiple scattering effects in this QFS tude is employed by evaluating it fully on-shell. This as-
channel should be small. sumption though allows for some ambiguities in the evalua-

For the?H calculations, the standard Hulthen form for the tion of the amplitude regarding the appropriate assignment of

deuteron wavefunction was employi®,17. In this param- the energy in the two-body scattering system. Two such as-

etrization of the coordinate space wave function, only theSUmptions are called the initial and final energy _prescriptions
swave contribution is modeled, while tiiewave contribu- (|EP.FEP. In the FEP, the two-body amplitude is evaluated

tion is ignored. The calculate®H(p,Np) A, is given by the at the total energy as determined within the center-of-mass
. , y

free NN value evaluated at the appropriate beam energy arfd-™) Of the two outgoing nucleons, where both are fully
scattering angles for the three-body final state. on-shell. In the IEP, the two-body amplitude is evaluated at

For nuclei much heavier thafH, the internucleon spac- the total energy as determined within the c.m. of the .incid'ent
ing and the wavelength of the incident proton are compapmtOn and the s_trupk target _nucl_eon. Th_ese energies differ
rable, and thus multiple scattering effects become more imréOthIy by the binding energlles involved=~2.2 MeV for
portant and can no longer be ignored. This multiple H(P;Np) and ~16 MeV for “C(p.Np). The NN cross
scattering causes the incident and outgoing nucleon planections and scattering amplitudes employed are calculated
waves to become distorted. As well, the strong absorption ofSing the results from the Arndt databd@e].
the incoming and outgoing nucleon flux by the nucleus must
be taken into account. It is in this realm that the DWIA B. Exclusive calculations
calculations become necessary to reliably predict the varia- The exclusive, for each reaction has been calculated on
tion of theA, with scattering angle and energy. Furthermore,g grid of the variabled, (the kinetic energy of the ejectile
comparisons of data to these calculations may enable us ong with®, and 84 (the in-plane and out-of-plane angles
observe deviations from the IA, i.e., effects on the scatteringor the associated nucleprivariation of any of these kine-
nucleons due to their presence within the nuclear medium. matic quantities results in a change in the target nucleon

The '°C data are compared wittHREEDEEDWIA calcu-  momentum, which in the present model, is assumed equal to
lations [18] which represents a quantum mechanical treat{he spectatorA— 1) core momentum. The angl€; and 34
ment of the scattering process that relies on the factorizatiopepresent the natural independent variables to employ for the
approximation. The strong final state interactions are incorexclusive analysis since it is necessary to integrate over them
porated by using scattering state wave functions which arg, determine that portion of the inclusive yield attributable to
solutions to the Schdinger equation including a complex yalence shell knockout. In this sense, study of the exclusive
spin and energy-dependent OMP. data with respect t®4 provides a direct representation of

The Nadasen-Schwandt potential was employed for oughe inclusive “integrand.” For the exclusive data analysis, a
DWIA calculatiops[lg,zq. This potential was deduced from gingle bin of 8, is employed, and th® 4 dependence of the
fits to an extensive set of cross section @ydneasurements exclusive observables is studied for different valuesTgf
for proton elastic scattering frodfCa, °Zr, and?°%b over  crossing over the expected peak of the QFS response.
the proton energy range from 60 to 180 MeV, detecting the = || data were acquired with the central angle of the ejec-
elastically scattered protons over the angular range from 6gje arm at ©.=30.4°. The®, binning employed corre-
to 90°. These fits served to generate a broad range phenomgnonds either to the full acceptance of the ejectile nucleon
enological OMP for nucleon-nucleus scattering. This OMPgetector, or to the ejectile arm acceptance divided into three
was selected due to the compatibility of the energy and alequal bins(corresponding roughly to 27°, 30°, and 34mh

data set. roughly

Although the cross section ardl, data employed in the
fits went down to an energy of 60 MeV, extrapolations of the T.=T,co8 O,—Eg. D

A. Impulse approximation
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C. Angle-integrated exclusive and inclusive calculations The overall width of the associated nucleon cone alﬁﬁﬁ

The angle-integrated, was determined by first calculat- is governed by the expectatiqn value of the radial coordinate
ing the exclusiveA, on a grid of® /84 roughly matched to of the struck ngcleon relative to the c.m. of _the target
the associated proton detector acceptance for each choice yfcleus. The radial dependence of the eigenfunctions goes as
T. and®,. This angular grid must be chosen finely enough! @sr—0, thus as the orbital angular momentuimcreases,
to account for the rapid variations of the observables, genetl® probability that the nucleon is at smallis extremely
ally caused by the angular dependence of the momentuﬁ{na”; As the expectation value of the radial probability dis-
space wave-function of the struck nucleon. It is possible thatribution increases, the half-angle of the knockout nucleon
some deficiencies of the angle-integrated calculations witl§one will correspondingly increase. The cone toe, domi-
respect to the data may be attributable to employment of aRated byp-shell knockout, will clearly be larger than féH,
inadequate grid size, a statement which applies as well to th&hich is dominated by-shell knockout.

inclusive observable calculations. Over the angular ranges [N the inclusive THREEDEE calculations, the imaginary
30°<04<96°, 0°<B,<28°, a grid size was selected with Parts of the OMP for the associated nucleon are set to zero as

N =67, N,z=15, whereNg g represent the number of grid therg is no loss of flux in the inclusivg yield if the associate_d
points within each angular range. particle is not observed. The associated nucleon scattering

The angle-integrated observables were then calculate?fat€s are calculated in a purely real potential following the
from this exclusive observable grid by performing an inte-Procedure of Wesick23]. Note that in this model descrip-
gration over the known associated nucleon acceptance PN & opposed to other models of the continuum such as

@4/B4. The spin-dependent partial cross sections requirel® Slab mode[24], the conditions of the Pauli exclusion
to compute theA, are given by principle are naturally included since the kinematics and

phase space factors require the unobserved associated
2 nucleon to make a transition into the continuum if the re-
mAy(TmcFI dBq COS,Bdf dOy sidual (A—1) system is assumed to be in a bound state.
Finally, separate calculations were performed for both proton
£ (p,2p) and neutron §,pn) knockout for the associated
XmAy(Tc 10¢,04,84)- nucleon for the inclusivéH(p,p’) and**C(p,p’) reactions,
and the results were added together incoherently. The inclu-
2 sive calculations employed the integration limits<56
<180°, 0°<B4=<90°, with Ng=25,Nz=14.

d3

Here AE represents the exclusivd, determined at each
04/B4 grid point (averaged over the bin acceptancEhese
angle-integrated quantities were determined as a function of
., the energy transfer to the ejectile nucleon, to be com- The A, results were extracted from the corrected yields
patible with the presentation of the inclusive results. for each reaction gated separately by incident protons with
To compare the integrated exclusive calculations with thepin up and spin down relative to the horizontal reaction
data, the individual calculations for each shell model orbitalplane defined by the beam and ejectile nucleon momentum
were added together incoherently, weighting the calculationgectors. The corrected yields are given by
for each orbital by spectroscopic factd&F) determined di-

Ill. ANALYZING POWER RESULTS

rectly from the cross section data. Thus for combined knock- yud=(yud_Rid. yud_yudypud (5)
1 p L c acc/' corr
out from the 3/2 and 1/2 states from'?C, the calculated
A, is given by In this expression, th&r"? terms represent the spin gated

yields of interest for the inclusive, angle-integrated exclu-

sive, and exclusive dat., represents the primary reaction
3 yield, either CD) or '°C. Y., represents the background con-
tribution from the'?C content of the CPtarget. The factor
R, , which represents the overall normalization of tH€
data set relative to the Glilata set, is given by the ratio of
‘the live time corrected integrated luminosities of the two data
amples. These factors differed slightly between the inclu-
sive singles dataR; =0.874) and the exclusive datd&(
=1.0531) due to the differences in live times between the

_(0-SF-A)¥ +(0-SF-A)Y?
Ay= . 312" . 12"
(0-SF)** +(0o-SF)

The inclusive calculations were performed in a spirit simi-
lar to the angle-integrated exclusive calculations. In prin
ciple, the integrations should be completed over the full soli
angle for the unobserved particle €® <27, —7<pBy
<). In practice though, this is not done because it is im-

Ff::c:lecalljilf;%mlatlhee S;i;gpg:giiggsreoiu&r}id g&lgulg“g;trtéﬁi?’event streams. Thed® factors close to unity indicate that
q 9 b Yhe CD, spectra and thé“C spectra were well matched for

low energies for the Sca!tte””g stgte_s Of. Interest, as We". aéomparisonYaCC represents the average contribution of acci-
the assumptions reg_ardmg the d|str|k_)ut|0r_1 pf the 'nCIUS'VedentaI coincidences within the real time coincidence peak
QFS yields. For the inclusive calculations it is generally as- :

: T : The average of the accidental yields from beam bursts just
sumed that the associated proton distribution is confined to ; .
! L efore and just after the real time peak was subtracted from
cone around the zero recoil momentum point given by

each bin. Due to the extremely favorable reals to accidental
0 ratio for all of the (p,2p) data, this accidental yield was
1(%) ) (4) nonzero only for the coincidendp,np data sets. Finally, the

Pd factor F.9 represents a correction to the spin gated yields

04R=cos
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due to the slight differences in the spin up and spin down

T T T T T T

computer live times, as well as the slight difference between g To= 107.5MeV 1 122.5 MeV
the number of incident protons with spin up and spin down. ®m 10
With these vyields extracted for each desired energy and = o .
angle bin, theA, is then given by I, 05t Y = o
@ o
Y(L:]orr_ Ygorr
Ay P(YEOI’I'+ YCOFF) . (6) g 00 P T B
| ] | ! | | ] |
HereP represents the average of the spin up and spin down o b . ' \'/ ' llSZSIM V'
polarizations of the beam. This definition of thg is given 2 T TesBISMeV 4 e
in accordance with the so-called Madison convention. For 5% b
the deuterium and carbop (N p) data the beam polarization g o5
was determined to bB=0.70+0.02. The statistical uncer- i 3 el
tainty in this quantity is given by & oo 0
Q
1_ P2 . A)Zl ° ] | | 1 i | 1 | | ]
= S — - ol N i ke
OAy= P2(yY +Yd )’ @ 05 60 80 40 60 80
©4 (degrees)
Although this expression is not strictly valid ¥, # Py, it is o 1O T T AAASS AAAAs Aaats
satisfactory to first order. It is this quantity representing the 3 b Te=1075MeV 1 122.5 MeV i :
statistical uncertainty that is displayed as the error bars on all fl'l’ o5t 1 {@
of the data shown in this work. However, the beam polariza- o + l {
tion magnitude differences can be taken into account exactly SR S = I B ) L/r*.{z—_—
’ 53 00 - g l //I 12
Ay:L/. (8) g VH _/r/r 3
1704 O 10fsesemseporespcforesnss s fieed
In this expressionA, is obtained withP = 3(P!+ P, ands § F e TSNV 4 323V
represents the difference quantiP— P%). As determined ‘© 0S5k X3 ]
from polarimeter measurements during thg,2p) and 5: 3 * % 1 ]
(p,np) running sequences, the value ®fvas given in both a e I _J_W $
instances by 0.012. Therefore these corrections té\{hare CQ:-_ 0: - /1 1!
on the order of 0.5%. 1 3 T ]
Another systematic uncertainty in the measurements 05 FUPEE PR Ll Lol
arises from the uncertainty in the measured polarization of 40 60 80 40 60 80
the incident beam. Typical uncertainties in the valuePof g (degrees)
were about 1.5%. This uncertainty in the average beam po-
larization contributes to the uncertainty in t#g a term FIG. 2.d(p,Np) exclusiveA, as a function of s summed over
given by the full acceptance of the ejectile arm detector.

il (9) provide a very good representation of the data due to the
Y P expectation that multiple scattering effects in deuterium are
minimal. For the DWIA *>C(5,Np) calculations however,
the Ay depends on both the distorting optical potential and
the spin dependence of the NN interaction. Therefore the
predictions for'?C can provide a rather strong benchmark
for testing the applicability of the Nadasen-Schwandt OMP
employed for this work.

The exclusive data are shown as a functior®gf gated The 2H(p,Np) exclusiveA, data are presented in Fig. 2
by a particular angular range for the ejectile nucleon. Tocompared withtHREEDEEPWIA calculations. The data were
facilitate comparisons between thg,2p) and (@,np) data  sorted as a function db for four different ejectile energy
sets, care has been taken to sort the data in a consistémns (T.=107.5, 122.5, 137.5, 152.5 Me¢Vand were
manner to match the relevant energy and angle binning pasummed over the full acceptance of the ejectile arm specifi-
rameters. cally to reduce the statistical uncertainty with ffpenp data

Detailed study of the exclusive data over a broad range ofet. In Fig. 2 and in all subsequent figures, the solid curves
final state kinematics provides another distinct avenue, beepresent the calculations assuming the on-shell FEP ap-
yond the cross section data, to probe the QFS reaction dyroximation and the dashed curves represent the IEP ap-
namics. For the PWIAI(p,Np) calculations, the NN inter- proximation. The sort dashed segments mark the freeA)iN
action alone is responsible for th,, and thus it should prediction[22].

oAy =A
This uncertainty is also negligible relative to the typical sta-
tistical uncertainties in the measurementso#,=0.05 for

the (9,2p) data, andsA,=0.35 for the @,np) data.

A. Exclusive data



1874 D. S. CARMAN et al. PRC 59

The PWIA predictions are seen to agree very satisfacto-
rily with the data, particularly fod(p,2p). While the agree-
ment remains good fod(p,np), it is clear that away from
the peak of the response about the zero recoil momentum
point (©4~55°), the data are dominated by the statistical
uncertainties. It is also seen that the comparisons made with
the data are not particularly sensitive to the choice of the
on-shell approximations for the kinematics.

The 2C(p,Np) exclusiveA, data are compared with the
predictions of theTHREEDEE DWIA calculations. The first 05 F + + 7
phase of the analysis was to study the data for#&p,2p) NUUTTUTUTOUNUIN: STVOUO TUNUTUROTIN: SUTOTUTORRTIOO
reaction separately fop-shell knockout from the 3/2
ground state and 172first excited state. This analysis was
performed using a Gaussian fitting procedure on the spin up
and spin down gated yields. This process was necessary a
the ~2.0 MeV missing mass resolution of the coincidence
detection system was insufficient to fully separate these
states. The fits for the spin up and spin down yields were
performed separately, and the centroids and widths of the
fitted Gaussian peaks were allowed to be completely inde- 05
pendent. This procedure was carried out as it resulted in the 0.0
best overally? values for the fits over all data bins. This os b e RS 18
procedure though gives rise to a small systematic error °
within the analysis of the iz,, and 1p,,, data. However, the
summedp-shell knockout data are unaffected by this proce- 4
dure as the analysis was performed by integrating the miss- : T e i ¢ T

o= 105 MeV 125 MeV 145 MeV

44

'
N
&

—
jo )
N
RS
£
-

1
40 50 60 70 40 50 60 70 40 50 60 70
69y (degrees)

-10

1.0

Analyzing Power

1/2-
- I

ing mass spectra over the appropriate region. 05 [ =t = f

The '%C(p,2p) data, gated separately on the hole ASUUUTIUUUTIUNOTIS UTVULSOUUTTOTOTIS SHTUUOTTUOTIOONTIn
states, are presented in Fig. 3 for three ejectile angle bins § ] ]
(6,=27°,30°,34°) and three ejectile energy bing, ( s 0t = 7 T PO i s -,
=105,125,145 MeV). The DWIA calculations provide a sat- £ °° [ ?/ : =% a
isfactory representation of the data, particularly for the 3/2 ™~ 05 } 7 53 1%
ground state. The trends of the 1/2lata are reasonably re- o b b
produced, however, these data are statistically limited, and 40 50 60 70 40 S0 60 70 40 50 60 70
also systematically limited by the Gaussian fitting technique. O (degrees)

Overall, the quality of the fits, as seen through the average R _ )
value of they? per degree of freedom, was found to be quite  FIG- 3- **C(P.,2p) exclusiveA, separated as a function 6f
reasonable. Note that the error bars in Fig. 3 represent onf{p" 1P shell knockout from the 3/2 ground state and 172first
the associated statistical uncertainties. xcited state.

These exclusive data provide strong confirmation of the
applicability of the Nadasen-Schwandt OMP for the carbon(and hence a3, decreases This is clearly seen within the
data. The exclusivd, is affected by energy-dependent dis- data and further serves to demonstrate that the effective po-
tortions on the low energy associated nucleon flux resultindarization in this Maris effect arises through the distortions.
in an effective polarization of the target nucleon. This effec- The 2C(p,Np) exclusive data are presented for compari-
tive polarization is modeled within the DWIA calculation son in Fig. 4 summed over the twmshell hole states. It
through the absorption caused by the imaginary terms of theemains the case that the DWIA calculations satisfactorily
potential. Therefore the level of detailed agreement seen ifollow the data for both proton and neutron knockout. The
this observable gives confidence in the quality of this inputcalculations for the individual shell model orbitals were
to the DWIA over the energy range of this potential. added together incoherently as shown in B). The occu-

The model clearly predicts the appropriate sign of thepation numbers employed were extracted from the DWIA fit
polarization for both the 3/2 and 1/Z states, and further- to the exclusive cross section datdg,-=4.0, Ny;»-=1.0.
more, as seen through the 3/Xnockout especially, the Again, the data do not show preference for the choice of the
modeling of the absorptive aspects of the potential over @n-shell approximation to the kinematics, as both appear to
very broad range of final state kinematiesd hence over a provide an equally valid description of the data given the
very broad range of the momentum space wave function o$tatistical uncertainties. Note that for the highest two ejectile
the target nucleonis quite appropriate. As well, the model energy binsland hence the lowest associated nucleon ener-
correctly predicts the opposite sign for the struck nucleorgies that there remains some evidence of the effective po-
polarization at angles about the zero recoil momentum pointarization. This remnant effect would not be present for a
Note also that the effective polarization increases as the ejeéilled p-shell target such a0 where the equal and opposite
tile energy increases. This results as the distortion effects opolarizations for the 3/2 and 1/2 knockout would cancel
the low energy associated proton increaseTadncreases out when summing over the two states.
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T: 0sF 2 ‘% q FIG. 5.d(p,Np) angle-integrated, plotted as a function of the
& L [ % i o= + ‘{’ M:: energy transfet, .
0047 [ + ;V % The agreement between tlgp,2p) data and the plane
5 /T 1 wave calculation is quite satisfactory, agreeing within the
2 T T RN statistical errors. A number of features are also apparent
a 10 'Tc=' oMy | taomev | within each angle bin. First, at values af<55MeV, the
£ data appears to begin to move above the PWIA prediction.
= ost + This effect appears consistent with a snmaltl elastic scat-
& 3 L i/ . JL { tering contaminant which enters into the final spectra
= 1—41‘5‘&" e O R O 0 A through the looseness of the particle identification cuts. Sec-
g 0o \SH =0 ? ond, the data dips below the plane wave result abeye
&2 3 El 7 ~70MeV. This effect is most apparent in the two smaller

05 bbb Lol L angle bins. This is in good agreement with the data of Li
40 o o) 60 80 [25]. This effect could be described as a suppression of the
d (degrees) data relative to the calculation to put this interpretation on
FIG. 4. Y2C(5,Np) exclusiveA, for 1p shell knockout as a the same footing as théC(p,2p) analysis shown in the next
function of ®, summed over the full acceptance of the ejectile Section, however without more evidence, this description is
detector. The spectroscopic factors used in the calculations wet@ot necessarily with foundation.
given byN,-=4.0 andN,,,-=1.0. Thed(p,np) data does not lend itself to an in-depth com-
parison to the plane wave calculation due to the statistical
limitations of the data. The only point that can be made is
The angle-integrated exclusivg, for deuterium and car- that the data and the calculation agree to within the error
bon are shown in this section as a functionegfgated by a  bars.
particular angular range for the ejectile nucleon. Again, care The *2C(p,Np) angle-integrated exclusivé, data are
has been taken to sort thg,2p) and (3,np) data in a con- presented in Fig. 6 for three ejectile angle bin®(
sistent manner. Beyond our detailed comparisons of the in=27°,30°,34°). The data were summed over both thé 3/2
clusive and exclusive cross section dft@,11], agreement ground and 1/2 first excited states.
between the angle-integrated and the inclugiyedata sets, The first thing noticed in studying théC(j5,2p) results is
due to the very strict event selection with the exclusive meathe clear suppression of the data for all kinematics relative to
surement, can then give us confidence that the inclusivehe DWIA predictions. This broad range disagreement of the
yields are composed primarily of single-step NN scatteringcalculations with the data is the first unambiguous break-
Due to the large angular coverage of our detector array fodown of the IA formalism in the present study. It indicates
the associated nucleon, our angle-integrated exclusive dathat the conventional theoretical model employed is missing
should provide a portent of what can be expected from theome relevant aspect of the physics. Given that the integrated
inclusive data. exclusive yields extracted to determine thesg data are
The?H(p,Np) angle-integrated exclusive, data are pre- gated by missing mass with appropriate background subtrac-
sented in Fig. 5 for three ejectile angle bin®( tions(see Fig. ], it is not likely that these data are affected
=27°,30°,34°). In this plot and in all subsequent plots theby any significant level of background contamination which
vertical arrow represents the expected location of the QF#&ight be responsible for the effect. On the other hand, the
peak fromwyy+ Q, whereQ is theQ value of the reaction. same suppression is not present within ¥@(,np) data. It

B. Integrated exclusive data
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appears instead that the data are slightly enhanced relative to FIG- 7. Inclusive §,p’) A, as a function of the energy transfer
the DWIA predictions, and in fact, agree reasonably well®c- The deuterium and carbon data are from this work, while the
with free scattering predictions. This statement is only ghelium data is fronf25] and the calcium data is frofi2]. All 1A
qualitative observation due to the level of statistical accuracyaiculations shown employ the FEP on-shell approximation.

of the data set.

C. Inclusive data the deviations are largest where the nuclear density is the

. , o 2ot 4 largest. This is certainly how one might expect these medium

12CThe m;;oluswe data are pres:lentefj N Fig. Zo - H?' modifications to manifest themselves. Note that the suppres-

, and™Ca atO©.=30°. The"He(p,p’) and™Ca(f,p’)  sjon has been attributed to a sensitive cancellation between
data, from[25] and[2] respectively, have been included to the |arge scalar and vector potentials that apply in relativistic

present a more comprehensive picture of the failure of the 1A,g4els for this process. In this same framework tfien}

to explain certain features of t_he data. Again, the verticalypg A, is predicted to be very close to free scattering ex-
arrows mark the expected location of the QFS response pedjg ationgs5, 6], in reasonable agreement with what has been

from wyn+ Q. Note that since the associated nucleon can bgggp, through thel(p,np) and 2C(p,np) integrated exclu-
either a proton or a neutron, the free N& represents the ;e data.

isospin average of the frgg-p andp-n A,. The IA calcu-
lations represent the incoherent average of thd) and
(p,np) calculations, with equal weighting factors assigned to
the cross sections. Analyzing power data have been presented compared
The inclusive @,p’) data appear suppressed relative towith either PWIA or DWIA calculations. Our main goal in
the 1A calculations. The magnitude of the suppression seethis analysis was to test the validity of the 1A in an energy
for the d(p,p’) and *?C(p,p’) data is consistent with what regime where the QFS reaction dynamics can be attributed to
was seen within the angle-integrated exclusive data. Qualitesingle-step scattering. Previous experimental and theoretical
tively, the suppression observed follows the trend of thework has indicated non-negligible deviations of the inclusive
nuclear density in that it appears to increase monotonically if3,p’) QFS A, from expectations of the IA description.
going from?H to “°Ca. The suppression of the data seen her&onversely, these deviations have not been seen with the
with respect to the IA calculations is of the same order ofisovector §,n) A,. Our data have yielded results consistent
magnitude as that seen at higher en€frtiy It is this sup-  with these earlier inclusive QFS studies. The suppression of
pression that cannot be explained by the conventional thedhe (5,p’) A, is observed for both the inclusive data and the
retical model that provides strong evidence for a so-callednuch more selective angle-integrated exclusive data. This
medium modification effect. If the interpretation included indicates that the effect cannot be attributed to a contamina-
above regarding the trend of the suppression with increasintjon of the inclusive yield from either non-QF background or
mass number of the target is sensible, this would suggest thdiom more complicated reaction dynamics such as multi-

IV. SUMMARY AND CONCLUSIONS
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nucleon knockout or cluster knockout processes. This prouniquely sensitive to this medium modification effect at

vides very strong evidence that this effect results from ghese energies.

modification of the NN scattering process within the nuclear

environment. By studying thef(p’) data as a function of ACKNOWLEDGMENTS
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