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Differential cross sections for the reactio”Be(p,pn)®Be and °Be(p,2p)éLi were simultaneously mea-
sured at an incident proton energy of 70 MeV. The measured spectra were decomposed into contributions from
1p and 1s shells. The cross sections were then analyzed in the framework of the DWTA approach. The radius
of 8Be was derived.

PACS numbd(s): 25.40.Ep, 27.20:n

[. INTRODUCTION effects in quasielastic knockout of nucleons by 70 MeV pro-
tons, and presents results of the simultaneous measurements

The quasielastic knockout of a nucleon by high energyof the cross sections for the reactioRBe(p,pn)®Be and
protons is a powerful tool in the study of single-particle as-°Be(p,2p)éLi. An analysis of the cross sections fos and
pects of the nuclear structure. For incident protons with endp shells in the framework of DWTA approach is also pre-
ergies below~400 MeV, the single-particle character of the sented and the root-mean-square radiu$B# is derived.
proton-nucleon interaction starts to be substantially distorted,
due to several effects. Among them are _the off-shell effepts, Il. EXPERIMENTAL PROCEDURE
when the scattering of two particles is distorted by their in-
teraction with particles of the medium. Another important The experiment was carried out using the 70 MeV proton
process is related to the interaction of the outgoing nucleoveam from the U-240 isochronous cyclotron of the Institute
with the residual nucleus in the final state, the final statdfor Nuclear Research of the Ukrainian Academy of Sciences.
interaction(FSI). For incident proton energies below100  The experimental facility was described elsewhere6].

MeV these distortion effects are the dominant interaction A magnetic spectrometer was used for the momentum
processes and they determine the character of the reactiomnalysis of the scattered protons, at a fixed angle (
Accurate knowledge of the off-shell behavior of the two- =45°) with respect to the initial beam axis. Momentum ana-
nucleon amplitude is necessary for an unambiguous solutiolyzed protons were detected in the focal plane by an
of the inverse problem, namely, the reconstruction of theB-channel scintillation counter with momentum acceptance
nucleon-nucleon potential from data on nucleon-nucleorof +3%.

scattering. The study of FSI is also interesting, because FSI Protons and neutrons were detected in coplanar geometry
is sensitive to properties of the residual nucleus, and so malyy two spectrometers, located on opposite sides of the initial
bring information about nuclear interactions or properties ofproton beam trajectory. Energies of the secondary particles
exotic nuclei, for which it would be impossible to prepare a(E,, for protons and neutrohsvere determined, at definite
target due to technical or fundamental physical reasons, bangles,, by the time-of-flight spectromet€fFS). The TFS
could be formed as the residual nucleus in a knockout proeonsisted of five scintillation-counter telescopes, positioned
cess. uniformly along a circular arc covering the range 4559°,

The reaction®Be(p,pn)®Be has been studied &,=45 in steps ofA §,=6°. Each telescope consisted of two plastic
MeV [1], 46 MeV [2] and 1 GeV[3]. At E,=45 MeV [1] scintillators (NE102A), 5- and 200-mm thick, respectively,
the distortions are so strong that the ghell does not mani- coupled with photomultipliers PM-36. Between the scintilla-
fest itself in the separation energy spectra.Ejt=1 GeV tors was placed a lead absorber 8-mm thick to avoid charged
distortions are weak and so this energy region is conveniergarticles arriving at the second scintillator. The first scintil-
to study the single-particle aspects of the nuclear structurdator detects practically only protons, since its neutron detec-
The reaction®Be(p,2p)8Li has been studied only foE, tion efficiency is very small40.3%). The second scintilla-
=185 MeV. tor detects only neutronéwith about 10% efficiency, see

The energy region between 50 and 150 MeV is particuRef. [5]), since the protons were stopped at the absorber.
larly interesting for the study of distortion effects in light Signals from the scintillators were used for timing purposes.
nuclei, since in this case all shells already manifest themThe energies of the secondary particles were determined
selves and the distortions are still strong. Experimental inforfrom the difference in flight time between them and the scat-
mation about distortion effects can be obtained from theered protons detected by the magnetic spectrometer.
comparative analysis of simultaneous measurements, under Three solid and self-supporting targets were used in the
identical kinematic conditions, ofp(pn) and (p,2p) reac- experiment:(i) polyethylene (CH), 2.13(2)x10% cm™2,
tions, since in this case some systematic experimental uncefii) deuterium polyethylene (CIp, 1.44(7)x10°* cm 2,
tainties are cancelled. and (iii ) beryllium, ®Be), 2.5(1)x 10°* cm 2.

This work is a continuation of our study,5] of distortion The CD, and °Be targets were prepared by pressing the
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determined making use ofp(p) and (p,n) phase-shift
analysis dat@11]. The potential gives a good description of
the energy behavior of all phase shifts &, d andf waves

in the isotopic spifl = 0,1 channels, and the corresponding
mixing parameters in the energy range from 0 to 500 MeV.
These parameters have been used to generatentiagrix to
calculate the cross section.

The distorted wave function®WF) for the entrancé+)
and exit (=) channels, used in the calculation, incorporate
refraction, absorption and focusing, and have an analytical
representation similar to the eikonal approximatidf
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FIG. 1. Typical decomposition ofp(2p) (upper parnt and vyhere,8+iy=D is the pomplex refractive index of th.e.op-
(p,pn) spectra, for one momentum bite of the spectrometer. tical model. The quantity3k plays the role of a modified
wave number, ang determines the damping., RandSare

corresponding powders on an evacuated mold. focusing parameters. For the case®8k, Ry can be chosen

The CH, target was used in the calibration of the mag-2S the mass radius of the nucleus. _
netic spectrometer. Energy scale and efficiency were both 1he DWF parameters can be unambiguously chgé¢n

determined using the proton elastic cross sectionstién from the requirement of a quantitatively correct description

The CD; target was used to calibrate several parameters. IRf the experimental data for the total and elastic cross sec-
particular, neutrons from the breakup of the deuteron werdOnS, for the interaction of a protomeutron with the cor-

used to determine the efficiency of the neutron detectors. '€SPonding nucleus in the entrance and exit channels, and
The TDC spectra opn- and pp-coincidencestime dif- additionally by requiring the agreement between the model

ferences between signals from the magnetic and TFS spePWF and the exact wave function, obtained by numerical

trometers were recorded by the acquisition system in eventNt€gration of the Schxiinger equation in a range compa-

by-event mode. rable with the size of the nucleus.

The pn- and p p-coincidence spectra as a function of the
separation energies of the neutroB,Y and proton Bp), IV. RESULTS AND DISCUSSION
respectively, were decomposed in partial contributions from

quasi-free knockout ofd and 1p shells. The decomposition 1p shells, as a function of,, obtained from the decompo
_ H ’ 21 -
was based on a least-squares fit of tyap{spectra or three sition procedure, are shown in Fig. 2, respectively by the full

n-spectra Gaussians to the experimental spectra, leavin . ; :
va\)/o frze p:rameters for each peallok' height ang FWHM Pea%nd light circles. Figure 3 shows the same for ttseshell.
. : he error bars of the experimental data shown in Figs. 2 and

positions were fixed according to the separation energies 0% represent both statistical and absolute uncertainties, since

tained in Ref[3] at Ep=1 GeV: By(1p)=17.1 MeV and our aim is to make an absolute comparison with the theoret-
Bp(1s) =27.7 MeV for pp-spectra; and,(1p) =1.98 and ical calculationgfor more details, see Ref5]).

18.1 Me_V andB,(1s) =29.2 Mey forpn-spectrq. Figure 1 From the data of Figs. 2 and 3, one can determine the
shows, in the same scale, a typical decompositionrefand ratio [3]:

pp-coincidence spectra, with three and two peaks, respec-
tively, for one momentum bite of the spectrometer.

The differential p,pn) and (p,2p) cross sections for the

3 |
ERA=d a(p,pmdo(p,p)N,
d3a(p,2p)da(p,n)N},

Ill. THEORETICAL MODEL

The cross section for théLi( p,pn)°Li reaction was cal- whereN'p and N'n are respectively the number of protons and
culated in the distorted-wave approximation for non-localneutrons in shell, anddo(p,n) anddo(p,p) are the elastic
realistict-matrix (DWTA). This method was first developed scattering cross sections for these energies and angles. We
in the works of Refs[7,8] and then improve4,9,10 for the  used the same proton and neutron effective occupation num-
case of arbitrary geometry, eliminating ambiguities in thebers for the % and 1p shells (1718 MeV) of °Be
parameters and including indirect processes.

For the description of the nucleon-nucleon interaction it NS NIP
was used a second-rank non-local separable potential with —i’sz —i’pz
Gaussian form factor. The parameters of the potential were Ny~ N
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FIG. 2. The differential cross sections for the reactions FIG. 3. The same as Fig. 2, but for the ghells.

%Be(p,pn)®Be (full circles) and °Be(p,2p)ELi (light circles, at
Ey=70 MeV and(E;)=29 MeV, for the I shells B,=17.1 . . . A
MeV, B,=18.1 MeV) versusb,. Distortion effects were F():orrected [12’,}3'4 Ihli dependence . IS strOhg sincen
according to the emitted particle ener(gee text and Ref5] for _“(rrms) /(Y imd) _[3]_’ and smaIIAdlfferences '_nrms can result
detail§. The dotted and dashed lines correspond to the contributiond)  large deviations of :®" from unity. For E,
of direct mechanism and the coherent sum of direct and indirect< 100 MeV?* presents a strong deviation from the single-
mechanisms, respectively. The solid line represents results of thearticle value as a result of distortion effe¢tst]. Table |
modified DWTA calculationgsee text for details shows the values olR* obtained from the world data for
light nuclei for E;=<100 MeV, and6,= 6,=45°, and also
This was based on the results obtained analyzing f#ta for E,=1 GeV, where the values are associated with the
where the conditions of small off-shell and FSI distortionssingle-particle mechanism. FotBe at E,=70 MeV, R*
hold. At sufficiently highEy, when the impulse approxima- presents a large deviation from the single-particle mecha-
tion is valid, R” is defined by the single-particle bound state nism value. This deviation is connected with off-shell and
wave functions for protons and neutrons and, in the caseBSI distortions.
where proton and neutron distributions are identicaf, Figure 4 shows théBe(p,pn) cross sections, as a func-
=1. Deviations ofR”* from unity at high energies are con- tion of the momentum of the residual nuclelg, ;, for the
nected with differences between the root-mean-square radlip subshell 8,=1.98 MeV, there is not an analogous sub-
of the nuclear shells for protons!f,) and neutronsr(},J) shell for protong The open circles represent data taken at

TABLE |. Experimental values of?* (see text for several nuclei and energies.

Values ofR”
E, (MeV) 23 50 70 85 100 1000
Nucleus Shell
2H 1s  2.52)P° 1.41)° 1.1(1)¢ 0.91° 091° 1.013)
*He 1s 1.4(1)° ~1.¢
“He 1s 2.42) ~1.0
BLi 1p 2.7(1)9 3.54)" 0.958)4
1s 3.64)" 1.0310)¢
L ip 2.34) 1.054)4
1s 2.34) 1.0415¢
%Be 1p? 3.915) 1.585)¢
1s 3.912) 0.9712)¢
%8,=18.1 MeV. ‘Referencd4].
bReferencq16]. 9Referencd 15].
‘Referencd17]. "Reference$20,21].
dReference$3,19. iReferencd5s].
*Referencd 18). IThis work.
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Eo=70 MeV (this work). Full circles represent data of Ref. out the DWTA calculation on the same realistic base as in
[1] taken at 45 MeV, multiplied by 0.fratio of free p,n)  the case of'Li( p,pn)Li [5] and “He(p,pn)3He [4], since
cross sections at 70 and 45 ME¥®nd rearranged as a func- there are no data for the elastic and total cross sections of the
tion of ks_;. In spite of the differences between off-shell and reactions p,®Be) and 0,%Be). But, as a first approximation,
FSI distortions at these energies, the data sets agree well botre can calculate thep(pn) differential cross section by
in magnitude and dependence kg ;. The agreement be- evaluating the FSI contribution using the cross section for
tween the two sets of data might be explained by the inverséBe[21] instead of®Be in the calculation. The parameters of
tendency in the behavior of FSI and off-shell effects versughe distorted wave function for this case were obtained for
E,, resulting in a compensation of each other, as in the casey,=70 MeV and three different scattered proton energies
of “Li [5,20]. (E4) = 27, 29, and 31 MeV, corresponding to the following
For the reaction®Be(p,pn)®Be it is impossible to carry average energies of the emitted particles:

41, 39, and 37 MeV neutrons fronplshell(N,=1.98 MeV)
(E,)=1 25, 23, and 21 Me\(protons or neutrongrom 1p shell(B,~B,~18 MeV)
14,12, and 10 Me\(protons or neutrongrom 1s shell(B,~B,~28 MeV).

It should be stressed that the obtained set of DWF paramsquare mass radius d8e [3] andr,®is a parameter to be

eters is unambiguous, since it was chosen requiring the cop- . 8o me . .
rect description of the elastic and total cross sections for thétted' We obtained for;,s=2.52(7) fm. This value is very

interaction of a proton(neutron with the corresponding Close to the root-mean-square radius of the charge distribu-

nucleus and also the agreement between our model DWF algn (cpre rad_|u§; of °Be (2'519t 0.012 fm[23]) and can be
the exact wave function, obtained by numerical integratiorf"‘sso?"”lted W'th thg mass radmsgtﬁe.. 13
of the Schidinger equation over a range comparable to the 'S result is similar to that obtained forC and **C,
size of the nucleus. The procedure used for the choice ofnere the root-mean-square value of the mass radlys
parametergand an analysis of their ambiguitss well as the = 2-41(2) fm[24], for *°C, is very close to the value of the
calculations of the cross sections are described in detail ifharge radiush,=2.440(25) fm[25], for *°C; and also to
Ref. [9]. Figures 2—4 show the results of such DWTA cal-the case of 0 and YO, where the mass radius],g
culation of (p,pn) cross sections forsdand both b sub-  =2.65(4) fm, for °0 [26], and the charge radiusf)
shells, carried out with DWF fofBe in the final state and =2.662(26) fm[27], for 1’0, are very close. Final results of
the single-particle bound state wave functions for protonghese DWTA calculations are shown in Figs. 2—4 by the
and neutrons, obtained for Woods-Saxon potential with pasolid lines. This new calculation gives a quantitatively ad-
rameters chosen from the correct description of the bindingquate description of the differential cross sections fer 1
energies and form factors dBe. The dotted curves show
the contribution of the direct mechanism, and the dashed
curves the coherent sum of direct and indirect mechanisms. uf i
In Fig. 4 only the coherent sum of direct and indirect mecha- 100} %
1

10F 1
* 70MeV
A 45MeVX086

Be(p,pn)® Be
B,=1.98 MeV

nisms is shown, since the contribution of the indirect mecha-
nism alone is very small at this kinematics.

It is clear from Figs. 2 and 3 that the DWTA calculations
strongly underestimate the experimental data: a factor of 2.2
for the 1s shell, and of 2.3 for the A shell B,=18.1 MeV).
Only the results for the @ shell (B,=1.98 MeV), shown in
Fig. 4, present a better agreement, with the calculation being
10% lower than the data. This difference is associated with
the difference between the final state interactionéBe and ) . .
%Be, since this is the only change in the standard DWTA 0 50 100 150
calculation, which otherwise describes correctly the experi- K,.(MeVic)
mental cross sections without free paramefdS|. On the FIG. 4. The differential cross section for the reaction
o_ther hand, we kno7,22] that the DWF parameteR, IS %Be(p,pn)®Be, for the Ip shell (B,=1.98 Me\). Full circles rep-
directly proportional to the root-mean-square mass radius orf

- . . esent data of the present work By=70 MeV, and(E,)=29
the nucleus in the final state, and we improved the DWTAMeV; triangles are fF;om Re%vl]' for6E0=45 MeV. Déshl;d and
calculation by changingR, obtained for °Be, to R’

5 9 9 solid lines represent results of DWTA calculation as in Fig. 2, but
=R(r,2%r 29, wherer, 2¢=2.96(8) fm is the root-mean- for B,=1.98 MeV (see text for details

d°/(dQ, dQ2, dE,) (ub sr2MeV™")
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FIG. 5. The DWF parameters féiBe as a function of the out-
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since the available data for the cross section of the reaction
(p,’Li) are not sufficient for an unambiguous choice of a set
of DWF parameters.

Nevertheless some interesting conclusions can be drawn
from the analysis of the ratio ofp(pn) to (p,2p) cross
sections of°Be (see Table ), which were measured simul-
taneously and under identical kinematical conditions. This
experimental ratio contains information about differences in
FSI effects connected with different exit channels, and dif-
ferences in off-shell effects associated with differences in the
p and n separation energies. Adding to that results of the
DWTA calculations[4,5] (obtained with the appropriate
cross section input datawhich reproduce correctly the ex-
perimental p,pn) and (p,2p) cross sections without any
free parameters, we can estimate the order of magnitude of
the FSI and off-shell effects in this ratio. In particular, it is
possible to evaluate the sensitivity of the FSI correction to
the characteristics of the final nucleus. To do this, we calcu-
late the®Be(p,2p)8Li cross section with a hypothetical final

and both D subshells, which have different relative contri- state interaction, using for the DWF in the exit channel the
butions from FSI and off-shell effects. One should also noteset of parameters obtained f8Be, instead offLi, keeping
that the change in the radius increases the differential croggchanged all another DWTA parametéo§-shell nucleon-
sections of different subshells by different amounts, achievaucleon interactioh matrix, and DWF for the entrance chan-
ing good agreement with the experimental data. This indine). Table Il presents the experimental rat®, for several

cates that the new set of DWF parameters is realistic.
Between 10 and 41 MeV, the DWF parametersiBe in

the final state present dependences with the energy of the
outgoing particleE,, that can be well represented by smooth
functions(see Fig. 5. Note that the DWF parameters are the

nuclei, obtained aEy=70 MeV, and the ratio

_ d%a(p,2p)™
d30'(p, zp)expt’

FSI

same for protons or neutrons, since the Coulomb contribu-

tion is negligible.

for different energy combinations of the nucleons in the exit

The obtained set of DWF parameters can be used for thehannel. This ratio characterizes the importance of the dis-

reconstruction of the optical potential f§Be, following the
calculation scheme of Ref10].
For the reaction®Be(p,2p)8Li it is impossible to carry

tortions caused by FSI effects. If these effects were negli-
gible (or identical for both®Be and®Li) this ratio should be
equal to 1. Table Il shows the high sensitivity of the cross

out the standard DWTA calculation, since there are no datgection ratio to FSI effects. The change®i to Be (Cou-

for the elastic and total cross sections of the reactionsomb effects are negligible in our kinematical conditid6$
(p,8Li) and (n,8Li). Furthermore, we cannot fulfill an analy- increases the cross section ratio to 3.5. Table Il also shows
sis similar to that performed for the reactiéBe(p,pn)®Be,  the ratio

TABLE II. Values of sgof-shell gFSI andsrA (see texk for several nuclei at 70 MeV.

Nucleus Shell B (MeV) (E;);(E,) groff-shell RFS! PRA RA

(MeV)  (p,pn®pp)e;  (p.2p)™  (p,pn)(pp)e @1000 MeV
(p.2p)™(pn)e;  (p,2p)®*  (P.2P)(PN)ey

°Be 1p 2 23; 29 1.4

Li 1p 9 30; 30 1.5 1.054)2

Li 1p 9 22; 40 1.5 1.7(3)° 2.34)° 1.054)%

%Be ip 18 29; 39 0.88 3.08)¢ 3.915¢ 1.585)2

‘He 1s 21 25; 25 0.8 3.602)° 2.1(2)° ~1.0°

Li 1s 25 22; 22 0.8 3.94)° 2.34)° 1.0815?2

Li 1s 25 30; 14 0.7 2.2(4)° 2.0(4)° 1.0415?

°Be 1s 28 29; 12 0.8 6.0(14)° 3.92)¢ 0.9712?2

%Referencd3].

bReference$4,5).

‘Referencd5].

4This work.

024601-5



V. B. SHOSTAK et al. PHYSICAL REVIEW C61 024601

d3a(p,pn)Pda(p, The ratio of the differential cross sections of the reactions
ot shei_ 97 (PP (P.P)e °Be(p,pn)®Be and °Be(p,2p)éLi for 1s and Ip shells at
Eo=70 MeV is significantly larger than for other light nuclei

which characterizes the relative contribution of the off-shelStudied. This ratio is the same forsland Ip shells and
effects in the cross sections, sincedfu(p,2p)™P we have shows that, within the experimental qondmons, _the depen-
the same entrance and exit channels ain(p,pn)®®. the dence of FSI and off-_shell effects with separation energy
only change being connected with the difference in off-shelnave opposite tendencies and, as a result, the ratio is practi-
effects due to the difference in tippandn separation ener- cally the same for &(B,=29.2 MeV, B,=27.7 Me\) and
gies. If the off-shell effects were negligibler identica) this ~ 1P(By=18.1 MeV,B,=17.1 MeV) shells.

ratio should be equal to 1. In Table Il the ratios are arranged e DWTA calculations give a quantitatively correct de-
in order of increasing separation energiBs,One can see scription of the differential cross sections for the reaction
that 9tshell decreases with the increase Bf while ;%7S'  “Be(p,pn)®Be at Eq=70 MeV for 1s and both p sub-

do(p,2p)™Pda(p,n)e

presents the opposite tendency, as expected. shells, if the radius ofBe is supposed to be equal to the core
radius of °Be. This means that the models used for FSI and
V. CONCLUSIONS off-shell effects are realistic for light nuclei in the energy
range under study.
The process of quasifree knockout of nucleons fréfBe As FSI is very sensitive to the specific characteristics of

already manifests the contribution of all shellsE&§=70 the final state system, even for a constant atomic number,
MeV, and it is possible at this energy to separate and t@xotic few-nucleon systems can be studied through this kind

study, independently, these contributions. of experiment.
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