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Study of 9Be„p,pn… and 9Be„p,2p… reactions at 70 MeV
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Differential cross sections for the reactions9Be(p,pn)8Be and 9Be(p,2p)8Li 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 number~s!: 25.40.Ep, 27.20.1n
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I. INTRODUCTION

The quasielastic knockout of a nucleon by high ene
protons is a powerful tool in the study of single-particle a
pects of the nuclear structure. For incident protons with
ergies below;400 MeV, the single-particle character of th
proton-nucleon interaction starts to be substantially distor
due to several effects. Among them are the off-shell effe
when the scattering of two particles is distorted by their
teraction with particles of the medium. Another importa
process is related to the interaction of the outgoing nucl
with the residual nucleus in the final state, the final st
interaction~FSI!. For incident proton energies below;100
MeV these distortion effects are the dominant interact
processes and they determine the character of the reac
Accurate knowledge of the off-shell behavior of the tw
nucleon amplitude is necessary for an unambiguous solu
of the inverse problem, namely, the reconstruction of
nucleon-nucleon potential from data on nucleon-nucle
scattering. The study of FSI is also interesting, because
is sensitive to properties of the residual nucleus, and so
bring information about nuclear interactions or properties
exotic nuclei, for which it would be impossible to prepare
target due to technical or fundamental physical reasons,
could be formed as the residual nucleus in a knockout p
cess.

The reaction9Be(p,pn)8Be has been studied atEo545
MeV @1#, 46 MeV @2# and 1 GeV@3#. At Eo545 MeV @1#
the distortions are so strong that the 1s shell does not mani-
fest itself in the separation energy spectra. AtEo51 GeV
distortions are weak and so this energy region is conven
to study the single-particle aspects of the nuclear struct
The reaction 9Be(p,2p)8Li has been studied only forEo
>185 MeV.

The energy region between 50 and 150 MeV is parti
larly interesting for the study of distortion effects in ligh
nuclei, since in this case all shells already manifest the
selves and the distortions are still strong. Experimental in
mation about distortion effects can be obtained from
comparative analysis of simultaneous measurements, u
identical kinematic conditions, of (p,pn) and (p,2p) reac-
tions, since in this case some systematic experimental un
tainties are cancelled.

This work is a continuation of our study@4,5# of distortion
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effects in quasielastic knockout of nucleons by 70 MeV p
tons, and presents results of the simultaneous measurem
of the cross sections for the reactions9Be(p,pn)8Be and
9Be(p,2p)8Li. An analysis of the cross sections for 1s and
1p shells in the framework of DWTA approach is also pr
sented and the root-mean-square radius of8Be is derived.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out using the 70 MeV pro
beam from the U-240 isochronous cyclotron of the Institu
for Nuclear Research of the Ukrainian Academy of Scienc
The experimental facility was described elsewhere@4–6#.

A magnetic spectrometer was used for the moment
analysis of the scattered protons, at a fixed angleu1
545°) with respect to the initial beam axis. Momentum an
lyzed protons were detected in the focal plane by
8-channel scintillation counter with momentum acceptan
of 63%.

Protons and neutrons were detected in coplanar geom
by two spectrometers, located on opposite sides of the in
proton beam trajectory. Energies of the secondary parti
(E2, for protons and neutrons! were determined, at definite
anglesu2, by the time-of-flight spectrometer~TFS!. The TFS
consisted of five scintillation-counter telescopes, position
uniformly along a circular arc covering the range 45°269°,
in steps ofDu256°. Each telescope consisted of two plas
scintillators ~NE102A!, 5- and 200-mm thick, respectively
coupled with photomultipliers PM-36. Between the scintill
tors was placed a lead absorber 8-mm thick to avoid char
particles arriving at the second scintillator. The first scin
lator detects practically only protons, since its neutron det
tion efficiency is very small ('0.3%). The second scintilla
tor detects only neutrons~with about 10% efficiency, see
Ref. @5#!, since the protons were stopped at the absor
Signals from the scintillators were used for timing purpos
The energies of the secondary particles were determ
from the difference in flight time between them and the sc
tered protons detected by the magnetic spectrometer.

Three solid and self-supporting targets were used in
experiment:~i! polyethylene (CH2), 2.13(2)31021 cm22,
~ii ! deuterium polyethylene (CD2), 1.44(7)31021 cm22,
and ~iii ! beryllium, (9Be), 2.5(1)31021 cm22.

The CD2 and 9Be targets were prepared by pressing t
©1999 The American Physical Society01-1
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corresponding powders on an evacuated mold.
The CH2 target was used in the calibration of the ma

netic spectrometer. Energy scale and efficiency were b
determined using the proton elastic cross sections on1H.
The CD2 target was used to calibrate several parameters
particular, neutrons from the breakup of the deuteron w
used to determine the efficiency of the neutron detectors

The TDC spectra ofpn- and pp-coincidences~time dif-
ferences between signals from the magnetic and TFS s
trometers! were recorded by the acquisition system in eve
by-event mode.

The pn- andpp-coincidence spectra as a function of t
separation energies of the neutron (Bn) and proton (Bp),
respectively, were decomposed in partial contributions fr
quasi-free knockout of 1s and 1p shells. The decomposition
was based on a least-squares fit of two (pp-spectra! or three
(pn-spectra! Gaussians to the experimental spectra, leav
two free parameters for each peak: height and FWHM. P
positions were fixed according to the separation energies
tained in Ref.@3# at E051 GeV: Bp(1p)517.1 MeV and
Bp(1s)527.7 MeV for pp-spectra; andBn(1p)51.98 and
18.1 MeV andBn(1s)529.2 MeV for pn-spectra. Figure 1
shows, in the same scale, a typical decomposition ofpn- and
pp-coincidence spectra, with three and two peaks, resp
tively, for one momentum bite of the spectrometer.

III. THEORETICAL MODEL

The cross section for the7Li( p,pn)6Li reaction was cal-
culated in the distorted-wave approximation for non-lo
realistic t-matrix ~DWTA!. This method was first develope
in the works of Refs.@7,8# and then improved@4,9,10# for the
case of arbitrary geometry, eliminating ambiguities in t
parameters and including indirect processes.

For the description of the nucleon-nucleon interaction
was used a second-rank non-local separable potential
Gaussian form factor. The parameters of the potential w

FIG. 1. Typical decomposition of (p,2p) ~upper part! and
(p,pn) spectra, for one momentum bite of the spectrometer.
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determined making use of (p,p) and (p,n) phase-shift
analysis data@11#. The potential gives a good description
the energy behavior of all phase shifts fors, p, d andf waves
in the isotopic spinT 5 0,1 channels, and the correspondi
mixing parameters in the energy range from 0 to 500 Me
These parameters have been used to generate thet-matrix to
calculate the cross section.

The distorted wave functions~DWF! for the entrance~1!
and exit (2) channels, used in the calculation, incorpora
refraction, absorption and focusing, and have an analyt
representation similar to the eikonal approximation@4#:

CkW
1

~rW !5e2gkWRNei (b1 ig)kW rW@11Fe2(rW2Rk̂)2/S2
#

and

CkW
2

~rW !5@C
2kW
1

~rW !#* ,

whereb1 ig5D is the complex refractive index of the op
tical model. The quantitybk plays the role of a modified
wave number, andg determines the damping.F, R andSare
focusing parameters. For the case of9Be, RN can be chosen
as the mass radius of the nucleus.

The DWF parameters can be unambiguously chosen@6#
from the requirement of a quantitatively correct descripti
of the experimental data for the total and elastic cross s
tions, for the interaction of a proton~neutron! with the cor-
responding nucleus in the entrance and exit channels,
additionally by requiring the agreement between the mo
DWF and the exact wave function, obtained by numeri
integration of the Schro¨dinger equation in a range compa
rable with the size of the nucleus.

IV. RESULTS AND DISCUSSION

The differential (p,pn) and (p,2p) cross sections for the
1p shells, as a function ofu2, obtained from the decompo
sition procedure, are shown in Fig. 2, respectively by the
and light circles. Figure 3 shows the same for the 1s shell.
The error bars of the experimental data shown in Figs. 2
3 represent both statistical and absolute uncertainties, s
our aim is to make an absolute comparison with the theo
ical calculations~for more details, see Ref.@5#!.

From the data of Figs. 2 and 3, one can determine
ratio @3#:

RA5
d3s~p,pn!ds~p,p!Np

l

d3s~p,2p!ds~p,n!Nn
l

,

whereNp
l andNn

l are respectively the number of protons a
neutrons in shelll, andds(p,n) andds(p,p) are the elastic
scattering cross sections for these energies and angles
used the same proton and neutron effective occupation n
bers for the 1s and 1p shells (17218 MeV! of 9Be

Np
1s

Nn
1s

5
Np

1p

Nn
1p

51.
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This was based on the results obtained analyzing data@3#
where the conditions of small off-shell and FSI distortio
hold. At sufficiently highE0, when the impulse approxima
tion is valid,RA is defined by the single-particle bound sta
wave functions for protons and neutrons and, in the ca
where proton and neutron distributions are identical,RA

51. Deviations ofRA from unity at high energies are con
nected with differences between the root-mean-square
of the nuclear shells for protons (r rms

p ) and neutrons (r rms
n )

FIG. 2. The differential cross sections for the reactio
9Be(p,pn)8Be ~full circles! and 9Be(p,2p)8Li ~light circles!, at
E0570 MeV and ^E1&529 MeV, for the 1p shells (Bp517.1
MeV, Bn518.1 MeV! versusu2. Distortion effects were correcte
according to the emitted particle energy~see text and Ref.@5# for
details!. The dotted and dashed lines correspond to the contribut
of direct mechanism and the coherent sum of direct and indi
mechanisms, respectively. The solid line represents results o
modified DWTA calculations~see text for details!.
02460
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@12,13#. This dependence is strong sinceRA

}(r rms
n )4/(r rms

p )4 @3#, and small differences inr rms can result
in large deviations of RA from unity. For E0
,100 MeVRA presents a strong deviation from the sing
particle value as a result of distortion effects@14#. Table I
shows the values ofRA obtained from the world data fo
light nuclei for E0<100 MeV, andu15u2545°, and also
for E051 GeV, where the values are associated with
single-particle mechanism. For9Be at E0570 MeV, RA

presents a large deviation from the single-particle mec
nism value. This deviation is connected with off-shell a
FSI distortions.

Figure 4 shows the9Be(p,pn) cross sections, as a func
tion of the momentum of the residual nucleus,kA21, for the
1p subshell (Bn51.98 MeV, there is not an analogous su
shell for protons!. The open circles represent data taken

ns
ct
he

FIG. 3. The same as Fig. 2, but for the 1s shells.
TABLE I. Experimental values ofRA ~see text! for several nuclei and energies.

Values ofRA

Eo ~MeV! 23 50 70 85 100 1000
Nucleus Shell

2H 1s 2.5~2!b 1.4~1!b 1.1~1!c 0.9~1!c 0.9~1!c 1.01~3!d

3He 1s 1.4~1!c ;1.0d

4He 1s 2.4~2!f ;1.0d

6Li 1 p 2.7~1!g 3.5~4!h 0.95~8!d

1s 3.6~4!h 1.03~10!d

7Li 1 p 2.3~4!i 1.05~4!d

1s 2.3~4!i 1.08~15!d

9Be 1pa 3.9~15!j 1.58~5!d

1s 3.9~12!j 0.97~12!d

aBn518.1 MeV. fReference@4#.
bReference@16#. gReference@15#.
cReference@17#. hReferences@20,21#.
dReferences@3,19#. iReference@5#.
eReference@18#. jThis work.
1-3
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E0570 MeV ~this work!. Full circles represent data of Re
@1# taken at 45 MeV, multiplied by 0.6@ratio of free (p,n)
cross sections at 70 and 45 MeV# and rearranged as a func
tion of kA21. In spite of the differences between off-shell a
FSI distortions at these energies, the data sets agree well
in magnitude and dependence onkA21. The agreement be
tween the two sets of data might be explained by the inve
tendency in the behavior of FSI and off-shell effects ver
E0, resulting in a compensation of each other, as in the c
of 7Li @5,20#.

For the reaction9Be(p,pn)8Be it is impossible to carry
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out the DWTA calculation on the same realistic base as
the case of7Li( p,pn)6Li @5# and 4He(p,pn)3He @4#, since
there are no data for the elastic and total cross sections o
reactions (p,8Be) and (n,8Be). But, as a first approximation
we can calculate the (p,pn) differential cross section by
evaluating the FSI contribution using the cross section
9Be @21# instead of8Be in the calculation. The parameters
the distorted wave function for this case were obtained
E0570 MeV and three different scattered proton energ
^E1& 5 27, 29, and 31 MeV, corresponding to the followin
average energies of the emitted particles:
^E2&5H 41, 39, and 37 MeV neutrons from 1p shell~Nn51.98 MeV!

25, 23, and 21 MeV~protons or neutrons! from 1p shell~Bn'Bp'18 MeV!

14, 12, and 10 MeV~protons or neutrons! from 1s shell~Bn'Bp'28 MeV!.
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It should be stressed that the obtained set of DWF par
eters is unambiguous, since it was chosen requiring the
rect description of the elastic and total cross sections for
interaction of a proton~neutron! with the corresponding
nucleus and also the agreement between our model DWF
the exact wave function, obtained by numerical integrat
of the Schro¨dinger equation over a range comparable to
size of the nucleus. The procedure used for the choice
parameters~and an analysis of their ambiguity! as well as the
calculations of the cross sections are described in deta
Ref. @9#. Figures 2–4 show the results of such DWTA ca
culation of (p,pn) cross sections for 1s and both 1p sub-
shells, carried out with DWF for9Be in the final state and
the single-particle bound state wave functions for proto
and neutrons, obtained for Woods-Saxon potential with
rameters chosen from the correct description of the bind
energies and form factors of9Be. The dotted curves show
the contribution of the direct mechanism, and the das
curves the coherent sum of direct and indirect mechanis
In Fig. 4 only the coherent sum of direct and indirect mec
nisms is shown, since the contribution of the indirect mec
nism alone is very small at this kinematics.

It is clear from Figs. 2 and 3 that the DWTA calculation
strongly underestimate the experimental data: a factor of
for the 1s shell, and of 2.3 for the 1p shell (Bn518.1 MeV!.
Only the results for the 1p shell (Bn51.98 MeV!, shown in
Fig. 4, present a better agreement, with the calculation be
10% lower than the data. This difference is associated w
the difference between the final state interactions in8Be and
9Be, since this is the only change in the standard DW
calculation, which otherwise describes correctly the exp
mental cross sections without free parameters@4,5#. On the
other hand, we know@7,22# that the DWF parameter,R, is
directly proportional to the root-mean-square mass radiu
the nucleus in the final state, and we improved the DW
calculation by changingR, obtained for 9Be, to R8

5R(r rms

8Be/r rms

9Be), where r rms

9Be52.96(8) fm is the root-mean
-
r-
e

nd
n
e
of

in

s
-
g

d
s.
-
-

.2

g
th

i-

of

square mass radius of9Be @3# and r rms

8Be is a parameter to be

fitted. We obtained forr rms

8Be52.52(7) fm. This value is very
close to the root-mean-square radius of the charge distr
tion ~core radius! of 9Be (2.51960.012 fm@23#! and can be
associated with the mass radius of8Be.

This result is similar to that obtained for12C and 13C,
where the root-mean-square value of the mass radiusr rms

n

52.41(2) fm@24#, for 12C, is very close to the value of th
charge radiusr rms

p 52.440(25) fm@25#, for 13C; and also to
the case of 16O and 17O, where the mass radiusr rms

n

52.65(4) fm, for 16O @26#, and the charge radiusr rms
p

52.662(26) fm@27#, for 17O, are very close. Final results o
these DWTA calculations are shown in Figs. 2–4 by t
solid lines. This new calculation gives a quantitatively a
equate description of the differential cross sections fors

FIG. 4. The differential cross section for the reactio
9Be(p,pn)8Be, for the 1p shell (Bn51.98 MeV!. Full circles rep-
resent data of the present work atE0570 MeV, and ^E1&529
MeV; triangles are from Ref.@1#, for E0545 MeV. Dashed and
solid lines represent results of DWTA calculation as in Fig. 2, b
for Bn51.98 MeV ~see text for details!.
1-4
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and both 1p subshells, which have different relative cont
butions from FSI and off-shell effects. One should also n
that the change in the radius increases the differential c
sections of different subshells by different amounts, achi
ing good agreement with the experimental data. This in
cates that the new set of DWF parameters is realistic.

Between 10 and 41 MeV, the DWF parameters for8Be in
the final state present dependences with the energy of
outgoing particle,E2, that can be well represented by smoo
functions~see Fig. 5!. Note that the DWF parameters are t
same for protons or neutrons, since the Coulomb contr
tion is negligible.

The obtained set of DWF parameters can be used for
reconstruction of the optical potential for8Be, following the
calculation scheme of Ref.@10#.

For the reaction9Be(p,2p)8Li it is impossible to carry
out the standard DWTA calculation, since there are no d
for the elastic and total cross sections of the reacti
(p,8Li) and (n,8Li). Furthermore, we cannot fulfill an analy
sis similar to that performed for the reaction9Be(p,pn)8Be,

FIG. 5. The DWF parameters for8Be as a function of the out
going particle~proton or neutron! energy.
02460
e
ss
-

i-

he

u-

e

ta
s

since the available data for the cross section of the reac
(p,7Li) are not sufficient for an unambiguous choice of a s
of DWF parameters.

Nevertheless some interesting conclusions can be dr
from the analysis of the ratio of (p,pn) to (p,2p) cross
sections of9Be ~see Table II!, which were measured simul
taneously and under identical kinematical conditions. T
experimental ratio contains information about differences
FSI effects connected with different exit channels, and d
ferences in off-shell effects associated with differences in
p and n separation energies. Adding to that results of t
DWTA calculations @4,5# ~obtained with the appropriate
cross section input data!, which reproduce correctly the ex
perimental (p,pn) and (p,2p) cross sections without an
free parameters, we can estimate the order of magnitud
the FSI and off-shell effects in this ratio. In particular, it
possible to evaluate the sensitivity of the FSI correction
the characteristics of the final nucleus. To do this, we cal
late the9Be(p,2p)8Li cross section with a hypothetical fina
state interaction, using for the DWF in the exit channel t
set of parameters obtained for8Be, instead of8Li, keeping
unchanged all another DWTA parameters~off-shell nucleon-
nucleon interactiont matrix, and DWF for the entrance chan
nel!. Table II presents the experimental ratio,RA for several
nuclei, obtained atE0570 MeV, and the ratio

RFSI5
d3s~p,2p!hyp

d3s~p,2p!expt
,

for different energy combinations of the nucleons in the e
channel. This ratio characterizes the importance of the
tortions caused by FSI effects. If these effects were ne
gible ~or identical for both8Be and8Li) this ratio should be
equal to 1. Table II shows the high sensitivity of the cro
section ratio to FSI effects. The change of8Li to 8Be ~Cou-
lomb effects are negligible in our kinematical conditions@5#!
increases the cross section ratio to 3.5. Table II also sh
the ratio
TABLE II. Values of Roff-shell, RFSI, andRA ~see text! for several nuclei at 70 MeV.

Nucleus Shell B ~MeV! ^E1&;^E2& Roff-shell RFSI RA RA

~MeV! ~p,pn!expt~pp!el

~p,2p!hyp~pn!el

~p,2p!hyp

~p,2p!expt

~p,pn!~pp!el

~p,2p!~pn!el

@1000 MeV

9Be 1p 2 23; 29 1.1d
7Li 1 p 9 30; 30 1.2c 1.05~4!a

7Li 1 p 9 22; 40 1.1c 1.7~3!c 2.3~4!c 1.05~4!a

9Be 1p 18 29; 39 0.85d 3.0~8!d 3.9~15!d 1.58~5!a

4He 1s 21 25; 25 0.6b 3.6~2!b 2.1~2!b ;1.0b

7Li 1s 25 22; 22 0.6c 3.9~4!c 2.3~4!c 1.08~15!a

7Li 1s 25 30; 14 0.7c 2.2~4!c 2.0~4!c 1.08~15!a

9Be 1s 28 29; 12 0.6d 6.0~14!d 3.9~2!d 0.97~12!a

aReference@3#.
bReferences@4,5#.
cReference@5#.
dThis work.
1-5
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Roff-shell5
d3s~p,pn!exptds~p,p!el

d3s~p,2p!hypds~p,n!el

,

which characterizes the relative contribution of the off-sh
effects in the cross sections, since ind3s(p,2p)hyp we have
the same entrance and exit channels as ind3s(p,pn)expt, the
only change being connected with the difference in off-sh
effects due to the difference in thep andn separation ener
gies. If the off-shell effects were negligible~or identical! this
ratio should be equal to 1. In Table II the ratios are arran
in order of increasing separation energies,B. One can see
that Roff-shell decreases with the increase ofB, while RFSI

presents the opposite tendency, as expected.

V. CONCLUSIONS

The process of quasifree knockout of nucleons from9Be
already manifests the contribution of all shells atE0570
MeV, and it is possible at this energy to separate and
study, independently, these contributions.
d
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The ratio of the differential cross sections of the reactio
9Be(p,pn)8Be and 9Be(p,2p)8Li for 1s and 1p shells at
E0570 MeV is significantly larger than for other light nucle
studied. This ratio is the same for 1s and 1p shells and
shows that, within the experimental conditions, the dep
dence of FSI and off-shell effects with separation ene
have opposite tendencies and, as a result, the ratio is pr
cally the same for 1s(Bn529.2 MeV, Bp527.7 MeV! and
1p(Bn518.1 MeV,Bp517.1 MeV! shells.

The DWTA calculations give a quantitatively correct d
scription of the differential cross sections for the reacti
9Be(p,pn)8Be at E0570 MeV for 1s and both 1p sub-
shells, if the radius of8Be is supposed to be equal to the co
radius of 9Be. This means that the models used for FSI a
off-shell effects are realistic for light nuclei in the energ
range under study.

As FSI is very sensitive to the specific characteristics
the final state system, even for a constant atomic num
exotic few-nucleon systems can be studied through this k
of experiment.
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