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Abstract

Cross sections have been measured for the reaction 2Pb(y,p) leading to the low-lying (4, 3¥) and (4L~

, 3% doublets

and 3 1* state in 2" T1 using a h1gh energy-resolution tagged photon beam of 41 to 57 MeV. The data are compared with results
obtamed with the reaction Z*Pb(e,e ‘p) in the same recoil-momentum range. The recoil-momentum distributions derived
from the (v,p) data do not coincide with those obtained from the (e,e’p) data. Distorted-wave impulse-approximation
(DWIA) calculations of which the input is constrained by the (e.e’p) data underestimate the (y,p) data by typically

NP

one order of magnitude. An estimate of meson-exchange currents (MEC) effects using the Siegert theorem brings the
DWIA-calculations close to the data. Random-phase approximation calculations also give a fair account of the data, but in

AT

this case MEC-effects are pl‘C(llC[eCl to be Iess 1mpor[anr

The atomic nucleus is a many-body quantum sys-
tem in which mesons are being exchanged between
the constituent nucleons. Meson exchange gives rise
to nucleon-nucleon correlations and allows the cou-
pling of an external electromagnetic field to virtual
mesons in the nucleus. In order to investigate the rel-

I Present address: Department of Physics, University of Basel,
Klingelbergstrasse 82, 4056 Basel, Switzerland.

2 Present address: Department of Physics & Astronomy, Univer-
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ative importance of nucleon-nucleon correlations and
explicit meson-exchange currents in a heavy nucleus
we performed complementary (e,e’p) and (y,p) ex-
periments on 2%8Pb. Recent results obtained with the
reaction 2®Pb(e,ep) demonstrated the importance of

long- and short-range correlations at high recoil mo-
11.21. The 208])]-.{»\/ p)e nt. which is re-

menta [1,2]. experiment, which is re-
ported in this paper, was expected to be sensitive to
meson-exchange currents since the photon exclusively
couples to currents in the nucleus. However, the mech-
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anism of the reaction (7,p) is not as well understood
as that of the reaction (e.,e'p). While some authors
[3,4] stress the role of the direct-knockout process,
i.e. coupling to the nucleonic part of the current, oth-
ers [5,6] found a large influence of meson-exchange
currents.

Compared to previous (y,p) studies, the present
high energy-resolution 2®Pb (y,p) experiment has
the advantage that it enables a comparison to the
aforementioned results obtained with the reaction
208ph(e,e’p) [1] in the same recoil-momentum range.
It is thus possible to study the reaction (y,p) under
constraints set by the 2°®Pb(e,e’p) data. Furthermore,
with 2%8Pb it is possible to study proton knockout
from various quantum states (3s, 2d, 1g and 1h).

The experiment was carried out using the tagged
photon beam of the MAX-Lab [7] at the University
of Lund. The energy of the tagged-photon beam cov-
ered simultaneously the ranges from 41 to 48 MeV
and 51 to 57 MeV with an energy resolution of about
230 keV. The tagging efficiency of the photon beam
was on average 16%. The average total intensity of
the tagged-photon beam was 3.7 x 10¢ photons/s. The
target, placed at an angle of 19.8° £ 0.5° with respect
to the photon beam, consisted of a self-supporting
99% enriched 2%®Pb-foil with an average thickness of
24.5 + 0.2 mg/cm?. A box with mylar windows and
filled with He-gas was placed around the target in or-
der to reduce the background contributiondue to (7y,p)
events in air.

The knocked-out protons were detected in two
solid-state detector telescopes developed by the nu-
clear physics group of the University of Edinburgh
[8,9]. Each telescope consists of two Silicon Strip
Detectors and a Hyperpure Germanium detector
which measure the in-plane proton-emission angle
and the energy of the proton, respectively. Together,
the telescopes covered an angular range from 50° to
130° and subtended a solid angle of 413 £ 20 msr.
The total systematic uncertainty in the cross sections
is 9%.

As a check on the performance of the full exper-
imental system, calibration runs were made on '2C
at regular intervals during the experiment. Within the
statistical and systematic uncertainty, the results of the
12C(7,p) runs reproduced the existing absolute cross
sections for transitions to the ground state and first
excited state in !B [9-11].
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Fig. 1. Excitation-energy spectrum of the reaction 208Pb(y,p)
showing the knockout of valence protons to discrete states in 207 T,
labelled by their spin, parity and excitation energy. The photon
energy ranges from 41 to 48 MeV, and the proton-emission angle
varies from 51° to 89°. The solid curve is the result of a fit to the
spectrum involving Gaussian peak shapes and a linear continuum
background starting at an excitation energy of 2.7 MeV.

In Fig. 1 a typical excitation-energy spectrum of the
reaction 2%8Pb(y,p) is displayed. The spectrum repre-
sents integrated data accumulated in a photon-energy
range from 41 to 48 MeV with proton-emission angles
between 51° and 89°. Its shape is similar to spectra
obtained with the reaction 2%Pb(e,e’p) [1,12]. Both
doublets and the transition to the %+ state at an exci-
tation energy of 3.47 MeV in 27Tl are clearly excited.

The first doublet comprises transitions to the %+ and

%+ states at excitation energies of 0.00 and 0.35 MeV,
respectively. The second doublet has contributions
from transitions to the 4~ and %+ states in 207TI at
excitation energies of 1.35 and 1.68 MeV, respec-
tively. The excitation-energy resolution is 470 keV.
Cross sections for both doublets and the %+ state
have been determined and are presented as a func-
tion of both the recoil momentum, p,, (Fig. 2) and
the proton-emission angle 8, (Fig. 3). In plane-wave
impulse-approximation (PWIA) the recoil (or miss-
ing) momentum, is identified as the initial momen-
tum of the ejected proton. In order to obtain experi-
mental recoil-momentum distributions we have plot-
ted the data as a function of p,, and divided the mea-
sured cross sections by an appropriate kinematical fac-
tor and a term representing the photon coupling to the
transverse field generated by the proton magnetization
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Fig. 2. Recoil-momentum distributions for transitions to the (
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and (12—1—, %Jr) doublets and the %+ state in 207T1, The present

208ph(y,p) data, which have been taken at average photon energies of 45 and 54 MeV, are represented by solid triangles. The 2°2Pb(e.e'p)
data are from Refs. [12] (open circles) and [1] (solid circles). The dashed curves are the result of (e,e’p) CDWIA-calculations including
correlations as proposed by Mahaux and Sartor [16]. Similar DWIA-calculations for the reaction (v,p) including these correlations are
represented by the dotted curves. DWIA-calculations including an estimate of MEC-effects based on the Siegert theorem are given by the

solid lines.

and convection current [13]. The representation of
the data as recoil-momentum distributions enables the
comparison of (7,p) and (e,e’p) results on the same
scale. In PWIA the recoil-momentum distributions ob-
tained with either reaction should be identical, since
they correspond to the squared Fourier transform of
the radial overlap wave-function.

In Fig. 2 the recoil-momentum distributions for the

transitions to the (%+,%+) and (1—21_,%+) doublets
and the 1" state in 27Tl as measured in the present
208pph(y,p) experiment (solid triangles) are compared
with those obtained with the reaction 2%Pb(e,e'p)
(open circles [12], solid circles [1]). In order to ac-
count for the kinematical dependence of electron dis-
tortions in the (e,e’p) measurements, the (e,e’p) data
are plotted as a function of the effective missing mo-
mentum p¥ [1,14]. Since no electron distortions are
present in the reaction (y,p), p,f,ff reduces in this case

to pm.

The recoil-momentum distributions derived from
the 2OSPb(y,p) data do not coincide with those ob-
tained from the 2%®Pb(e,e/p) data, i.e. no scaling of
(y,p) and (e,e’p) data is observed. Whereas the data
for the first doublet are relatively close to the (e.e'p)
data, larger discrepancies are observed for the second
doublet and the %+ state. Also, differences between
the (y,p) data obtained at high and low photon en-
ergy are visible. The absence of scaling is in contrast
to observations made on low-mass nuclei where scal-
ing appears to occur [3]. However, a recently per-
formed comparison of existing (e,e’p) and (y,p) data
on various nuclei taken at E, = 60 MeV [13] also
concluded that no general scaling could be observed.
The present data confirm this conclusion, although the
scale-breaking effects seem to be larger than previ-
ously reported, especially at E, = 45 MeV.

The dashed curves in Fig. 2 represent (e.e'p)
distorted-wave impulse-approximation (CDWIA)
calculations [15] including electron and proton dis-
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tortions, and nucleon-nucleon (NN) correlations.
Details are given in Ref. [1]. At high psz the inclu-
sion of long-range NN-correlations in a quasi-particle
approach [16], is crucial for a proper description of
tha data

Employing the quasi-particle wave functions and
normalisation factors as obtained from 2%5Pb(e.e’ p)
[1], we performed (y,p) distorted-wave impulse-
approximation (DWIA) calculations [4,13] includ-
ing proton distortions, which are represented by the
dotted curves in Fig. 2. Hence, these (y,p) cross sec-

tiong have been calculated in the same framework as

VIVLIY KAV ULl VAl Uit IR uil ST i Guav Yy Ui Qs

was used for the 2®Pb(e,e'p) calculations, which is
based on the direct-knockout mechanism. The optical-
model parameters used in the (7y,p) calculations have
been taken from Ref. [17]. Applying an alternative
parameterisation [ 18] the sensitivity of the calcula-
tions to the optical-model parameters is estimated to
be 15%. However, this estimate does not include pos-
sible contributions from channel-couplings in the ﬁnal
state, as they are not included in DWIA-calculations.
Since the photon-energy range, E,, is quite large, and
thus also the range of outgoing proton energies, T,
separate calculations have been performed for six dif-
ferent (E,,T,)-combinations. The final curves result
from weighing the individual calculations with the
experimentally observed fraction of the total photon
flux.

The (y,p) DWIA-calculations are far below those
of (ee'p), which is mainly due to the increase of

nal_ctata intarantion affanta 10 ¢ ) cnlanlatinng
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Whereas T, is 100 MeV in the 2®Pb(e,e'p) experi-
ment, it is only 30-40 MeV at low E, and 40-50 MeV
at high E, in the 2%8Pb(y,p) experiment. For all transi-
tions the (7y,p) DWIA-calculations underestimate the
data by typically one order of magnitude.

In previous comparisons between (y,p) cross sec-
tiong and DWTIA _calculationg the effects of long- rnngp

LIOIS AllG L2 VY AA-CAlCUrauiVils uie CUCCLs U 005

NN-correlations were not considered, see Ref. [13],
for instance. However, these effects are essential for
a good description of the 2%Pb(e,e/p) data taken at
high p,, i.e. pn > 300 MeV/c. Therefore, the effects
of long-range correlations have also been included in
the (y,p) DWIA-calculations. As the (7y,p) data cover
somewhat smaller missing momenta than the (e.e'p)
data, the effects of long-range NN-correlations are also
smaller, i.e. only a factor of 2 or less. Hence, the mea-
sured data cannot be described within a DWIA frame-

work with or without the inclusion of NN-correlations.

Meson-exchange currents (MEC) are possibly at
the origin of the discrepancy between the DWIA-
calculations and the data. An estimate of the effects

maann_evchangs ran ha ahtaina anmnluing
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Siegert theorem [19]. This method [ 13,20] involves
the multiplication of the (pure) DWIA-calculations
with the ratio of PWIA cross sections with and with-
out application of the Siegert theorem. The Siegert
theorem, which is based on current conservation, ef-

fectively accounts for nuclear currents not included in
the direct-knockont frameworlk We note that thig tvpp

VL BLALTRUVUAV UL LGV VAL TY W BULY LG uilld vy

of calculation has the advantage that the constraints
derived from the (e,e’p) data can be kept. As shown
in Fig. 2 by the solid curves, the resulting calcula-
tions give a fair account of the data. Hence, within the
limitations of the ‘DWIA+Siegert’ framework, MEC-
effects seem to dominate the reaction 2%8Pb(y,p). It
should be kept in mind, however, that the Siegert ap-
proach is exact only in the limit of small photon mo-
menta. Away from this limit, possible contributions of
two-body currents are neglected.

It is desirable to incorporate nucleonic currents,
MEC-effects, NN-correlations and final-state interac-
tions in one self-consistent framework. This has been
done by Ryckebusch et al. [6,21], who have per-
formed coupled-channel calculations in the random-
phase approximation (RPA). In this model the nu-
clear wave functions are generated with the effective
Skyrme NN-interaction [22], including the coupling

ta tha collactive nranertice of the tarcat and racnil
W ulv vulivvuve PIUPUILI\/O UL I.ll\/ L(Llé\/t CLLIVE LVAURR

nucleus, multi-step processes and rescattering effects.
The MEC-effects are introduced as photon absorp-
tion on two-body currents by a minimal substitution
in the Skyrme effective NN-Hamiltonian, preserving
gauge invariance. Despite the inclusion of muiti-step
processes and rescattering effects, the final-state in-
teraction is known to be incompletely treated in the

eraction is known to be incompletely treated in
RPA-framework as only 1plh-configurations are con-
sidered. The resuits of these RPA-plus-MEC calcula-
tions are represented by the solid curves in Fig. 3 in
which the same 2®Pb(y,p) data as already displayed
in Fig. 2 are shown as angular distributions. Note, that
all calculations in this figure have been normalised
and averaged in the same manner as was previously
described in relation to Fig. 2. Except for the second
doublet, the RPA-plus-MEC calculations describe the
data fairly well.
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Fig. 3. Angular distributions for transitions to the (4%, 3%y and (%_, %

2 2

*) doublets and the %+ state in 207T1 at average photon energies

of 45 and 54 MeV. RPA calculations with and without MEC-effects are given by the solid and dashed lines, respectively.

In order to investi gate the relative importance of
lV’IDb CllC(,Lb .lIl LHG 1\1‘1‘\—11 amnewor. K, Ldlbulatloﬂb were
performed in which the photon only couples to the nu-
cleon current (impulse approximation). The resulting
calculations (dashed curves in Fig. 3) show that the
exclusion of MEC-effects reduces the calculated cross
sections by a factor of two on average. Hence, the ef-
fects of MEC are relatively less important in the RPA-

£ 1. At tha ‘TYWT
framcwork as compared to the ‘DWIA--Sicgert’ esti-

mate. Note, that a larger contribution of MEC-effects
within the RPA-framework was observed for low-mass
nuclei [21].

In summary, a photon-induced proton knockout
experiment on 2%Pb has been carried out covering
proton-emission angles from 50° to 130° and using
photon energies ranging from 41 to 58 MPV Data for

a0 LIS Ialiglily 1101 W 2o VD 2rdala L

transitions to the (1+, %Jr) nd (u ) doublets
and the 7+ state in 2°7T1 have been (‘nmnnred with
results obtamed with the reaction 208Pb(e e¢'p) at the
same recoil momenta. The recoil-momentum distri-
butions derived from the (y,p) data do not coincide
with those obtained from the (e.e’p) data. DWIA-

calen ong o P v 2 "
calculations that arc constrained b_y the OSPb(C & ]:")

results underestimate the data by an order of magni-
tude. An estimate of MEC-effects using the Siegert
theorem brings the DWIA-calculations close to the
data. RPA-calculations also give a fair account of the
data, but in this case MEC-effects are predicted to be
of relatively less importance. Since both frameworks
have their restrictions, more detailed calculations are
called for in order to obtain a proper understanding

208D/ n) Sk calanlationg chanld

af tha roastinn
x U\ / P/ WULLL vAdlvuiauiuvie DllUulU

be constrained by the presently available (y,p) and
(e'p) data.

We would like ¢t
ing available his calculatlons in the random-phase ap-
proximation model, and Dr. D. van Neck for providing
us with an estimate of the effect of meson-exchange
based on the Siegert theorem. This work is part of the
research program of the Foundation for Fundamental
Research of Matter (FOM), which is financially sup-
ported by the Netherlands’ Organisation for Advance-
ment of Pure Research (NWO). The financial support
by the Swedish Natural Science Research Council is
gratefully acknowledged by the Swedish part of the

o thank Dr. 1. er‘kphnqrh for mak-



18 I Bobeldijk et al. / Physics Letters B 356 (1995) 13-18

collaboration, as well as the support by the Knut and
Alice Wallenberg Foundation, the Crafoord Founda-
tion, the Swedish Institute, and the contribution from
the Royal Swedish Academy of Sciences.

References

[1] L Bobeldijk et al., Phys. Rev. Lett. 73 (1994) 2684.

[2] L Bobeldijk et al., Phys. Lett. B 353 (1995) 32.

[3] D.J.S. Findlay and R.O. Owens, Nucl. Phys. A 292 (1977)
53;

D.1S. Findlav st al.. Phvs Letr. B 74 (1978) 3D5:
D.J.S. Findlay et al., Phys. Lett. B 74 (1978) 305;
M.J. Leitch et al,, Phys. Rev. C 31 (1985) 1633;

J.L. Matthews, Proceedings of the Third Workshop on
Perspeciives in Nuciear Physics ai Intermediaic Energies,
ICTP, Trieste 1987, eds. S. Boffi, C. Ciofi degli Atti and
M. Giannini (World Scientific, Singapore) p. 611;
J.P. McDermott et al., Phys. Rev. Lett. 61 (1988) 814;
B. Hoistad et al., Phys. Lett. B 276 (1992) 294;
G.M. Lotz and H.S. Serif, Nucl. Phys. A 537 (1992) 285;
T.B. Bright and S.R. Cotanch, Phys. Rev. C 49 (1994) 2182.
[4] S. Boffi, C. Giusti and ED. Pacati, Nucl. Phys. A 359 (1981)
91.
[5] H. Goringer and B. Schoch, Phys. Lett. B 97 (1980) 41;
M. Gari and H. Hebach, Phys. Rep. 72 (1981) 1;
H. Goringer, B. Schoch and G. Lithrs, Nucl. Phys. A 384
(1982) 414;
M. Cavinato, M. Marangoni and A.M. Saruis, Nucl. Phys.
A 422 (1984) 237.

[6] J. Ryckebusch et al., Nucl. Phys. A 476 (1988) 237.

[71 3.-O. Adler et al., Nucl. Instr. Meth. A 294 (1990) 15.
[8] A.C. Shotter et al., Phys. Rev. C 37 (1988) 1354,
S.V. Springham et ai., Nucl. Phys. A 517 (1990) 93;
D.G. Ireland et al., Nucl. Phys. A 554 (1993) 173.
[9] L.J. de Bever, Ph.D. Thesis, University of Utrecht (1993).
[10] J.L. Matthews et al., Nucl. Phys. A 267 (1976) 51;
L. van Hoorebeke, Ph.D. Thesis, University of Gent (1991);
J.C. McGeorge et al., Phys. Lett. B 179 (1986) 212;
H. Ruijter, Private communication (1995).
[11] K. Mori et al., accepted for publication in Phys. Rev. C
(1995).
[12] ENM. Quint, Ph.D. thesis, University of Amsterdam
(1988).
1131 D.G. Ircland and
(1994) 2182.
[14] Y. Jin, H.P. Blok and L. Lapikds, Phys. Rev. C 48 (1993)

noca

RKRY04,
[15] C. Giusti and F. Pacati, Nucl. Phys. A 485 (1988) 461.
[16] C. Mahaux and R. Sartor, Adv. Nucl. Phys. 20 (1991) 1.
[17] R.L. Varner et al., Phys. Rep. 201 (1991) 57.
[18] ED. Becchetti and G.W. Greenless, Phys. Rev. 182 (1969)
1190.
[19] A.LE Siegert, Phys. Rev. 52 (1937) 787;
H. Arenhével, Z. Phys. A 302 (1981) 25;
H. Arenhovel and M. Sanzone, Photodisintegration of the
Deuteron, Few Body Systems Suppl. 3, Springer-Verlag,

Vienna (1991).
Van Neck et al, to be published (1995).

D18 E LUB S B )0 )

Ryckebusch et al., Phys. Rev. C 46 (1992) R829.
M. Waroquier et al., Phys. Rev. C 19 (1979) 1983; Nucl.

Dhe:e A ANA 710272 2£0. DL D
FHyS>. A 9U4 \1700) £LUT, THYd. I

3. van dar Steenhoven
. van gor Steenhoven,

Rev. { 40
neY. L 57

D,
L



