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Photoabsorption on nuclei in the energy range 0.5–2.6 GeV
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The energy and nuclear mass dependences of the total hadronic cross section in the energy range 0.5–2.6
GeV have been measured at Bonn using the SAPHIR tagged photon beam. The measurement, performed on C,
Al, Cu, Sn, and Pb, provides the first photoabsorption data in the region 1.2–1.7 GeV. The results show a
significant reduction of the photoabsorption strength on the bound nucleon compared to the free-nucleon case
in the whole energy region. Above 1.2 GeV this reduction decreases with the average nuclear density.
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I. INTRODUCTION

The modification of the hadron properties and of the
ementary couplings in the nuclear medium is one of the t
ics in nuclear physics currently addressed in various exp
mental and theoretical investigations.

The properties of baryon resonances in nuclei have b
studied in recent photoabsorption experiments at Fras
@1–3#, Mainz @4,5#, and Bonn@6#. These showed significan
medium effects: while theD resonance is only slightly dis
torted, higher excited nucleon statesN* , in the second and
third resonance regions, are washed out. Furthermore
photon energyk.0.6 GeV the absolute value of the cro
section per nucleon is reduced, with respect to the fr
nucleon case.

The mechanism of this damping is not yet well und
stood. In the resonance region~0.6–1.2 GeV! Fermi motion
and Pauli blocking alone are unable to reproduce the re
nance disappearance; therefore strong effects in the ex
tion, propagation, and interaction of the baryon@7# and me-
son @8,9# resonances in the nuclear medium are advoca
At higher energies vector meson dominance~VMD ! models
predict sizable shadowing effects starting from about 2 G
@10–12#.

In this paper are reported the results of the photoabs
tion measurements on C, Al, Cu, Sn, and Pb performed
Bonn between 0.5 and 2.6 GeV. The cross sections for C
Pb have been already published@6#. Here the cross section
for the other nuclei are given along with the evaluation of
reduction and the average nuclear density dependence o
photoabsorption strength in different energy regions.

In Sec. II the experimental setup and method are ex
sively described. The analysis procedure is reported in S
III. In Sec. IV the results of the measurement are presen
specifically the cross sections, the ratio between pho
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nuclear and photonucleon cross sections, and the ave
nuclear density dependence.

II. EXPERIMENTAL SETUP AND METHOD

The photoabsorption measurements were performed u
the photohadronic method. This method consists in mea
ing the photoproduction yield of hadronic events with a lar
solid angle detector, rejecting the vastly preponderant e
tromagnetic events by a separation using a forward an
shower detector. The photohadronic method was succ
fully applied in all previous measurements of the total ph
toabsorption cross section above theD-resonance excitation
energy.

The measurement was carried out at Bonn using
SAPHIR tagged photon beam@13# of the ELSA accelerator
and an apparatus similar to the one previously used at F
cati for nuclear photoabsorption measurements up to
GeV @3#. A schematic layout of the photon beam line and
the detector is given in Fig. 1.

A. Tagged photon beam

The photon beam was produced by the bremsstrahlun
electrons extracted from the ELSA accelerator into
SAPHIR beam line. The energy of the scattered electr
was measured in the tagging system TOPAS II which a
supplied the trigger for the events. The tagging system c
sisted of a bremsstrahlung radiator, a dipole magnet, an
tagger made by two multiwire proportional chambe
~MWPCs! placed in front of scintillation counters.

As a radiator~R! a copper foil 0.006X0 thick (X0 being
the radiation length! has been used. The dipole magnet ha
maximum deflecting power of 1.2 T m, corresponding to
maximum end point energyE053.3 GeV. For this measure
ment, the higher-energy-resolution information from t
MWPC of the tagger was not used and the photon ene
was reconstructed from the timing hodoscope only. The
ter consisted of 14 scintillator counters~T1–T14!, each 4.5
cm thick and different in size, providing a photon ener
resolution ranging from about 9% for the lowest energies
©1999 The American Physical Society16-1
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FIG. 1. Schematic layout side view of the experimental setup~not to scale!. R, radiator; TM, tagging magnet; T1–T14, tagging counte
BD, beam dump; M1–M3, sweeping magnets; C1–C4, lead collimators; RC, remote control system for target movement; T, tar
hadron detector; SD, shower detector.
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about 1% for the highest energies. The tagger covered
photon energy range 0.30E0–0.95E0. In this experiment the
photon energy range 0.5–2.6 GeV has been covered,
large overlapping regions at three electron beam energieE0
5 1.6, 2.2, and 2.8 GeV.

The photon beam passed through a set of collimators
the SAPHIR apparatus. The three collimators C1–C3 defi
a 1.5 cm diameter photon beam at the target position, w
the three sweeping magnets M1–M3 strongly suppressed
charged background in the beam.

The lead glass shower detector SD allowed the simu
neous measurement of the tagged photon flux for each
ging channel. The photon beam intensity and the tagg
efficiency~defined as the ratio between the number of tag
photons and the number of counts in the relevant tagg
channel! were measured on line for each energy interval.

In Fig. 2 the tagging efficiencies of the 14 tagging cha
nels measured at the three electron beam energies are sh
The values range between 0.73 and 0.92, depending on
the photon and electron beam energies. The decrease
served for the first channels~which correspond to the highes
photon energies! is due to both Mo¨ller scattering and the
background on the tagging counters. The decrease obse
at the lowest electron beam energy is due to the wider bre
strahlung photon emission angle and to the strong collim
tion cut.

The tagging efficiencies were found stable within'1%
during the whole data taking, as shown in Fig. 3 for tw
sample tagging channels.

B. Targets

Solid targets~T! of C, Al, Cu, Sn, and Pb were used. The
had the form of disks 3 cm in diameter and thicknesses ra
ing between 0.08X0 for C to 0.2X0 for Pb ~actual values are
given in Table I!.

The effective attenuation of the photon beam due to
electromagnetic interaction in the target was calculated
each nucleus as a function of the photon energy. The ave
photon beam attenuation ranged between 3% for C and 6
for Pb. The targets were individually mounted on a suita
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frame and moved into and off the photon beam by a rem
control ~RC! system.

In order to reduce effects due to possible changes in
electron beam, empty frame measurements were regu
interspersed inside a complete cycle of target runs and t
contributions were subtracted. The empty frame yiel
mainly ascribed to the photon beam interactions on mater
along the beam line and on the target frame, were equiva
to less than 1 g cm22 of lead and were found stable withi
'0.8% during the whole measurement.

C. Detectors

A NaI crystal hadron detector~HD!, consisting of four
cylindrical sectors, each 60 cm long and 12 cm thick, s
rounding the target, detected the charged hadrons and ne
mesons produced by the photon interaction in the target.
electromagnetically produced leptons and photons, mo
emitted close to the photon beam direction, were vetoed
the SD positioned about 1 m downstream to the target. H
ronic absorption of a photon of a given energy was indica
by a coincidence of signals from the relevant tagging chan
and the HD without a simultaneous signal in the SD.

FIG. 2. Tagging efficiency of the 14 channels for the three d
ferent beam energies: 1.6 GeV~triangles!, 2.2 GeV~squares!, and
2.8 GeV~circles!. Dashed curves are only guides for the eye.
6-2
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PHOTOABSORPTION ON NUCLEI IN THE ENERGY . . . PHYSICAL REVIEW C 60 064616
The HD angular coverage was 8°,u,169° for the polar
angle and almost 2p for the azimuthal angle, which corre
sponds to more than 98% of the full solid angle. As a res
of its thickness, the HD detected about 40%~30%! of the
total energy carried by the hadrons produced by 0.5 GeV~2
GeV! photons. This energy is remarkably higher than t
released in the HD by the products from electromagn
events.

The SD consisted of a dense SF6 lead glass cylinder
cm long and 12 cm in diameter. The large detector thickn
(19X0) provided an efficiency close to unity for detecting t
electromagnetic showers generated from the photon b
and both the Compton photons and the lepton pairs produ
off the target. The lead collimator C4, placed between
HD and the SD, defined a maximum polar angle of 2.4° w
respect to the target center. This allowed us to detect both
beam photons and the electromagnetic products origina
from the target, while strongly reducing the number of lo
energy hadrons which might reach the SD. In addition,
threshold of the Cˇ erenkov process in the SD provided a fu
ther rejection of low-energy hadrons.

D. Measurement

The photon energy range 0.5–2.6 GeV was covered w
three different electron beam energies with widely overl

FIG. 3. Tagging efficiency of channels T3~crosses! and T9
~diamonds! measured in each run for the three different beam en
gies.

TABLE I. Target T, thickness@g/cm2#, yield ~#! (3104), and
average overall MC corrections (d) at each electron beam energ
E0 @GeV#. The empty frame~EF! yield is also given.

T Thickness

E051.6 E052.2 E052.8

# d # d # d

C 3.45060.003 22 8.4% 60 5.8% 43 8.1%
Al 2.39960.004 20 8.0% 66 5.4% 43 7.2%
Cu 1.90960.013 19 7.6% 62 4.3% 50 6.2%
Sn 1.53160.011 25 5.8% 66 2.5% 53 5.0%
Pb 1.24060.016 35 2.7% 53 20.4% 67 3.6%
EF 22 84 68
06461
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ping photon energy regions. This allowed a check of
reproducibility of the measurements and gave an estimat
the systematic errors that could arise from different runn
conditions. Detector working parameters, such as HD
SD energy thresholds, were adjusted to optimize the e
ciency of the hadron detection and to reduce the electrom
netic contamination at the different beam energies. T
tagged photon beam rate was kept constant at 53104

photons/s in order to reduce the random coincidence c
tamination. This amounted to about 1–6 % of the rate of t
events, depending on both the target and the electron b
energy. Nevertheless, the random coincidences were on
measured and subtracted.

The number of events collected at the three electron
ergies, for the five targets and for the empty frame, are gi
in Table I.

III. PROCEDURE AND CORRECTIONS

The measured hadronic yields were very close to the
solute values of the total cross section, the off-line corr
tions being very small. The latter were due to~i! the loss of
events with all hadrons emitted at a polar angle less than
minimum HD detection angle or depositing in the HD a
energy below the threshold,~ii ! HD contamination due to the
products of unvetoed electromagnetic events with ene
above the HD threshold, and~iii ! SD contamination due to
the events with hadrons releasing energy in both the HD
SD above the relevant thresholds.

In order to calculate the hadronic corrections~i! and~iii ! a
Monte Carlo~MC! simulation was developed, based on
intranuclear cascade model for photonuclear reactions. T
code@14# accounts for the photon interaction with nucleo
in the target through one-pion, two-pion, and multipion pr
duction processes in both resonant and nonresonant stat
simulates the intranuclear cascade of the photohadr
which leaves the residual nucleus in an excited state
emits low-energy evaporation nucleons and light nuclei. T
HD response function to the hadrons generated by
cascade-evaporative code was evaluated by using
GEANT-3.21 code. Figure 4 shows the simulated HD respo
function to the hadrons photoproduced on C and Al targ
by 0.84–2.66 GeV photons. Also shown in the figure are
measured spectra with a threshold cut at 0.13 GeV.
simulated and measured spectra are in good agreement
each other. The broad peak shown at about 0.3 GeV is du
the hadronic events with at least one pion in the final sta

In order to evaluate the correction~ii !, electromagnetic
processes were simulated by using a modified version of
GEANT-3.21 code, where the experimental energy and an
lar distributions of pair production in the energy range
interest were explicitly introduced. In addition, Cˇ erenkov
photon emission, the attenuation of the Cˇ erenkov light inside
the lead glass, and the spectral response of the photom
pliers were taken into account.

Checks of the MC predictions were performed in order
test the effect of the energy and angular cuts on the e
ciency and the acceptance of HD and SD.

The hadronic corrections, due to the finite angular acc

r-
6-3
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V. MUCCIFORA et al. PHYSICAL REVIEW C 60 064616
tance of the HD and to the possible contamination of el
tromagnetic events not vetoed by the SD, were experim
tally tested by varying the HD solid angle coverage. T
was performed by moving the target upstream and do
stream from the position used for the measurements.
comparison between the MC spectra and the experime
yields, for different HD solid angles, is shown in Fig. 5. Th

FIG. 4. Comparison between the simulated~histogram! and
measured~solid circles! yield of the HD to 0.84–2.66 GeV photon
on carbon and aluminum targets. The HD threshold setting was
GeV.

FIG. 5. The average yield on all tagging channels~top! and on
the three tagging channels at the lowest photon energies~bottom!
measured for different HD solid angle coverage. The carbon
for E052.8 GeV~open circles! and the lead data forE052.2 GeV
~solid circles! are compared with the MC predictions~dashed and
solid lines, respectively!. The arrow indicates the actual solid ang
used for the measurement.
06461
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average yields for carbon and lead targets, measured aE0
52.8 GeV andE052.2 GeV, respectively, are given: the to
panel refers to all tagging counters, while the bottom one
the three tagging channels at the lowest photon energie
our geometry, the missing HD solid angle can be appro
mated aspumin

2 . The MC predictions have been param
etrized in the form ofa2bumin

2 1c/umin
2 , wherea is the total

cross section,2bumin
2 represents the loss of hadronic even

in the forward HD hole, and1c/umin
2 represents the electro

magnetic contamination due to thee1e2 pairs produced in
the target. As shown in the figure, the hadronic losses
slowly increasing~yields decrease! as the missing HD solid
angle increases, while the electromagnetic contamination
comes relevant only at a very small missing solid angle co
pared to the measurement position~yields increase!. More-
over, this contribution is important only for the lead targ
and at the lowest photon energies. All the experimen
yields are in good agreement with the MC predictions
both contributions.

The SD rejection efficiency as a function of the angu
acceptance has been evaluated by measuring the yield
varied radii of the C4 collimator. These yields for carbon a
lead, measured atE052.8 GeV andE052.2 GeV, respec-
tively, are shown in Fig. 6 as a function of the forward so
angleVSD'pu2 covered by the SD. The arrow indicates th
actual solid angle used for the measurements. The MC
dictions, parametrized in the form ofa1d/VSD, agree quite
well with the experimental points. As is shown, the hadro
cross section is constant in a broad range of solid angle
ues, thus indicating that electromagnetic events were
equately suppressed by the veto counter. An indication of
amount of the vetoed electromagnetic events is given by
yield value atVSD50 sr, measured by removing the S
veto.

Further experimental checks on the threshold efficiency
both the HD and SD detectors have been performed, find
a very good agreement with the MC predictions. The
checks are extensively described in Ref.@15#.

The results of the above-described checks validate

13

ta

FIG. 6. The average C and Pb yields on all tagging chann
measured for different SD solid angle coverage. The notations
the same as for Fig. 5. The arrow indicates the solid angle rele
for the measurement.
6-4
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PHOTOABSORPTION ON NUCLEI IN THE ENERGY . . . PHYSICAL REVIEW C 60 064616
high reliability of the MC predictions. The average contrib
tions of the whole corrections, as a percent of the yields
all the studied nuclei and at the three electron beam ener
are reported in Table I.

IV. RESULTS

A. Total cross sections

The cross section values were obtained by applying to
yields the previously described MC corrections. As an
ample of the quality of the data in Fig. 7 the cross section
aluminum, measured at the three electron beam energie
shown together with the MC corrections: the latter rem
almost constant at about 5% in the region of main interest
this measurement. As to be seen the three data sets are
consistent with each other.

The average values of the cross section in the overlap
regions are given in Table II for each nucleus. These val
agree well with each other within the experimental errors
all the studied nuclei, showing the good control of the s
tematic errors. These mainly originate from the uncertain
in the target thickness~reported in Table I!, the photon beam
flux ('1%), thebackground subtraction ('1% for C and
'3% for Pb!, and the MC corrections ('1.5% for C and
'2.5% for Pb!. The total average systematic errors a

FIG. 7. Aluminum cross section measured at three elec
beam energies: 1.6 GeV~squares!, 2.2 GeV~circles!, and 2.8 GeV
~triangles!, on the left scale, MC correction~solid line! due to the
hadronic losses and electromagnetic contaminations on the
scale.

TABLE II. Average cross section@mb/A# in the overlapping
photon energy regionsDk @MeV# for the three beam energiesE0

@GeV# and for each targetT. The errors are the quadratic sum
statistical and systematic uncertainties.

Dk569021480 Dk583021990 Dk583021480

E0 E0 E0 E0 E0 E0

T 1.6 2.2 2.2 2.8 1.6 2.8

C 15666 15964 13764 14264 15167 15768
Al 15868 15964 13865 14264 15068 15364
Cu 165610 16365 14366 14765 158611 15765
Sn 167611 16466 14266 14466 160611 15566
Pb 154612 15368 13768 14468 149613 14767
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'2% for C and'5% for Pb.
The cross section data measured at the three beam

gies have been partitioned and averaged in 19 bins of en
about 100 MeV wide. The resulting total cross section v
ues, normalized to the mass numberA, are given in Table III
for all the studied nuclei together with the statistical error

In the last column the weighted average of cross secti
for the five nuclei is also given. This can be considered as
cross section on an average nucleus withZ/A50.469 and an
average nuclear densityrA50.109 nucleons/fm3. The photo-
absorption cross sections are also shown in Fig. 8, toge
with the data for the proton@16#. The bars indicate the sta
tistical errors only; the bands in the bottom of the pan
represent the systematic uncertainties. The present data a
very good agreement within the experimental errors w
both the low- and high-energy data available in the literatu
They confirm, with reduced statistical uncertainties, the
sence of peaks in the region of the second and third re
nances for the bound nucleon. The new and most strik
result is the persistence of the absorption strength reduc
above 1.2 GeV compared to the free-nucleon case for all
studied nuclei.

B. Photonuclear to photonucleon cross section ratio

In order to better evaluate this strength reduction, the ra
between the nuclear cross sectionsgA and that obtained for
the free nucleons (Zsgp1Nsgn), derived from proton@16#
and deuteron data@3,17#, has been calculated in each ener
region. These ratios are shown in Fig. 9, together with

n

ht

TABLE III. Total cross sections@mb# and statistical errors nor
malized to the mass numberA at the photon energyk @GeV#. The

average valueĀ is calculated weighting each nucleus cross sect
value with its statistical error.

Total cross section /A
k C Al Cu Sn Pb Ā

0.53 22963 24063 24464 25664 27164 24362
0.63 19763 21163 20864 21564 21365 20762
0.73 19261 19562 19563 19962 18063 19361
0.87 17061 17062 17662 17463 16063 17161
0.93 16962 16163 16962 17163 15463 16761
1.07 15061 14862 15362 15262 14262 15061
1.19 13962 13463 14263 14563 13463 13961
1.32 13461 13262 13662 13663 13363 13461
1.43 12662 12663 13464 13765 13365 12962
1.54 12361 12562 13462 13463 13263 12761
1.70 12162 12063 12663 11864 13064 12261
1.83 11262 12163 12263 11964 12264 11761
1.96 11462 11263 11864 11664 11965 11561
2.06 11463 12165 11265 11666 11066 11562
2.18 11664 11065 11465 12266 11967 11662
2.28 11464 10066 11566 10867 10768 11063
2.39 11164 9865 10766 10167 10968 10662
2.50 12265 10267 11767 11268 12269 11663
2.59 10965 11267 10167 11869 124610 11163
6-5
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V. MUCCIFORA et al. PHYSICAL REVIEW C 60 064616
results of aD-hole model@22# and of two recent VMD cal-
culations for C, Cu, and Pb@11,12#. The former calculation
reproduces well the experimental behavior at lower energ
while both VMD calculations do not predict the systema

FIG. 8. Total cross section data on C, Al, Cu, Sn, and Pb,
average nucleus~solid circles! compared with data from previou
experiments: crosses@18#, open circles@3#, squares@19#, diamonds
@20#, and triangles@21#. Also shown is the proton absorption cro
section @16# ~solid line!. The widths of the bands represent th
systematic errors.
06461
s,

nuclear damping of the cross section clearly indicated by
experiment. In addition, the inclusion of two-nucleon corr
lations considered in Ref.@12# leads to an antishadowin
behavior below 2 GeV and thus to an even larger disag
ment with the data. In this respect, it has to be stressed

d FIG. 9. Ratio of photonuclear and photonucleon absorpt
cross sections. Same notation as for Fig. 8. Solid line is aD-hole
model@22#; dashed@11# and dotted@12# lines are VMD predictions.
The bars represent the statistical errors.
6-6
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PHOTOABSORPTION ON NUCLEI IN THE ENERGY . . . PHYSICAL REVIEW C 60 064616
the validity of the naive VMD model is doubtful at energie
as low as 2 GeV.

C. Photoabsorption strength in the nuclear medium

For each nucleus the strength reduction was evaluate
the five energy regions given in Table IV. Both the integ
SA( k̄) of the measured cross sections and the ratioRA( k̄)
5SA /(ZSp1NSn) were calculated. Herek̄ is the mean en-
ergy in each energy region andSp andSn are the proton and
neutron cross sections integrated over the relevant ph
energies.

In Table IV the averagedR̄A( k̄), computed weighting
RA( k̄) for each nucleus with its statistical error, is given. T
energy behavior ofR̄A( k̄) is compared in Fig. 10~a! with the
one derived from data from previous experiments. The co
parison evidences the good agreement between data in
the resonance and the shadowing regions. In the trans
between the resonance-excitation and the shadowing reg
data from the present experiment evidence a photoabas
tion strength reduction well above the experimental error

In addition, in each region the dependence ofSA( k̄) on
the average nuclear densityrA was parametrized in the form

SA~ k̄!

A
5S0~ k̄!@11b~ k̄!rA#. ~1!

rA was derived from the experimental charge density dis
butions using the rms electron-scattering radiusr 2 given in
Ref. @24#. Different parametrizations of the nuclear dens
distribution result in an average variation of less than 5%
the rA value.

In Fig. 10~b! the coefficientsb obtained in each energ
region from the fits to our data are shown together with thb
we derived from the data from previous photoabsorption
periments. The energy behavior ofb is similar to the one of
R̄A in the resonance region~below 1.25 GeV! and above 3
GeV. This indicates that the observed medium effect is p
portional to the average nuclear density. On the contrary
the transition region theb is positive whileR̄A is less than
unity, indicating a stronger strength reduction in the lig
nuclei.

TABLE IV. Energy regions, corresponding ranges and me

energiesk̄ @GeV#, and average ratiosR̄A( k̄). The latter were com-

puted by weightingRA( k̄) for each nucleus with its statistical erro
In the last column, the statistical and systematic errors are
reported.

Energy region Range k̄ R̄A( k̄)

D-resonance tail 0.4820.68 0.58 1.17060.00960.043
D13 resonance 0.6820.88 0.80 0.77160.00460.021
F15 resonance 0.8821.25 1.00 0.93660.00660.024
Transition 1.2521.65 1.40 0.84760.00760.030
Shadowing 1.6522.65 2.00 0.86360.01560.023
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Similar information can be obtained also from differe
reactions, specifically from electron scattering at low fou
momentum transfer@Q2<0.27 ~GeV/c)2] and from photon
scattering at small angles. We have derived theb from mea-
surements of these reactions performed on a wide rang
mass number@25,26#.

In Fig. 11 theb values are shown as a function of the re
or virtual photon energy. The overall good agreement po

n

so

FIG. 10. ~a! Average ratioR̄A and ~b! linear coefficientb de-
rived from our data~solid circles!, and from Refs.@3# ~open circles!,
@20# ~diamonds!, @21# ~upper triangles!, and @23# ~lower triangles!.
The vertical bars represent the statistical errors, while the horizo
bars represent the bin widths.

FIG. 11. Linear coefficientb derived from photoabsorption dat
~same notation as for Fig. 10!, electron scattering@25# ~solid tri-
angles!, and photon scattering@26# ~solid squares! data. The vertical
bars represent the statistical errors, while the horizontal bars re
sent the bin widths.
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out the consistency of total photoabsorption, electron sca
ing, and photon scattering data.

In particular, below;2.6 GeV all theb, except the one
derived from Ref.@20#, are positive and this strengthens t
evidence of a larger medium effect in light nuclei. This e
perimental finding may suggest in this region a mechan
for the strength reduction which does not depend on the
erage nuclear density alone.

V. CONCLUSIONS

The total photoabsorption cross section on C, Al, Cu,
and Pb has been measured in the energy range 0.5–2.6

The data confirm the absence of structures in theD13 and
F15 resonance region and show the damping of the photo
et

e
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06461
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,
eV.
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sorption strength above 0.6 GeV compared to the fr
nucleon case. The new result is the persistence of
strength reduction in the unexplored energy region 1.2–
GeV, where resonance effects are expected to be sma
addition, our systematic measurement over a wide rang
mass numbers indicates that in this region the strength re
tion decreases with the average nuclear density.
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