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Total hadronic photoabsorption cross section on nuclei in the nucleon resonance region
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The total photoabsorption cross section fai, C, Al, Cu, Sn, Pb has been measured in the energy range
300-1200 MeV at Frascati with the jet-target tagged photon beamr Nal crystal detector and a lead-glass
shower counter were used, respectively, to measure hadronic events and to reject the electromagnetic back-
ground. Data above 600 MeV clearly indicate a broadening of higher nucleon resonance peaks in nuclei and a
reduction of the absolute value of the cross section per nucleon with respect to the free-nucleon case. This large
broadening suggests a strong influence of the nuclear medium in the resonance propagation and interaction,
while the systematic reduction of the measured cross sections might be due to a depletion of the resonance
excitation strength and to the onset of the shadowing effect around 1 GeV. Moreover, our systematic study
indicates that also thA-resonance excitation parameters are not the same for all nuclei, being its mass and
width increasing with the nuclear densify{50556-28186)00710-§

PACS numbgs): 25.20.Dc, 13.60.Hb, 14.20.Gk, 24.30.Gd

[. INTRODUCTION and with fluctuations well above the experimental errors
[4,5]. Recently, the total nuclear photoabsorption cross-
The total photonuclear absorption cross section has beegection measurements carried out at Frascati with 200—-1200
measured over broad mass number and photon enerdgeV tagged photons of*®U [6], Be and 7,8] have shown
ranges, yielding information on the influence of the nucleatthat in these nuclei the excitation peaks of Byg(1520) and
medium on the intrinsic properties of nucleons in nuclei, ad~15(1680) resonances disappear, differently from the case in
well as on the hadronic nature of the phofdi. hydrogen[9] and deuterorf10], and that above 600 MeV .
Between 140 and 500 MeV, the total cross section pthere isa redu_ctlon of the absolute vaIL_Jes of the cross section
nucleon clearly exhibits the presence of #ig(1232) reso- Per nucleon with respect to those obtained f_rom the d_euteron
nance(A resonancein nuclei. This is not a trivial statement data. On the contrary, thé-resonance peak is only slightly
considering the composite structures of the nucleon and th@istorted in the nuclei, in agreement with the data available
A resonance in terms of quarks and gluons: in general whel the literature[1]. These experimental findings have been
such extended systems may overlap, their excitation spectf@nfirmed by the contemporary data on the photofission
change as compared to the ones for isolated objects. cross section of*U [11] and **U [12] obtained at Mainz
Previous data for various nuclei show that the shape antlP t0 800 MeV. _
the strength of the resonances are nearly constant within the This paper reports upon the complete analysis of the pho-
systematic errors of different experimerghich were typi-  toabsorption data obtained at Frascati‘am C, Al, Cu, Sn, .
cally of about 8-10% thus indicating an incoherent Pb, using a tagged photon beam and the photohadronic
volume-photoabsorption mechanism. The average respon&eethod. In previous papers we published the preliminary and
of bound nucleons differs from that for the free nucleon,low statistic data obtained on C and &£f8] and the average
mainly because of the Fermi motion, the Pauli blocking, and'uclear behaviof{13] of the total photoabsorption cross
the propagation and interaction of the resonance in the Section.
nucleus. The process has been generally treated in the frame-
work of A-hole models[2] where the total strength of the Il. THEORY
interaction is conserved. Moreover, it is worth mentioning
that none of the experiments performed a systematic study of
the process because each of them was only able to provide The dominant feature of photon interaction above the
reliable data over a limited range of mass number. Thenthreshold140<k<500 MeV, beingk the energy of the pho-
differently from the pion-absorption experimenfs, in the ton) is the A-resonance excitation. Consequently photon-
study of the photon absorption no accurate experimental innduced nuclear reactions in this energy region depend di-
formation was available on the possible influence of nuclearectly upon the dynamics ofA-resonance propagation
medium parameters like the size of the nucleus or the nucleahrough the nucleus. Pion-absorption and -scattering experi-
density on the first nucleon resonance excitation. ments suggested that this mechanism can be treated in the
Until few years ago, much less information was availableframework of aA-hole model in which thel resonance is
on the photoexcitation in nuclei of the higher mass nucleorgenerated as a quasiparticle, propagates in the nucleus and
resonancegN* resonances sparse data were collected at interacts with nucleons through an empirical complex
Yerevan with large acceptance over the actual photon energyuclear potential composed by central and spin-orbit terms.

A. A-resonance region
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the A resonance. In both approaches the strength of the ex-
citation of A andN* resonances is conserved but spread out
over a wide energy range. These two models were able to
reproduce our previous photofission cross-section data on
233, which can be assumed to be almost equal to the total
cross-section ones.

Other approaches assumed that the excitation of non-
spherical resonancdtke the D,; and F5 resonancesare
affected by the presence of surrounding nucleons, contrary to
the case of the\ resonance which is a simple internal spin-
flip excitation of the nucleon. Using a nonrelativistic quark

model with an oscillator potential that accounts for the quark
exchange between the overlapping nucleons, Giaretiai.
[17] have predicted a non-negligible depletion of the excita-
FIG. 1. Microscopical calculation far /A in the framework of ~ tion strength of the higher mass resonances inside the nuclei
aA-hole model: the dashed, solid, and dotted lines are the result foiSpecifically an 11% of depletion fd@,; resonance and 23%
12, 20%p, and the impulse approximation, respectiVidl]. for the F,5 resonancg when infranucleon distance is about 1
fm. On the contrary, Akulinicheet al. [18], employing a
The former term is proportional to the nuclear density and itssimilar nonrelativistic quark model and short-range repulsion
real part is responsible for the mass shift of theesonance, to analyze the suppression mechanism for@hgresonance
while its imaginary part is responsible for the broadening ofexcitation due to the overlap of nucleons, concluded that this
the A-resonance peak. The parameters of this complex pceffect should be negligible.
tential are generally derived from the pion-nucleus elastic-
scattering amplitude and have also been successfully used in
the photon absorption and Compton scattering procdg3es
Differently from the pion, the photon penetrates freely into
the nuclear volume, so that the cross section is expected
be roughly proportional to the mass numbder

o Lo—i . . . . e
100 200 300 400 500
Photon energy [MeV]

C. Shadowing region

At energies above the nucleon resonance redion2
t%e\/) the absorption of photons in nuclear matter has been
generally considered on the vector-meson dominance

. . (VMD) assumption, in which the photon first converts itself
Recently Carrasco and Ogd#] developed a microscopi into a vector meso and then interacts with hadronic mat-

cal model with a systematic many-body expansion in theter. The shadowing effect arises when a photon of enkrgy

number ofA-hole excitations and with the inclusion of Pauli fluctuates int ; f d tes f
blocking, Fermi motion, and nonresonant absorption chantuctuates Into a vector meson of masg and propagates for

— 2 H H
nels: in Fig. 1 we compare the results of their calculation for? Ieng_thIV—Zk/mV <_:I<_)se to the n_u_clear d'.mens'on S0 th‘".’lt
the free nucleon, carbon, and lead. As it is seen the reducti Were is a non-negligible probability that its interaction is

and the shift of the peak and the increasing of the width ar adroniclike. Earliest simple V'.V!D mode(d.9,2q consid-
larger for the heavier nuclei. éred the photon as a superposition of a bare photon and the

low-lying vector meson¥=p,w, ¢ and were able to repro-
duce the photonuclear absorption cross-section behavior in
the few GeV domain: they predicted a 10—20 % shadowing
The recent Frascati and Mainz photoabsorption data oeffect around 2—3 GeV. More sophisticated modejener-
nuclei above theA-resonance regiortk>500 MeV) have alized vector dominangd21,22 included higher mass vec-
triggered different theoretical attempts to describe the highetor mesons and nondiagonal terms in order to better explain
nucleonN* -resonance behavior and justify why the elemen-higher-energy photoabsorption data and virtual photon ab-
tary photonucleon absorption process is so widely modifiecgorption in deep-inelastic electron scattering. Recently Piller
inside the nuclei. Due to the large number of absorptioret al. [23] assumed, for the intermediate hadronic state, the
channels and to the different dynamics and decay channels ofass spectral function related to the cross section of the
N* resonances, only simplified and very schematic modele* e~ —hadronsprocesses, which includes at low energy the
have been developed. «" 7~ nonresonant production and the low-energy tail of the
Kondratyuket al.[15] tried to reproduce the experimental broadp meson peak. These low-mass hadronic components
photofission cross section offeU [6] by using a simple could lower the energy threshold for shadowing which then
phenomenological model where the produced resonancesults significant at energy as low as 1 GeV, i.e., in the
propagates inside the nucleus until it interacts with the surnucleon resonance region.
rounding nucleons. Due to these collisions, the mass and the Finally, it is worth mentioning that about 20 years ago,
width of the resonance increase in the nuclear matter. IWeise provided a sum rule which, employing a dispersion
order to reproduce the experimental data the authors found iielation approach to reconcile the data for the enhancement
necessary to use a higher collision cross section foNthe factor value observed in the photoabsorption below 140
resonances in the nuclei, producing a larger broadening dfleV and the shadowing effect observed above 2 GeV, sug-
the D5 andF 5 resonances with respect to theresonance. gested a strong nuclear medium effect in the whole reso-
Alberico et al. [16] found similar results by employing a nance regior24].
simple resonance-hole model and assuming that the nuclear In order to disentangle from these and other possible ex-
medium strongly increases the width of all resonances abovglanations, one needs an accurate knowledge of the absolute

B. N*-resonance region
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value of the photoabsorption cross section in the nucleon TABLE I. Targets, thicknesses, number of collected evefits

resonance region, over a broad range of mass numbers. (x10%, and overall average correctioador each target and elec-
tron beam energ, (GeV).

I1l. EXPERIMENT

The measurements were carried out at Frascati using the Thickness
jet-target tagged photon bedb). Details of the facility are | 2/9€t (gfenf)  # & # & # 5 # &
described elsewheif@,26. Li 1.996+0.029 13 10% 18 6%

The total photoabsorption cross section on nuclei wag 3452-0.014 25 11% 20 10% 18 7% 19 7%
measured using the photohadronic technique. This techniqug 2408+0.009 15 12% 12 11% 13 7% 13 7%
provided a direct and absolute determination of the photoahy | 1927260.009 10 13% 9 11% 13 8% 11 7%
sorption cross section by measuring the production rate oén 08920007 9 13% 12 11% 11 8% 10 7%
hadronic events, and rejecting the preponderant electromag,-b 06580023 8 10% 10 11% 7 8% 17 8%
netic events mainly by an angular separation. In fact, while i '
the hadronic events are more largely distributed in angle, the

electromagnetic event distribution is strongly peaked in the T
AN . n(T,u) 1l-—e
forward direction and therefore can be suppressed by using a = , )
high efficiency electromagnetic shower detector as a veto n(0,u) uT
counter.

whereu is the photon attenuation coefficient. The calculated
values of the average photon transmission for this experi-
A. Detectors ment ranged from 99.1% for Li to 96.5% for heavier nuclear
targets. Additional runs with different thickness@025«,
; : and 0.0%,) did not show any additional thickness effect.
tal annulus(32 cm long, 15 cm thick, and 5 cm of internal In order to reduce possible effects due to changes of

dmw?}e{hrg?gf g{ ;gfﬁ tsrfgt(?errswt?rjr(;??r?gQgtérgteo:a:ggtén stored electron beam, data for all the targets were collected
! 9 ! R ' 9Yor each fill of the machine and the electrons were always
lar coverage was 926<171° for the polar angle and almost

27 for the azimuthal ongwhich correspond to more than reinjected into the storage ring only after the completion of

) : one or more measurement cycles. Empty-target measure-
98% of total coverage in the laboratory sysjenight- y piy-arg

emitting diodes installed on each crystal allowed to monitormentS were regularly interspersed inside a complete cycle of
regularly the gain stability. The HD provided a good mea_solld-target runs and then subtracted. The empty-target yield

‘was roughly equivalent te-0.8 g cm 2 of carbon, which

surement of the final-state total energies for the hadron'%mount to about 20% of the total event vield. This back-
events, which were remarkably higher than those for th% yield.

lectromaanetic events in th lid anale defined by the H round could be mainly ascribed to the interactions on the
(ejeet(e:zc?orag etic events € solid angle defined by the indows, on the air along the beam path before the target,

The shower detectofSD) set about 70 cm downstream and on the target frame. The number of collected events and

the target, consisted of a dense SF6 lead-glass cylinder, :b?eﬁ]lme corrections for the different energies are given in
cm long and 12 cm in diameter. The large detector thickness '
(19 radiation lengthsprovided an efficiency equal to one for
detecting electromagnetic showers; moreover, its good en-

ergy resolution §/E) (better than 5% for 1.2-GeV photons The signals from the 16 tagging channels in coincidence
made it possible to set the threshold appropriately and safelwith the SD, were recorded on scalers providing the photon
The stability of the SD response was periodically checked bypeam fluxN. (k). The hadronic events,(k) were signed by
monitoring in coincidence the peak positions of four taggingthe coincidence between the tagging and the HD signals,
channels. A lead collimator, 20 cm long and 8 cm diameteryetoed by the SD signal above a threshold fixed for each
was placed between the HD and the SD for defining a maxienergy. They were also counted with an additional scaler.
mum polar angle of 4.2° for electromagnetic events at théfhe random coincidences on both coincidences due to the
target center. Moreover the Cerenkov light emission processlectron beam time structure were on-line measured and sub-
in the SD provided a good rejection of the low-energy had-+racted. After this subtraction we obtained the yidk),

As a hadron detectqHD) we used a cylindrical Nal crys-

C. Electronics

rons which might reach the SD. derived from the scaler counts as follows:
B. Targets Yk :M @
NapxN,(k)’

We used solid targets in the form of circular disks, 3 cm
in diameter and thickness about Bglfor C, Al, Cu, Sn, and
Pb and 0.028, for Li, X, being the radiation lengtkthe
actual thicknesses are given in Tab)e The targets were
individually mounted on frames and moved into and off of
the photon beam. Due to the finite thickneBspf the target
the effective photon beam was partially attenuated by elec- We covered the photon energy range from 300 to 1200
tromagnetic interaction: specifically the average photorMeV with four different electron beam energi&€s= 1500
transmission before the hadronic interaction was MeV, E;=1200 MeV,E,=850 MeV,E,=730 MeV, which

whereA is the mass numbel, is the Avogadro numbepx
is the target thickness.

D. Measurement
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ensured large overlapping regions of photon energy. Run-
ning conditions, such as HD and SD discriminator thresh- T
olds, were adjusted to optimize the efficiency of hadron de- [ ﬁ
tection and of the electromagnetic suppression for the i E}* ¢ i#qj
. . > 15 T ¢ #ﬂ
different beam energies. The random to true coincidence ra- 1 $ b
tio was maintained~10% by keeping the tagged photon I ﬁ ++i +¢ ]
beam at a constant rate ef10* photons/s. Moreover we 10 [¢ ﬁg ]
e ; ¢ 2 ]
checked the random coincidence subtraction procedure by ]
deriving the yield at very different photon intensities: no v f“
additional rate effect was found when changing the intensity 5 *ﬂlﬁ: % ]
of tagged and untagged photons up to a factor of 5. '{jl SQD; ]
0%, ]
IV. PROCEDURE AND RESULTS oYL PO e e
0 200 400 600 800 1000

The yields were very close to the absolute values of the Energy [MeV]
total cross section. In fact, small off-line corrections were
needed to account fdr) the loss of hadronic events emitted g 2. Comparison between the simulategen squarésand
in the forward hole of the HD or with energy below the HD measuredsolid circleg response functions of the hadron detector
threshold,(ii) the HD contamination due to electromagnetic to 600—1200 MeV photons on carbon target. The arrow indicates
events which give signals above the HD threshold and aréhe threshold setting.
not vetoed by the SD, andii) the loss of hadronic events
due to pulse heights above the SD threshold simulating e.nof the HD and for the possible contamination due to the
events. electromagnetic events not vetoed by the SD, were experi-
In order to properly calculate these corrections, particulamentally tested by varying the HD solid angle; this was per-
care was devoted to study the apparatus response functiorformed by moving upstream and downstream the targets in-
Photoproduction of hadronic events on the target, waside the HD. Figure 3 shows the average yields measured at
simulated by using a Monte Carlo program based on dwo beam energiesE,=1.5 GeV andEy=0.85 GeV} for
cascade-evaporative modgt7]. This code describes the different tin-target positions, as a function of the uncovered
photon interaction with nucleons through the quasideuteroforward solid angle=27¢?, which corresponds to the for-
process and the one-pion and two-pion production processagard hole of the HD. The arrow indicates the missing solid
in resonant and nonresonant states and thus can be appliedagle for the target at the center of the HD, that corresponds
the photoabsorption of up to 1.2 GeV photons. Hadrons photo the standard position used for the cross-section measure-
toproduced and residual nucleus excitation are the output ahents. The Monte Carlo predictions have been parametrized
the cascade stage of the photonuclear interaction; succe8y a function of the forma—b 6%+ (c/6%), wherea is the
sively the excited residual nucleus emits low-energy evapototal hadronic cross section for an ideat #adron detector,
ration nucleons or light nuclei. —b#? represents the loss of hadronic events in the forward
The response function of the hadron detector to the gerhole of the HD, and+c/ 6 represents the contamination of
erated hadronic events was studied withsBanT-3 code  electromagnetic events due to teée™ pairs produced in
modified to correctly take into account the hadronic crosghe target. As shown, the latter becomes relevant only when
section in Nal for protons, neutrons, and charged pions. Thithe target is moved very upstream to positions which corre-
code was implemented with the inclusion of the energy-spond to very smalt? values and the HD solid-angle cover-
range tables in Nal for protons and pions at energies below &ge approaches# The values deduced from this measure-
GeV [28]. Figure 2 shows the simulated HD response funciment for both these corrections well agree with the
tions to the hadrons photoproduced on C by 600—1200 Me\predictions of the Monte Carlo calculations.
photons. The spectrum shows a broad peak-200 MeV, The rejection efficiency due to the angular acceptance of
which is due to hadronic events with at least one pion in thehe SD was also evaluated by changing the radius of the
final state, while the structure around 80 MeV is due to thecollimator placed in front of it and compared with the Monte
small fraction of events with no pion in the final state. Also Carlo prediction. Figure 4 shows the average yields from a
shown in the figure is the measured spectrum which resultén-target measured at two electron beam ener(figs-1.5
in good agreement with the hadronic simulation above théseV andE,=0.85 GeVj as a function of the forward solid
threshold. Under the threshold the measured spectrum Bngle=2m62 covered by the SD. The arrow indicates the
higher because it also included electromagnetic events.  standard solid angle for the cross-section measurements. The
We also simulated the electromagnetic processes with awo curves, that represent the Monte Carlo predictions, have
modified version of thesEANT-3.13code which correctly ac- been parametrized ab+e/ 62 and well agree with the ex-
counts for the measured angular distribution of pair producperimental points. As it is shown, the hadronic cross section
tion in the energy range of interest both in nuclear andd is constant in a wide range of forward angles thus indicat-
atomic fields. Moreover, we also implemented theanT-  ing that the electromagnetic events were adequately and
3.13code with the Cerenkov photon emission, the attenuatiosafely suppressed by the veto counter. The increase of the
in the lead glass of the Cerenkov light, and the spectral reyields predicted for small anglgs/ 02 term) is ascribed to
sponse of the photomultiplier tug®MT). the low-energy showers generated inside the collimator,
Monte Carlo corrections for the finite angular acceptancevhich produce a signal below the SD veto threshold.

20 —
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Counts / MeV
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FIG. 3. The average yields measured on the tin target for two FIG. 4. Same of Fig. 3 but with different solid angle coverage of
electron beam energies with different solid-angle coverage of théhe SD. The arrow indicates the solid angle relevant to the measure-
HD. Open and solid circles refer #,=850 MeV andEy,=1500  ment position.

MeV measurements, respectively. The dashed and the solid lines _ . .
are the relevant MC predictions. The arrow indicates the solid angl§ome of ug15]: we first determined the resonance masses,
loss relevant to the measurement position. widths and excitation strengths by fitting the proton and neu-

tron data, then we fitted the nuclear data using the same

The good agreement between the Monte Carlo predictiondnalytical expression with some free parameters. With re-
and the experimental results confirms a high reliability of theSPect to the previous procedure we adopted the following
calculated corrections for both the hadronic and electromagMPprovements: we used a better Breit-Wigner parametriza-
netic events. Table | lists the average values of the Montdion of the resonances, a more accurate determination of neu-
Carlo corrections with respect to the yields, for the differentlfon cross-section values from the deuteron data, a different
energies and for all the studied nuclei. nonresonant pionic background parametrization, and more

In Fig. 5 the comparison between the yield and cross sedrecise nuclear densities. Moreover we also considered the
tion is shown for the aluminum target, together with the totalcontribution of quasideuteron background, of nuclear effects
software corrections: the latter decrease from about 15 t§ike resonance mass shifts and suppregsiamd of the

about 5 % while the energy increases. shadowing effect.
In Table Il are given the total cross-section values nor- o
malized to the mass numbe for the six studied nuclei A. Free-nucleon parametrization

together with the statistical errors. Also given are the In order to determine the resonance magges widths
weighted averages of data points which can be considered s  and strengths, , we fitted the proton data available in
the cross sections on an “average nucleus” WEWA  the literaturg[9,29 to a sum of six Breit-Wigner resonances
=0.465, N/A=0.535, densityp=0.101 nucleons/ffhand  plus a smooth background. The six resonances parametrized
Fermi momentunpg =232 MeVL, i.e., an “aluminumlike” in the fit can be identified as the;5(1232) (A resonance
nucleus. The plots of these data are shown in Fig. 6 withp ,(1440), D,4(1520), S;,(1535), F,5(1680), and
statistical errors only, while systematics errors are repreg ,.(1950), which give the main contribution to the tota\
sented by the bands in the bottom. cross section. We expressed the Breit-Wigner resonances in

Good overlaps were observed between the data collectafle form given by Walkef30] which is correct at least for
at different energy sets, and this evidenced the good contrghe one-pion-decay channel:

of the systematic errors. These were essentially due to uncer-
tainties in the photon beam flux=2%), the target thickness

(~0.5-1.5 % and mainly the calibration and threshold effi- =& 500 T ' ' ' —] 30 §_'
ciency of both the shower and hadron detectatsove 600 = 2
MeV this contribution is constant with energy and increases < 400 - &
from =2% to =6.5% with the target mass numbgr while, 5 s
in the A-resonance region, where it depends both on energy § 300 [ 3
andA, it varies from=4.5% to=7.5%). In conclusion, the 3 Q
total systematic errors increase withfrom =3% to=7% in @ 200 g
the D5 and Fs-resonance regions and vary frosb% to g a
=8% in theA-resonance region. 810 )

'So 1o F

V. ANALYSIS AND DISCUSSION 200 400 600 800 1000 1200

Photon energy [GeV]
Total photonuclear cross sections can be considered as a

convolution of resonant and nonresonant production pro- FiG. 5. Aluminum yieldsopen circlesand cross sectiorsolid
cesses on individual nucleons smeared by nuclear mediugircles, on the left scale. The amount of the total correction due to
effects. To extract informations on the latter ones, wehadronic losses and electromagnetic contaminasofid line), on
adopted the phenomenological procedure previously used lie right scale.
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TABLE Il. Total cross-section values normalized to the mass numbéor the studied nuclei. Also
indicated are the statistical errors. The average is computed weighting each nucleus cross-section datum with
its statistical error.

k Li C Al Cu Sn Pb Average
(GeV) (ubIA) (ublA) (ublA) (ublA) (ublA) (ublA) (ubIA)
0.301 4210 39713 37516 398+19 38721 401.5-6.5
0.317 43&7 412+9 430+12 419+14 38115 419.5-4.6
0.343 4415 432+6 416+8 403+10 41711 415+12 421.2£3.6
0.369 38%10 406-6 414+8 413+13 413+10 410£12 407.23.6
0.389 35112 393t6 3768 3768 39911 389+10 383.6:3.4
0.408 32413 362:7 353+9 358+12 37813 329+14 354.7+4.1
0.439 282-9 324+6 323+7 317+9 328£10 33715 317.8:3.3
0.465 25713 2875 288+7 294+9 322£10 319+12 292.0:3.2
0.490 24412 2515 255+7 252+8 2509 25711 251.6:3.2
0.514 22312 254+4 251+5 2476 241+8 2739 250.9:2.5
0.540 1947 2353 243+4 236-5 245+6 249+7 235.72.0
0.568 2166 222+7 219+9 228+11 240+13 221.1*+3.6
0.598 22211 2186 2277 212+9 222+10 210+12 218.8:3.4
0.616 2116 200+5 202+6 197+8 210+9 197+8 202.6-2.7
0.636 196:6 210+4 211+5 2016 2037 192+8 204.2:2.3
0.664 2137 2074 2135 198+7 2077 191+7 206.42.2
0.684 2057 1906 201+8 192+7 181+10 174+9 192.4£3.0
0.717 2068 1855 201+6 1867 171+9 173+9 188.4:£2.7
0.751 1949 181+7 190+9 175+10 2079 159+12 186.G-3.6
0.768 195-5 191+6 179+8 178+13 18712 189.8-3.2
0.788 166-7 184+7 183+9 174+12 173+13 17312 176.3-3.6
0.817 1839 183+7 185+9 163+12 187+14 178t12 180.3:3.9
0.840 1948 1875 178+6 179+8 180+10 182+11 183.73.0
0.865 1818 18010 172+12 179+16 218+21 181.14.9
0.895 1827 192+10 164+12 169+15 195+14 181.3:4.7
0.908 1698 1627 174+9 169+13 182+12 16715 169.13.9
0.936 13&7 1665 1717 16010 162+13 168+12 160.3:3.2
0.973 1718 178:7 161+9 15712 151*+13 171+12 168.2-3.8
1.044 145-9 1677 1559 164+13 158+15 151+14 157.2:4.1
1.081 165-10 1477 147+10 148+15 148+17 14715 150.9:4.4
1.119 1478 156+7 150+10 143+14 154+16 163t15 151.6:4.1
1.163 14@-12 144+10 144+13 145+20 120+22 13520 140.7:5.7
K \2 Wfrr7 To take into account the nonresonant one-, two- and mul-
=1 ’(K_) (W= W22+ WoT2® (3 tipion production, we also considered in the fit a background
r r r parametrization of the simple form:
where op=(ay+ak M) (1—e 2k K0) (®)
q 21+1 q2+ XZ | . . .
F=Fr<—> f2 5, (4) yvhlch has thg correct Regge energy asymptotic behavior and
ar q-+X include the pion photoproduction threshold enekgy The
valuesa, anda, were fixed by matching with the results of
K\ 27 K2+ X2\ high-energy datgk=2 Ge\OIZ[Q] resulting for the proton
Fy:Fr(K_r) rs il (50  al=91 ub, al=71 ub GeV*"2 Therefore the fit function
was
andW is the c.m. energyK andq are the momenta of the
photon and single-pion decay in the c.m. frame, and the suf- F:Z (1, ,W, ,T,)+og(ar,a,). 7)

fix r refers to the values at the resonance nssJ,, and|

are their angular momenta. The damping param#tdor

free protons was set equal to 0.35 GeV for all the resonancds Fig. 7(a) it is shown the comparison between data on
except for theA resonance for which the valdé=0.15 was proton and the fit, together with the single contributions of
used. the different resonances and background.



1694 N. BIANCHI et al. 54

500 T T T T T T —r T
i
i 3
300 [ t ] * ;
3 ¥
200 | | iii; L TP " hr
3 + P e ]
5t iii ;fgi LA AL !!‘I
., 100 Ff 1 ]
o)
Lot Cmmn | 4, -
i ]
c i
.g 300 - i T Y 1 FIG. 6. Total cross section for the six nuclei.
S e ] g The error bar represents the statistical error. The
w200 ¢ Y g, fesad ‘"‘rp;i;m” b ] band at the bottom of each plot represents the
] B b systematic error.
o 100 T h
E =
3]
- : ; 1 : ; : : :
b <
O
2l [
i it
300 [ ! I i ; ]
gy ! iii t
I ¥58 % I 3
0 byl byt RETE LR T Pty
100 | 1 ]
_—

0.2 0.4 0.6 0.8 1 1.2

0.8 1 0.4 0.6
Photon energy [GeV]

In order to extract the total cross section on free neutron The resonance parametéds , I',, andl, deduced from
we performed a fit to the deuteron d@i®,29. In this fit we  the proton and deuteron fits ahdderived for the neutron are
used the same parametrization as for the proton plus an aghown in Table Il
ditional nonresonant photodisintegration cross section back- Figure 8 shows the integrated strength valdgs, , for
ground which gives a non-negligible contribution mainly in proton and neutron provided by our fit, together with the
the A-resonance region; this has been extracted from tota}ajues calculated by Armstroreg al. for the proton[9] and
photodisintegration cross-section data and resulted well ighe ranges given by the Particle Data Gro@®DG) [32].
agreement with the theoretical prediction which include me-rhjs comparison shows general good agreement between the
son exchange current with no isobar teri84]. More details 5,65 obtained from our fit and those given by the PDG and
about this nonresonant photodisintegration contribution will

. i e oint out the improvement respect to the Armstrasteal.
appear in a forthcoming paper. The nonresonant pionic bacl{2

ground parameter resulted for the deute@p=175 ub esults for resonances higher than theresonance. Mo_re—

aD=135 ub GeVM2 and were derived from high-energy data over, we found that. theA- and Dz resonance excitation

[120] Moreover we assumed/"=WP and '"=TP. while strengths are approximately the same for the proton and the
' r r r r

the resonance couplings, which in principle could be dif- neutron, yvhile theFl5-res_onance amplituc_ie Is strongly sup-
ferent, were derived from deuteron and proton resonance p&/€SSed in the neutron in agreement with the quark model
rameters as follows: predictions for the electromagnetic coupling of the reso-
nances. The remaining three resonances are less excited and
|DTD_ ppP less well defined. Their parameters are more dependent on
[N r _rr (8) the background parametrization but the values we found are

' ry still consistent with the PDG values.

Then the neutron cross section has been derived from the .

experimental deuteron and proton data: B. Nuclear medium effects

The resonance parameters obtained from the fits to the

EP4+ D free-nucleon data shown in Table Ill are a suitable input for

d 5——aoP. (9)  the fit to the bound nucleon data. In order to extract infor-
F mation about the resonance behavior in nuclei, we consid-

ered the following processes.

This is shown in Fig. () together with the fit performed on (i) The quasideuteron process, which was parametrized

the neutron data. using the Levinger expressigB3]:

o =0
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TABLE lIl. Resonance mass&¥, , widthsI', , and strengths,

Photon energy [GeV] for proton (p), neutron @) and deuterond) derived from the
600 0.5 1.0 1.5 2.0 25 hydrogen and deuterium data. Masses and widths for neutron have
[ ‘ ‘ ' ' ' been assumed equal to the proton ones.
500 @ |
I W, (MeV) I’y (Mev) Iy (ub)
3 400 7 Resonance p d p d p n d
s %00 . Ps3(1232) 1230 1241 122 161 415 429 639
= 200 I _ D 15(1505) 1505 1502 100 134 133 128 195
o Fi5(1680) 1671 1680 100 110 65 0 59
100l . P,,(1440) 1423 1413 66 81 47 25 59
] F37(1950) 1954 1974 150 165 5 8 12
L S11(1535) 1580 1570 50 73 27 49 52
500
_ I It is to point out that the(ii) and (iii) contributions par-
o) 400 tially compensate for each resonance.
- 300 | (iv) The propagation and interaction of the resonance in
< I the nuclear medium which reduces the lifetime of the photo-
- 200 produced resonance thus increasing its width. In analogy
© I with the A-resonance propagation in nuclei, the medium ef-
100 fects on theN*-resonance propagation have been described
e ] by a phenomenological potential whose real and imaginary
0 e ettt X —4 parts are related to the shift of the ma8sl and to the

broadening dI' of the resonance. Introducing an optical
pseudopotential for th&* N interaction, SM and éI" are
proportional to the real and imaginary part of the forward

FIG. 7. (a) Total cross section measured on proton: open C|rcle§\|* N scattering amplitudéys(0) and to the density of the
[29] and triangleq9]. The solid line is the result of our fit; the nuclear mediunp:

dotted lines are the resonant and nonresonant contributimnghe
same for the neutron; neutron data are derived with the procedure

Invariant mass [GeV]

described in the text. 2
oM = — o Refnen(0)po, (13)
NZ
O'QD: L T eiD/kO'D , (10) A

wherek is the photon momentunt, is the Levinger factor,
D=0.06 GeV is a damping factor, amd, is the nonresonant
photodisintegration cross section on the deuteron. Within
this parametrization isobar degrees of freedom are included
in the Breit-Wigner term only. ' =poo*vy, (13
(i) The Fermi motion, which produces a smearing of the
resonance peak by increasing its width and suppressing its 70
maximum of a quantitys: depending on the Fermi energy of r : : : : : 1
the nucleuger= 20— 40 Me\). This approximation has been sor l } : : : E : i
shown to be valid in the description of nucleon resonances in 50 - : : : : :
nuclei where the peaks are hundreds of MeV broad, that is [
about 1 order of magnitude bigger than the kinetic energies
of nucleons inside the nuclei$5]. This effect has found to 80 : : : :
increase the resonance full widths in nuclei of about 10— 20 | : -
15 %, Wl 1 } y T
(i) The Pauli blocking, which arises because of the oc- L l l I I} l
cupation by other nucleons of the momentum space below =
the Fermi momentum, thus reducing the space phase avail-
able for the resonance decay products. This effect increases
the resonance lifetime and decreases its width of a quantity fiG. 8. Product of the strength at the mass by the width for the
Bp identified with the solid angle formed in the resonancemain six nucleon resonances. Circles and triangles are the values
rest frame by the allowed nucleon directiofb]. For an  we derived by fitting the protorj29,9], and the neutron data
average density nucleuB; is computed to be 0.77 for th®  [29,10, respectively; crosses are the values provided for the proton
resonance and about 0.90 for higher resonances. by Armstronget al.[9] and vertical lines are the PDG randég)].

Using the optical theorem we deduced

) A A .

[ub GeV]

r

1 r
r

1232 1520 1680 1440 1950 1535
Resonance mass
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wherev is the propagation velocityy is the Lorentz factor,
and ¢* is the total cross section of the resonance-nucleon
interaction.

=
5.
. Lo <« 400
More details of these nuclear effects and their influence <
on the resonances behavior in the nuclear medium, have  § 540t
been described elsewhdrts]. ‘g’
Taking into account the above-listed processes, each reso- @ 4,01
nance in the nuclear medium was parametrized by a total @
: o
width I" and masaM: S 100
-
I',Bp+ 6T S ot : = ‘ ]
[=—c—, (14 1 1.2 1.4 1.6 1.8 2
F Invariant mass W [GeV]
M =W, + SM. (15

FIG. 9. Total cross-section data: our data on the average nucleus

solid circleg are compared with previous data on(@en circley

In the fits to the total cross sections on nuclei we usecimd Pb(open trianglesmeasured with a similar experimental tech-
W, I';, andl, obtained from the fit to the proton and neu- g e [36]. Also shown are the phenomenological fibick line)
tron data, and the computed values By andSi, while SI' 314 the resonant and nonresonant separate contribitiondines

(or c*v) and M were free parameters. In order to decreasey the P43 (1) and D45 (2) excitation, pionic backgroun@3) and
the total number of free parameters we assudéd=0 for  qguasideuteron backgrourid).

all the resonance except for tlleresonance. This because

the A resonance in the nuclear medium is dominant an w h q - leus” dat d the fit t
much narrower than the other resonances and even a sm3fWeen the measured “average nucleus: data an efntto

shift of its mass contributes very significantly to tifevalue. e free nucleon, together with the ratio computed with the
Moreover, we used only twel” as free parameters: one for above—_descnbed model. AI;o shown are the prediction of the
the A resonance and a common one for all other resonanceg!odel in the case of no shift for the resonance M ,=0)

As our data cover the mass range k20<1.75 GeV, in and no broadeningdl’y= 'y« =0) due to the resonance
order to cover the wholA-resonance energy region, we usedinteraction(Pauli blocking and Fermi motion onlyas it is

data available from previous experiments in the range 1.14een the propagation and interaction of resonances are really
<W<1.20 GeV, so that the lower limit is the same as for theneeded to explain the data up to 1.2 GeV. Moreover, from
proton and neutron data fit. Specifically, we used lithiumthe figure it results that the used resonance broadening leads
data[34] for lithium, carbon dat&35,36 for light nuclei, and  to an antishadowing behavior at higher energies with a large
lead datd 36] for heavy nuclei. overestimate of data above 2 G¢¥7].

In the energy range explored it is expected that the pho- The violation of the unitarity limit and the antishadowing
tonuclear cross section changes smoothly with the macrdsehavior can only be cured introducing an effective reduc-
scopic nuclear parameters like the density or the mass nunion of the cross section in the resonance region. Two pro-
ber. Moreover, as it_ will be discussed .Iater, we f9undcesses have been suggested to justify this reductipthe
necessary to include in the model a reduction mechanism Qiyistence of a dynamical mechanism which partially inhibits
the cross section in order to reproduce the df‘ta at highghe excitation of nucleon resonances in nuclei, causing a re-
energies. Therefore, we first derived thél andN*N cross ,qtion ofl, in nuclei[17]; (ii) the onset of nuclear shadow-

sections through an accurate comparison of the models to tr]ﬁ [38], which causes a reduction of the total cross section.
data, and then studied the dependence on the nuclear densi ls worth pointing out that in the framework of this model

In order to provide the better determination of these cross .
Nno resonance effects are considered.

sections, which are independent from nuclear parameters, we Solid line of Fig. 10b) shows how the inclusion of these

used the “average nucleus” data as a typical nuclear photo- ; . . .
absorption data. two effects makes it possible to cure the discrepancy with

The results of the fit to the “average nucleus” total crossdata at high energy. Moreover, in this case, the cross section

sections are shown in Fig. 9 together with the separate res®N remains almost unchanged, being v,=34+1 mb,
nant, quasideuteron, and background contributions. The be¥fhile the one for higher resonance is strongly reduced, re-
description of the data was found f6M ,=38+1 MeV and  Sultingo™ vy« =80+ 4 mb, in reasonable agreement with the
o*v,=35+1 mb, for theA resonance and*v,.=135  unitarity limit.
+5 mb in average for the othéi* resonances. While the ~ Finally Fig. 11 shows how well the average values of our
o*v, value is in fair agreement with the one derived fromresult on C and Pb in thE,s-resonance energy region agree
the NN— AN processes, the value found for the other resowith the low-energy prediction of a recent shadowing model
nances violate the unitarity limit which requires [38], while older and simpler shadowing models give very
o* v+ <80 mb[15]. different evaluations of the shadowing threshold region
To better investigate the broadening and the shift of resoaround 1 and 2 GeV, mainly due to differgntmeson cross-
nance structures we studied the ratio of the bound nucleon teection parametrizatiof19,20. Shadowing effect is quanti-
free-nucleon cross sections which strongly depends on thesatively evaluated by the parame®®y/A= o a/(Zop+Noy,)
effects. In particular either a broadening or a shift produce amvhich represents the effective number of nucleons seen by
oscillating behavior of this ratio. Figure (@ shows the ratio the incoming probe.
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FIG. 11. Shadowing effect measured fori@en symbolsand
! e Pb(solid symbol$. Our data(circles are shown together with some
\j . ¢ r e T data available from literature: rhomHd87], triangles[40] and
squareg39]. Lines are VMD different predictions: solid lin¢88],
0.5 - dashed line$20], and dotted line§19]; thin and thick lines are the
) L predictions for C and Pb, respectively.
1 1.5 2 2.5

Invariant mass W [GeV] For a more quantitative evaluation, the same procedure

_ _ used to fit the average-nucleus cross-section data was em-
FIG. 10. (a) Ratio between cross section on the average nucleu§,|oyed to fit the data for the different nuclei, in order to
and that on a free nucleon: our data are indicated by solid Cirdeéxtract&MA, 8T, and 8T« for each nucleus. The results
while Daresbury datd37] by open circles. The solid line is the gpiained are pI’otted in Figs. 8 and 13b) versus the
result of the phenomenological model described in the text whichy, ,oear density: as it is seen a nice linear behavior is found in

considers Fermi motion, Pauli blocking, and resonance propagatio : e
and interaction; the dashed line is the result of the model Withﬂgreement with the prediction of the modeke Eqs(11)

SM =0 (no A-resonance mass shifivhile dotted line withsI'=0 and(12)].

(no resonance interactipr(b) The same a6a): the solid line is the Therefore it is r(—:_asonal()jlg :O cotr_wlud_e :{[Eat, ﬁute tg the
phenomenological model with the inclusion of shadowing effect!€S0NANCE propagation and interaction, in the photoabsorp-

and a partial damping of resonances. tion on nuclt_al the A-resonance mass increases with the
nuclear density up to few tenths of MeV, tieresonance
C. Nuclear density effect width up to several tenths of MeV, while the averaged

. . . N*-resonance width up to few hundreds of MeV.
As previously mentioned, nuclear medium effects are

generally expected to depend on nuclear parameters like the
average nuclear density(A) or the mass numbeA. To
check this expectation we fitted the total cross-section values We have measured the total photoabsorption cross section
obtained on different nuclei for each invariant méésvitha  for several nuclei in the energy range 300—1200 MeV, using
linear function of the nuclear densityoa(W)/A  the photohadronic technique with a-4al detector to detect
=b(W)[1+B(W)p(A)]. In the fits we assumed that the av- hadronic events and a lead-glass counter to tag the electro-
erage nuclear densities were(A)=3A/47R® with  magnetic ones. From the comparison between the new re-
R?=5(r?)/3, (r?) being the rms electron-scattering radius of
the nucleug41].

In Fig. 12 are shown all the linear coefficient values,
B(W), obtained from our data together with the ones ob-
tained from the data measured at higher energies on the same
nuclei [9], except the lithium. As shown the qualitative en-
ergy behavior for the8(W) parameter is very close to the
one obtained for the ratio of cross sections shown in Fig. 10, o
thus experimentally indicating that nuclear medium effect - *&
really increases with the nuclear density, at least up to the 2
D,yresonance region. In thE,sresonance region, where
the nonresonant background is large and where many reso- , 1
nances overlap, no definite indication can be derived. 1 1.5 2 2.5

It is worth mentioning that we also fitted our data to a Invariant mass W [GeV]
power lawo ,(W)/A=a(W)A*™): the result for the energy
dependence of the(W) parameter was very similar to the  FIG. 12. Linear coefficiens derived for each invariant mayg
one for theB(W) parameter but with a worse total reduced from our data on Li, C, Al, Cu, Sn, and Rbolid circle3 and from
X° (1.62 against 1.03 of the density)fit Daresbury data on C, Al, Cu, Sn, and Ripen circlex

VI. CONCLUSION

B parameter [fm®/nucleons]
o
==
=
—Oﬂq—!i:
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photoexcitation, likeA-resonance hadron-excitation, has not
an “universal” nuclear behavior.

(b) Nuclear medium effects produce a larger broadening
of the peak for higher nucleon resonances. This broadening
increases linearly with the nuclear density and can be ex-
plained in terms of a strong hadronic interaction in the
propagation of the photoproduced resonances.

(c) At present, no realistic information can be extracted
for the mass shifts of the higher resonances in nuclei. Being
the nuclear medium effect large for the resonance widths, it
would be interesting to look at the possible mass variations
| for different resonances.

(b) % (d) The systematic reduction of the cross section in nuclei
above 600 MeV seems to require a reduction of the elemen-
}, <1 tary coupling and this might be considered in terms of a
200 | [P % . partial depletion of higher nucleon resonance excitation
_- - A ] strength and of the onset of the shadowing effect due to the
- low-mass component in the hadronic spectrum of the photon.
100 //4' PSR EL Clearly, detailed microscopic theoretical treatments of
- 1 higher nucleon resonances, like those developed forAthe
Y e U T resonance are urgently needed in order to describe the data in
] 0.05 0.1 0.15 ; :
. 3 a less phenomenological framework. Also new experimental
Nuclear density [nucleons/fm’] data are welcome to fill the existing gap between 1.2 and 1.8
GeV and give a more definitive answer on the threshold and
the rising of the shadowing effect.

300

Al

8T [MeV]

FIG. 13. (a) Mass of theA-resonance extracted from our data on
nuclei (solid circles and from hydrogen and deuterium d&tgpen
circles. The hydrogen density is arbitrarily assumed equal t@®p.
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