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A measurement of thé?C(y, 7 n)!!B reaction in quasifreer-production kinematic regimes has been
performed using tagged photons in conjunction with large solid amgknd n detectors. The aim of the
experiment was to investigate predicted modifications toAhexcitation of nucleons and their subsequent
propagation and decay, brought about by the nuclear medium. Differential cross sections are presented for
photon energies spanning th€1232) excitation region. The measurements are consistent with distorted wave
impulse approximation calculations in which the amplitude for prafoexcitation, followed byA propagation
and decay tor*+n, is reduced compared to that for a frpe However, because of uncertainties in the
magnitudes of the final state interactions, it is concluded that improved calculations are required to obtain a
quantitative estimate ak-medium effects.

PACS numbses): 25.20.Lj, 13.60.Le, 13.60.Rj

INTRODUCTION tion is studied over a wide range of energies and angles. A
first report of some of the results of this experiment was
It is well known that excitation of the nucleon to the presented in referendé]. Here we present differential cross
A(1232) resonance plays an important role in intermediatesections obtained from the full data set together with com-
energy photonuclear reactions. However, although modificaparisons to new distorted wave impulse approximation
tions to the excitation, propagation, and decay of the (DWIA) calculations which permit investigations of
brought about by the surrounding nuclear medium, haveél-medium effects to be made.
been predictedsee, for example, Refl]), few measure-
ments agalns_t which to test these predlctl_ons have been EXPERIMENTAL ARRANGEMENT
made. Exclusive measurements of tH€(y, 7 p)*'C and
160(y, 7~ p)**N quasifreerr-production reactions have been  Figure 1 shows the experimental arrangement. A brems-
performed at TomsK2] and MIT-Bates[3], respectively. strahlung photon beam was produced by 85 nA beam of
Both of these measurements sampled only a small region aflectrons from the Mainz microtroatMAMI-B ) incident on a
the available phase space at photon energids,ef380 and  4um Ni radiator. The energies of photons in the rarge
360 MeV, respectively. More recently, a high resolution =114—-792 MeV were analyzed using the Glasgow tagging
study of the *O(y, 7~ p)'°N reaction has been reported spectrometef7,8]. The tagged photon resolutions and count-
from the National Institute voor Kernfysica en Hoge- ing rates were typical\AE,=2 MeV and 510" s 1, re-
Energiefysica, sectie KNIKHEF-K) [4], and asymmetry spectively.
measurements with polarized photons were carried out at La- The photon beam was collimated to a diameter of 18 mm
ser Electron Gamma Sour¢eEGS) [5]. Again, only small  at the target, which was either 0.839 g cfrCarbon or 0.915
energy regions were studied, namély~360 MeV andE, g cm 2 CH, inclined at an angle of 20° with respect to the
=293+ 20 MeV, respectively. To provide a more compre- beam direction. The fraction of tagged photons passing
hensive survey, we have made a measurement of thiarough the collimator, the tagging efficiency, was measured
2C(y,7m"n)1'B reaction using tagged photons covering aseveral times and remained stable at-3%6. The energies
wide range of energies up t6,~400 MeV. Furthermore, and angles of particles produced in the target were measured
large position sensitiver andn detectors were employed so by two large solid-angle detection systems. On one side of
that angular distributions could be measured over a widé¢he beam, a plastic scintillator hodoscqigP) [9] was used
range of angles. The missing energy resolution was such th&w detect charged particles in the angular rarge50—
7 production from the p shell could be separated from —130° and¢=(—24)-24°. A time of flight detector array
production involving the deeperslshell. Our aim was to (TOF) was placed on the opposite side of the beam. This
provide data to testr-photoproduction models incorporating detector{ 10] consisted of six stands each containing 16 ver-
A-medium effects. The reasoning behind the measuremetically mounted scintillators of dimension 308@00x 50
was that changes to thie mass and width will tend to redis- mm in two ranks of 8see Fig. 1 and covered the range
tribute the strength and this can only be seen when the reaec=10-150°. The range of azimuthal angléscovered by
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beam dump

FIG. 2. Schematic diagram of the PiP detector showing the ori-
entations of the thilAE detectorgvertica) and the thicke-detector
bars(horizonta). Also shown is the ring and half ring of thitE
detectors with radii of 11 and 30 cm, respectively.

low a broad range measurement of the type described here.
Since scintillator hodoscopes have not been used previously
to detect pions with energies as high as those considered
here, we describe the analysis in some detail.

Figure 2 shows a schematic of the PiP detector, which
consisted ba 2 mm thick AE layer followed by four E
layers of thickness 110, 175, 175, and 175 cm, all con-
structed from NE110 plastic scintillator materi@]. This
gave a total stopping power of 180 MeV for pions entering
normal to the detector. Events due to detecting and 7~
particles were separated from those due to protons and elec-
trons by selecting a region of thAE—E distribution as
shown in Fig. 3. It should be noted that the events shown in
Fig. 3 all have an implicit afterpulse condition, discussed
below, by virtue of the reaction trigger. This trigger condi-
tion removes the foldback in the locus, which would oth-

b e erwise be expected from high energy pions exiting the back
v of PiP, and also rejects high energy electrons, which would
' otherwise give signals that overlap with thdocus in Fig. 3.

FIG. 1. Experimental arrangement used for #i€(y, 7 'n)"'B  The electron ang regions evident in the figure are due to

measurement. random coincidences with pulses that occur in the afterpulse

inspect period. Events due to" particles were selected by

each element depended on the distance from the target whigfsmanding that an afterpulse occurred within the time inter-
was between 6 and 14 m. Surrounding the target at a radiygy 0.2-6.2us after the initial interaction. Since the™
of 11 cm was a ring of thil\E scintillator detectors, shown _, ,+ .o+ decay chain is characterized by the 2.2 us decay

in Fig. 2, which had a dual purpose. Used in coincidenc&gnstant of theu™ decay, mostr™ particles entering PiP

with PiP, they produced a trigger pulse for each detecte@,ive rise to afterpulses in the 6/@s inspection period. On
charged particle. On the TOF side, the presence or absence

of a signal in the appropriate element of this ring and a
second half ring of detectors at 30 cm radius indicated a
charged or neutral particle, respectively. The above systern_ zef
produced over 1000 channels of analog-to-digital converterg
(ADC) and time-to-digital convertefTDC) information
which were read out using the ACQU data acquisition sys-
tem[11].

a) v b)

/ protons

Energy Loss {|

DETECTOR CALIBRATION AND DATA ANALYSIS

0 100 %00 0T R006 4000 8000
The main innovation of our measurement was the use of a Total Energy (MeV) Afterpulse Time (ns)
plastic scintillator hodoscope to detect pions rather than a FiG. 3. (a) The AE-E plot showing the software window used
magnetic spectometer, which is more conventional. Thigor selecting events due to detecting pioiis) Afterpulse time
choice was made because magnetic spectrometers with sépectrum. The curve is a fit using the equation=p;

ficiently high resolution have too small an acceptance to al-+ p, exp{/2190), wherep; =63 andp,=1540.
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the other hand, stopped™ particles are quickly absorbed by ' a) 10 0
nuclei releasing~140 MeV energy in typically a few ns, o F or
which is outside the accepted time region. Figure 3 also_ e} sf

shows a typical decay curve which can be decomposed int&
the expected 2.2s decay curve and a flat background. The
flat background gives the probability of particles entering the
detector randomly within the 6.Qs time interval. This was
typically a few percent, which indicates that” particles
were identified with very little background contamination. sof af
A simulation of the detector response made using the
CERN library package GEANT12] indicated that the larg-
est background contamination arises from the deeay
—u~ in flight. Typically, ~8% of =~ particles emitted % T I 0 10 w0 20 %0
towards PiP decay in flight and satisfy the afterpulse require- Pion Energy (MeV) Neutron Energy (MeV)
ments. However, events of this type are spread out over a FIG. 4. (a) Experimentally determineet * -detection efficiency
wide energy rangéypically 100 Me\) and are not generally €, versusE_, . (b) Neutron detection efficiency, versusg, calcu-
expected to be in coincidence with anobserved in TOF. lated using thesTANTON code.
Hence, following application of missing energy and other
conditions discussed later, the number of events expectageneral, two or four layers were employed as shown in Fig. 1
from 7~ decays in flight iss1%. giving higher efficiencies.
An undesirable property of this type of detector, which  |n order to separate events corresponding to the removal
does not apply to magnetic spectrometers, is the degradati@f a p from the Ip and 1s shells of *°C, it was necessary to
in resolution that occurs due to inelastic nuclear reactions igbtain an overall energy resolution of better than 10 MeV.
the scintillating material. However, the multilayer structure Hence, a good calibration of the various detectors was cru-
of the detector provides the means to reject most events @fial. For PiP this was achieved using cosmic rays. Position
this type. Given that the problem is most serious for theinformation, derived from the time difference of signals ar-
higher energy pions, which traverse two, three, or f&ur riving at the ends of each block, was used to determine the
layers of the detector, it is possible to demand in such casegngle at which rays traversed PiP and thus produce an energy
that the energy deposited in each individual layer is consisfoss per unit path length spectrum for each block. These
tent with purely electronic stopping. An algorithm to imple- showed the expected Landau distribution and enabled an ab-
ment this condition was tested by considering a sample ofolute energy calibration for each block to be obtained. Us-
pions from thep(y,7")n reaction obtained using the GH ing these calibrations, the signals from the individual blocks

70r 7r

Y

60 - (-3¢

50 5r

40| ar

Detection Efficienc:

20 2r

target. were combined and the overall calibration thus obtained was
The above conditions determine the efficiency of PiP as @hecked later using the two boghfy, 77 n) reaction.
m" detector. In order to measure this efficienay, particles Position calibration was achieved by selecting events in

produced by the(y, " n) reaction in a CH target, tagged which charged particles from the target had traversed indi-
by detecting the correlated in TOF, were employed. By vidual AE blocks, which acted as masks corresponding to
considering onlyE,, E,, and 6,, events from hydrogen known regions of theE blocks behind9]. This procedure
could be selected. For each of these events, it was possiblgnd its converse gave both a horizontal and vertical calibra-
using the kinematics of the reaction, to deduce the directiofion in the detector frame of reference, which could then be
and energy of the corresponding The efficiency €,) was  transformed into the laboratory frame using the measured
obtained by comparing the number of tagged particles position and orientation of PiP.
incident on the detector at a given energy and angle, to the The position of the TOF bars was surveyed using an ul-
number that actually survived to give an afterpulse and anmrasonic distance meter. An energy versus pulse height cali-
energy consistent with thp(y,7"n) reaction. Figure @)  bration for each TOF bar was obtained from the Compton
showse , as a function ofr energy. No angular dependence edges produced by 4.4 MefAm-Be) and 2.6 MeV £2°Th)
was observed within the accuracy of the measurement, whick rays, and from the maximum pulse height produced by
was £5%. protons which just stop in the bar. This maximum energy
The n TOF technique is fairly standard and has been defoss was estimated from tipestopping power to be 78 MeV.
scribed elsewherel 3]. It was assumed a neutral or yray)  These calibrations were used to set the threshold which de-
had been detected when a signal occured in a TOF bar withhermines then detection efficiency. The time of flight TDCs
out a signal being present in the corresponding elements afere calibrated using a pulser. The time peak produced by
the AE arrays surrounding the target. Events dueytcays  v=c electrons and photons was used to obtain the true zero
were discarded by making a cut on particle velocity. Thein the TDC spectra.
energy dependence of tmedetection efficiency is affected Each event recorded following a PiP trigger will generally
by the pulse height threshold and for the results reportedontain output signals from more than one tagger focal plane
here, we use a 5 MeV electron equivalent software cut. detector and may contain more than one TOF detector signal.
Figure 4b shows the corresponding efficieney)(calculated The contribution due to random coincidences was subtracted
by thesTANTON code[14] for one layer of TOF detectors. In using theweighted subevennethod. For this, prompt and
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1600 TABLE |. The binning regions used in extracting the
12C(y, 7 n)1B cross sections.

i p-shell Quantity Range Bin size No. of bins
1200 /
C E, 240-400 MeV 40 MeV 4
L : E. 20-180 MeV 10 MeV 16
: s-shell 0, 60-120° 15° 4
800¢ / b (—15)-15° 30° 1
% - 0, 10-150° 5° 28
s bn— b 170-190° 20° 1
400}

the kinetic energy of the recoiling=11 system determined
using momentum conservatioB, and Q are the excitation
energy associated with thhe= 11 system and th@® value for
the reaction leading to the ground state, respectively.
s ‘ N T W As the aim of the experiment was to measure exclusive
0 50 100 150 200 250 300 7" production on p-shell nucleons, this channel was first
Missing Energy (MeV) isolated by applying a cut fror&,, = 150—165 MeV in the
missing energy spectrum. In order to obtain cross sections
with a reasonable statistical accuracy, it was necessary to
combine the data into fairly large energy and angle bins. The
bins are noted in Table I. Yieldg) for each bin were ob-
random coincidence regions were defined in both the PiPtained using weights both to perform random subtractions
tagger and PiP-TOF time difference spectra. For each evernd to compensate for the detection efficiencies according to
one selects hits in these regions of the time spectra and thdéhe equations
constructs all subevents, i.e., all possible pairs of tagger and

FIG. 5. Missing energy spectra for théC(y, 7" n)'B reaction
before (solid ling), and after subtracting random backgrounds
(dashed ling

TOF hits. For each subevent, a tag@gar TOPF hit is given a v= 2 2 W 2
weight W, = +1(W,=+1) if it is in the prompt region. If events subaents

the hit is in the random region, the weight is negative and its

magnitude is the ratio of the widths of the prompt and ran- W.W_W

dom regions. =71 (3)

Random afterpulses in PiP, which were generated by the €m€n

detection of uncorrelated particles, were more difficult to
deal with since they give rise to a flat background under ar:nr
exponential curve in the delayed pulse TDC spectrum. The 12
optimum solution in this case is to assign a weight, which 0Y=< >3 W2> _ (4
changes steadily with the time of appearance of the after-
pulse during the inspection period. However, this complexity
was avoided in the present analysis. The decay spectrum w&soss sections were extracted from these data using the
split into just two regions, the first being termed the pseudoequation
true region and the second, the pseudorandom. Appropriate
weights W''® and W'"9°™ " which are positive and nega- dio Y sin 6,
tive, respectively, were chosen so that the weighted sum of dQ_dO,dE. n¢,AQ_AQAE_’ ®
counts in the two regions gave the total number of delayed 7
afterpulseqg15]. The weight ascribed to a subevent is the
product of the separate weigh®, W,W .. Each subevent is
then analyzed independently and used in the accumulation
weighted spectra. This method avoids the need to gener
four real and random data sets and subtract the resulti
spectra.

Figure 5 shows the missing energy spectrum for the rea
tion '2C(y,#"n)*B with and without the randoms sub-
tracted. The missing enerdy,, is defined by the equation

he statistical error irY is given by

events subevents

where, is the target angley, is the target densityp,, is the
integrated tagged photon fluj() . is the = solid angle,

Q, is then solid angle, andAE  is the = energy range.
alfhe photon flux¢, was given by the number of electrons
Ncorded in the tagger scalers multiplied by the tagging effi-
ciency. Dead time was automatically corrected for by arrang-
%g so that the tagger scalers were disabled while the data
acquisition system was busy.

The background due to photon interactions along the air
Em=E,~E.—En—Erecon=Ex—Q, (1) path traversed by the photon begm'was measured with the
target removed. The target-out missing energy spectrum ex-
whereE ., is the energy of the tagged photdh, the kinetic  hibited a small peak consistent with" production on nitro-
energy of thewr, E, the kinetic energy of th@, andE,..,;;y gen and oxygen but the target-out yield was orlg% of
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300 300 spectrum obtained has a single peak with a centroifi, at

pso [ S0 (MeV) a5 | D300 (M) =140.5£0.1 MeV (statistical error only, which is consis-
tent with the reactiorQ value of 140.8 MeV and the-1

200 L 8 200 [ MeV estimated systematic error in the missing energy deter-

minations. The full width at half maximutFWHM) resolu-

oy oy tion wasAE,,,=8.9 MeV, which agrees well with an estimate
1001 100 F obtained by adding in quadrature the resolutidxig,=2
MeV, AE_ =7 MeV, andAE,=3.5 MeV associated with
% °°f S0p the tagging system, PiP and TOF, respectiyas.
2 ., | \ . oof . . , The large peak in the missing energy spectrum for the
o 400 700 1000 1300 1600 400 700 1000 1300 1600 2C(y, 7" n)1'B reaction shown in Fig. 5 occurs at 160
g %o %00 +0.1 MeV (statistical error only and has a FWHM of
I E=350 (MeV) E=400 (MeV)

AE,,~ 12 MeV. There is an indication of a broader peak at
5 E,,~ 180 MeV with AE,,~ 25 MeV. Very similar spectra
have been observed in the'’C(e,e'p)'B [18],
2C(p,2p)*B [19], and *°C(p,d=*)'B [20] reactions. As
in those cases, the two peaks are associated with removing
protons from the p and 1s shell, respectively. A study of
sk 3 the '%C(e,e’p)!'B reaction with high resolution showed
50r ® strong excitation of the three low lying single-hole states in
0o S o e "B at E,=0.0 MeV (J7=3/27), 2.12 MeV (1/2), and
400 700 100.0 1300 160.0 400 700 1000 1300 160.0 5.02 MeV (3/2) [21]. If the same three low-lying single
0y (deg) oy (deg) hole states int'B are populated with similar intensities in the
FIG. 6. Differential cross sections for tipg y, 7" n) reaction in 2C(y, 7 n)1'B reaction, then folding in the experimental
the center of mass system. The curves were calculated using th@solution would give a missing energy spectrum peaked at
theory of Blomqvist and Laget, which is known to describe well the E.,= 160 MeV with a widthAE,,~ 12 MeV, as is observed.
previous experimental data. The data points from the present ex;, order to select events from the presé?ﬂ:(y,w+n)llB

periment have been increased in magnitude by a factor of 1.20. data in which a p shellp is removed by quasifree knockout,

the target-in yield. As this is well below the statistical and@ missing energy selectiok,=150-165 MeV, was used as
systematic uncertainties in the data, this background was né&@oted above. In the region of the fieak, a background not
glected. seen in the'?C(e,e’p)**B missing energy spectrufi8] is
Results for thep(y,7*n) reaction were obtained in a evident. This is probably due to nonquasifree processes or
similar way using data taken with the GHarget. They  final state interaction$FSl), in which one or more of the
+p—m"+n events were separated on the basis of theifinal state particles go undetected. However, this background
missing energy and the cross section was obtained by inteloes not extend significantly into tHe,=150-165 MeV
grating over allowedE ., 6,, and¢,. These cross sections region since the thresholds fdtB breakup to'°B+n and
are compared in Fig. 6 to calculations using the expression&Be+ p occur atE,,=168.3 and 168.0 MeV, respectively.
of Blomqvist and Lageft16], which reproduce the previously of greater concern is the experimental resolution, 8.9 MeV
measured cross sectiofik7] for this reaction. For this com- FWHM, as a result of which~10% of the J removal
parison, the calculated cross sections were averaged over th€anis Jie outside the selecteg tegion and a similar pro-
appropriateE, bins and detector acceptances. An overall ortion of 1s events fall within it. However, in view of the

B?;m:ﬂi?t'?gsﬁgorin% 152912(3'2&?#”5&;0 t?]reln%;rcilgzieosr?sn act that calculations for @ and 1s removal, averaged over
Since this factor is consistent with the total systematic errop ! €Ner9y and angular bins, give roughly similar coincident

of 20%, estimated from the uncertainties in target thickness, angular distribution$15,6,22, the n angular distributions

tagging efficiency, detector efficiencies, and solid angles, i[:on5|dered below are _not_ expe_cted to be significantly dis-
was decided to renormalize tH&C(y, =" n)'B data by the torted through contamination withslremoval events. The

same factor of 1.2. The systematic error of the renormalize§Vents in the & peak region were not analyzed because the
12C(y, 7" n) B data is obtained by combining the statistical Packground under the peak is not sufficiently well under-
errors of the preser(y, 7" n) data with the systematic er- Stood.

rors of about+4% for the previous datfl7]. The resulting

systematic error;-10%, is significantly reduced compared to Differential cross sections

the systematic error of the present measurements taken

25.0
20.0
15.0 |

10.0

Figures 7—8, which were obtained using the bins shown in

alone. Table I, show thed, dependence of theplremoval cross
RESULTS AND DISCUSSION sections for the"’C(y, 7" n)!B reaction in the energy range
o o E,=240-400 MeV for fourd, bins. Figure 9 shows the
The missing energy distributions photon energy dependence of the cross sections at the aver-

The calibration of the system was checked by determiningiged,. angles 67°, 82°, 97°, and 112° obtained by integrat-
the missing energy spectrum for théy, " n) reaction. The ing the results shown in Figs. 7—8 over theangles. Figure
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8, =670 o, = 829 8, =97° 8y = 1120
75.0 75.0 ¢ 75.0 75.0
60.0 |- 60.0 £ 60.0 | 60.0 -
45.0 |- 450 450 F 450 L

260 MeV 260 MeV 260 MeV 260 MeV
300 £ 300 £ .

15.0 15.0

0.0 ) 0.0 0.0
;PO 800 600 900 1200 ,. DO 800 600 900 1200 )

0.0
120.0 75_00.

60.0

60.0 60.0 |-

45.0
30.0

15.0

(ub/sr2)

0.0 0.0
75'&1.0 30.0 60.0 90.0  120.0 75'00‘ J

d: T
3 joy :
o B00E N 60.0
A
=) .
N 45'01'/ 340 Mev | 0
30.0 300
15.0 15.0
0.0 = 0.0
75.8; 5.0
60.0 -" 60.0
45.0 45.0 380 MeV
H 30.0 30.0
L 15.0 15.0
4 (.
0.0 0.0 0.0 0.0
0.0 30.0 60.0 90.0 120.0 0.0 30.0 60.0 90.0 120.0 0.0 30.0 60.0 80.0 120.0 0.0 30.0 60.0 90.0 120.0
6n (deg) 6n (deg) On (deg) on (deg)
FIG. 7. Differential cross sections for tHéC(y, =" n)'B reac- FIG. 8. As Fig. 7 ford,=97° and 112°.

tion versusn laboratory angle obtained at average detection

angles of §,=67° and 82°, and average photon energies 11 T 15
—260, 300, 340, and 380 MeV. THE,, 0, b, 6,, andg, bins C(7:7 N)"'B data and the earlietO(y, = p)™N mea-

are as shown in Table I. The results are integrated ByeandE,, . suremen(3] in the dependence of the cross sectionfgn

The theory curves are LWP\Wot dashel] LWDW (solid), VPW We do not observe the factor of 3 reduction in the cross
(long dashey] and VDW (dashed calculations. section betweer,=120° andf,=67° as reported in Ref.

[3] and discussed in Reff23]. Since the reactionsy 7 n)

10 shows theE dependence of the cross sections at thend (v, p) on self conjugatdl=Z nuclei are expected to

averager anglesd,=67° and 112°. For these data, the ~ P€ s(ijrrr]]ilar fronp] islospindz%(:cguments, itis difﬁ;-u“ tohunder-
and 6, bins were 10° and 15° wide, respectively, and ghe  Stand how such a large difference can arise. Since the present

bins were centered in each case aroundéthangle at which forward and backward angle data were accumulated simulta-
the yield of neutrons from quasifres™ production is ex- neously using adjacent regions of common detector systems

pected to be greatest. All the results show that the crosy€ can only assume that th€O(y, = “p) N data, which
section is largest foE.,~ 340 MeV, which is consistent with used different setups for forward and backward angles, con-

a reaction proceeding through excitation of thé1232 t{%m a systelrsnatlc error. The most recent high resolution
MeV) resonance. In thig§ , region, the observed cross sec- O(y, m P) N experiment aEV.N 360 MeV by van Uden
tions are comparable té"yO(y,w* p)**N cross sections at et al.[4] gives a similar conclusion.

360 MeV[3,4], which are interpreted in terms of quasifree
production includingA excitation [3,4,23. The outgoing
nucleons from the”C(y, 7 n)'B and %0(y, 7 p)**N re- A more quantitative assessment of our data was obtained
actions have similar angular distributions and their variatiorby comparing the results to plane-wave impulse approxima-
with E, and 6, is qualitatively as expected for quasifree  tion (PWIA) and DWIA calculations made by Lee and
production. The angular range arises from the initial nucleWright [24] (referred to in the following as LWPW and
on’s Fermi motion. The variation in shape of theenergy = LWDW, respectively, and by Vanderhaeghég@5] (referred
spectrum in Fig. 10 can also be understood in terms of théo as VPW and VDW, respectivelyBoth models have three
quasifree kinematics. We conclude, therefore, that thdasic ingredients(l) single nucleon bound state wave func-
12C(y, 7" n) !B results shown in Figs. 7—10 are consistenttions and associated spectroscopic fact(@san elementary
with a quasifreer® production process that involves ex-  z-photoproduction operator, ar(@) = and nucleon optical
citation. model potentials.

A significant difference occurs between the present

Comparison with theoretical calculations
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100.0 80.0 o7 9, = 67° 07 8, = 112°
06f 260 MeV 06 260 MeV
80O0r g 2360 Mev .~ 00 ek
l/' E e
/ 0.3 E
60.0 ’ 400
01k
0L 0.0 §I 1
5 400 |- 200 - O.P.O 45.0 90.0 135.0 180.0 OP.O 45.0 90.0 135.0 180.0
8 “f “F
z 06F 300 Mev o6k /300 Mev
2200l 0.0 ! ' ' ’
2400 2800 3200 360.0 4000
=
= -~
& oo . . | 80.0 €
© 240.0 280.0 320.0 360.0 4000
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60.0 § PO 450 900 1350 1800 00 450 900 1350 1800
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A
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We first describe the calculations of Lee and Wright E, (MeV) E, (MeV)

(LW), which were performed using the mod&/WB) de-

scribed by Li, Wright, and Bennhol®6]. The proton b5, . - N s

bound-state was represented by a harmonic oscillator wayAEtion versust” kinetic energy. Thef,, and ¢, bins are 10° and

function, which was considered adequate for the predomil- Thw'de’ rESpeCt.'VG"'y' The; and ¢, bins are as shown in Table
s . - . . The results are integrated oV, . The theory curves are LWPW

nantly Ipw initial nucleon momenta involved in quasﬁree gdasheo:l and LWDW (solid) calculations.

production. The value used for the spectroscopic factor wa

S=2.6, which is derived front?C(e,e’ p)}'B measurements bound stat¢25]. As for the LW calculations, a spectroscopic

[26]. factor of S=2.6 was used. The elementasiyphotoproduc-

For the mr-photoproduction process, the full Blomqvist- tion operator was derived from a fully relativistic and unitary
Laget production operatdi6,27,28 was used. The use of model developed by Vanderhaeghl2b]. This was tested
this phenomenological operator allows possillenuclear  successfully on an extensive data set, which included both
medium effects to be investigated by varying the mislss  unpolarized and polarized photoproduction observables, and
and the decay widtH",, as shown in LWB for selected both charged and neutralm production. For the
kinematics in theA resonance region. Although the model *2C(y,7*n)!B calculations,A-medium effects derived by
also allows for th€E2/M 1 ratio in theN— A transition to be  Osetet al. [31] were included.
varied, changes in cross sections brought about by varying The outgoingz7 wave function was calculated using an
this ratio are much smaller than those produced by changingffective description based on the results of Stricker, Mc-
M, andI', [26]. Manus, and Carr29], Sekiet al.[32], and Nievest al.[33]

The 7 optical model used was developed by Stricker,for E,<50 MeV, and Cottingamet al. [34], and Gmitro
McManus, and Carr based on a solution of the Klein-Gordoret al.[35], for E,=50-120 MeV. The method used is anala-
equation[29]. Their analyses of low energy data give goodgous to the approach followed by Bergstrd@6] for the
agreement with pionic atom results, nuclear absorption and?C(y,#°)*°C reaction. At very low energies, the pionic
m-nucleus scattering cross sections. An extension of the omtom values were recovered and the model was able to de-
tical model parameters up B, =220 MeV, which covers scribe in a reasonable way both" and 7~ scattering on
the range o observed in our measurements, is known to°C in the rangeE,=50-120 MeV[25]. However, uncer-
give satisfactory agreement with a broad range of {264  tainties in the description become larger at enerdies
The n optical potential used was the global phenomenologi=120 MeV [25].
cal potential of Schwandt al. [30]. For the VDW calculations, the outgoing nucleon wave

The Vanderhaeghen resuli®/) were obtained using function was determined using the optical potentials @
Hartree-Fock-Skyrme wave functions to describe thg,l  taken from Schwanet al.[30] and Meyeret al.[37]. It was

FIG. 10. Differential cross sections for tHéC(y, =" n)*'B re-
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checked that the p-nucleus observables in the kinetic energ 15
rangeE,=80-200 MeV are fairly accurately reproduced by
this potential.

The main difference between the two sets of calculations
is the absence ak-medium effects in LW. Although these l I
effects could have been simulated in LW by varyig and
I'y, this was not carried out due to the large computer time
requirement. Another difference is that thecalculations
used an unfactorizethonlocal potentigl DWIA formalism
as opposed to the local potential DWIA appro28] of the
LW calculations. In this way th& calculations retain off-
shell effects in the intermediate state, such that the nucleors i
and 7 are not restricted to their asymptotic momenta before
undergoing FSI. As a result, the unfactorized calculations in

-
o

i0  (Theory/Experiment)
—o—
o
o
i

o
o
T
—e—

general yield a higher cross section. The cross section differ *%5 ™ 300 60.0 90.0 1200 1500 180.0
ence between the local and nonlocal DWIA calculations is Er (MeV)
expected to be typically- 109%[24,4]. Neither the LW noV FIG. 11. Ratio of(LWDW theory/experimentversusk_, de-

models include the decay channkt N—N-+N, which is  jeq from the results shown in Fig. 10.
allowed in the medium and will tend to reduce the quasifree
cross section. The effect of this decay is however expected tid A-medium effects are present, it is not possible at this time
be small at theE,, energies considered hefr24]. to conclude that\-medium effects have been observed due
For comparison with the data, the calculations are averto the uncertainties in the absolute normalization of the data
aged over the detector acceptances given in Table I. Wheand the theoretical calulations, in particular the treatment of
making these comparisons, we note that only the statisticdfSI. Clearly, a quantitative estimate of the magnitude of
errors in the experimental results need to be taken into acA-medium effects will require more acurate data and a more
count since they are normalized to the sgnig, =" n) data  detailed theoretical treatment.
which was fitted to obtain the elementaryphotoproduction To consider the LWDW results further, we note that the
operators used in the calculations. The main uncertainties ipalculated curves shown in Fig. 9 lie 10-100 % above the
the calculations are undoubtedly associated with the opticalata, the largest differences occuring at the largestCal-
model estimates of the FSI. In considering this, we note thatulations shown in LWB for the'®O(y, = p)**N reaction
for both sets of calculations, the DWIA results are approxi-indicate that a reduction i, by ~2—3 %, which they
mately a factor of 2 lower than the PWIA results, which consider to be the appropriate amount to simulate the
indicates that~50% of the quasifree events involvinggl A-medium effects, reduces the cross section on average by
shell nucleons are removed to higher missing energies by-30%. However, the largest reduction-#0%) occurs at
FSI. A comparison oh FSI obtained15,6] by using two forward angles close tof,=67° with smaller effects
sets of optical model parametedbdul-Jalil and Jackson (~20%) occuring at large angles, such as=112°. A
[38] and Nadaseret al. [39]) with the codeTHREEDEE[40]  similar reduction inM 4, would therefore improve the agree-
indicated that the calculated effects mfscattering and ab- ment between LWDW and the present data on average, but
sorption could be uncertain by up t0620% for E,~260 large discrepancies would remain @f=67° and 112°. A
MeV. At energiesE,,~ 360 MeV, appropriate td excitation  possible explanation in terms of the and n optical poten-
and where then absorption is much lower, this uncertainty tials is given below.
became* 3%. However, ther FSl increase wittt,, and the A comparison of the theory to the_ dependence of the
7 optical model parameters also have uncertainties assoaiifferential cross section, shown in Fig. 10, suggests that the
ated with them. In view of this, we estimate an overall un-optical potentials used in the calculations may need to be
certainty in the DWIA results due to the optical model pa-modified. Overall, the LWPW and LWDW curves describe
rameters used ot 15%. In the case of the LWDW results, the shapes of the spectra quite well, in particular the ten-
there is an additional uncertainty af10% to be taken into dency towards a double humped shape, which is seen as a
account due to the use of the local potential approximationconsequence of theplwave function of the knocked oy,
Reasonable qualitative agreement in shape between thpovided that the effect of distortion is not too large. How-
DW calculations and the data is obtained for all the resultever, there is some evidence that the LWDW theory under-
shown in Figs. 7-8, which adds further weight to the as-estimates the data at the higher. To investigate this, the
sumption that in our kinematic regime, théC(y,7"n)'B  weighted mean of the rati®= theory/experiment, is plotted
reaction proceeds through a quasifregroduction mecha- as a function of , in Fig. 11 together with a straight line fit.
nism. It is interesting to note that on average the VDWBased on this line, we conclude that the attenuation ofthe
curves are in closest agreement with the measured cross set-or both outgoing waves has the wrong energy dependence
tions, whereas the LWDW curves tend to lie above the dataand may overestimate the flux losses for high valueg of
Additional support for this observation is given by the inte- which also correspond to lo,. In both cases this is the
grated results shown in Fig. 9, which have a higher statisticaénergy region where the absorption is highest. This offers a
accuracy. Although these results are qualitatively as expectgsbssible solution of the problem discussed above. Since, on
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average, forward emitted pions have higher energies, the etomparison of the LWDW results with the, dependence of
fect of using7 and n optical model potentials that are too the differential cross sections suggests that the optical model
absorptive is to reduce the calculated cross sections more parameters used in both sets of DWIA calculations lead to an
forward than backward .. This suggests that a justifiable overestimate of the loss of andn flux at highE , and low

reduction ofM, in conjunction with less absorptive optical

E,, respectively. Clearly, the interpretation of these results

potentials could lead to acceptable fits to all of the datavould benefit from a more careful and detailed theoretical

shown in Figs. 7-10.

CONCLUSION

Data of good statistical accuracy have been obtained for

the *2C(y, 7" n)!'B reaction over a wide range &,, 6,,

and 6, using large solid-angle plastic scintillator arrays in

investigation. In the future, we plan to investigate more tar-

gets using the present detector system and to include asym-

metry measurements with polarized photons.
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