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Quasifree v+ production studied using the 2C(y,7*n) !B reaction
in the A(1232 resonance region

J. A. MacKenzie! D. Branford! J. Ahrens? J. R. M. Annand? R. Beck? G. E. Cross’ T. Davinson?

P. Grabmayr S. J. Hall? P. D. Harty? T. Hehl,2 D. G. Johnstoné, J. D. Kellie,> T. Lamparter? M. Liang,*
I. J. D. MacGregoP J. C. McGeorgé, R. O. Owens’> M. Sauer® R. Schneidef A. C. Shotter! K. Spaeth®
P. J. Woods, and T. Yalf
!Department of Physics and Astronomy, University of Edinburgh, Edinburgh, EH9 3JZ, Scotland
2Department of Physics and Astronomy, University of Glasgow, Glasgow, G12 8QQ, Scotland

3Physikalische Institut, UniversitalUbingen, D-72076, ‘Thingen, Germany
“Institut fir Kernphysik, Johannes-Gutenberg Univeisita-55099, Mainz, Germany
(Received 4 December 1995

Results are presented from a coincidence study of*f#8¢y, 7' n)*'B quasifree pion production reaction
made in theA-resonance region using tagged photons. Cross sections for reactions originatipgsbell
protons are found to be significantly larger than predicted by calculations based on quasifree pion production.
It is suggested that more sophisticated calculations, perhaps including medium effects, may be required to
reproduce the dat4S0556-28186)50207-4

PACS numbsgs): 25.20.Lj, 13.60.Le, 13.60.Rj 21.30.Fe

A useful method of investigating small systems such as=120° and 6,=20° with respect to the beam direction.
clusters, molecules, atoms, nuclei, and nucleons is to studylore recently, a measurement of th8(y, p) reaction
changes in their properties when placed in different environwas carried out =360 MeV using the MIT-Bates accel-
ments. The excitation of nucleons into higher states has beasrator[8]. In this case, two pion angle§,, = 64° and 120°,
extensively studied using free protons. Here we consider therere used and the protons were detected by five detectors
possibility of studying excitation of protons embedded inarranged in a vertical array at correlated polar angles. The
nuclei. Excitation of the\ (3,3) resonance at 1232 MeV is an resolution of both experiments was such that quasifree
important non-nucleonic degree of freedom that has to bevents involving the removal of neutrons fronp land 1s
taken into account when considering intermediate energghells could be separated.
photonuclear reactions. Since the decaysAtf excited at Cross sections calculated using the distorted wave im-
the early stages of photonuclear reactions are known to corpulse approximation(DWIA) code of Li, Wright, and
tribute significantly to quasifree pion photoproduction crossBennhold(LWB), which includes some effects af propa-
sections[1-3], it is thought that studies of these reactionsgation [2], have been compared to the Tomsk data. These
may provide valuable information oA medium modifica- non-local DWIA calculations are found to be in good agree-
tions. Here, we present first results from an extensive studynent with the J-shell data although they are less successful
of quasifreerr® production on'C that was made to explore in describing the $-shell data. The MIT data were compared
this possibility. initially to DWIA calculations made with the codeiREEDEE

General features of the photoreaction mechanism for light9], which uses the Blomqvist-Laget operaf{d0] for pion
nuclei atA-resonance energies have been established by ifproduction on a free nucleon to describe the initial interac-
clusive and semi-exclusivey(w~) and (y,p) measurements tion. FSI are treated using optical model potentials. Although
made using tagged photons at Tokf4], Bonn [5], and good agreement is observed with the datd at= 120°, the
Mainz [6]. These measurements indicate that the main proealculations forg,. = 64° are~3 times larger than the data.
cess is quasifree pion production in which a pion andThis was thought to be a consequence of the fact that
nucleon emerge on opposite sides of the photon beam anil-propagation effects are not included in tlfeREEDEE
the rest of the nucleus mainly acts as a spectator. Qualitazode. However, more recent calculatidi33 made by Sato
tively good descriptions of the results are given by intra-and Takaki using the\-hole model, which effectively in-
nuclear cascade calculations made using mofle§ that cludes A-propagation effects, also give cross sections for
assume the process is mainly quasifree pion production fol¢,.=64° that are~3 times larger than the data. It was con-
lowed by final-state interaction&Sl). Photon absorption on cluded therefore, that perhaps some hitherto unknown effect
nucleon pairs occurs at the 20% level[4]. gives rise to strong absorption of pions that are emitted at

The development of more refined models clearly requireselatively smallé,, .
more exclusive measurements. However, to date, only two The results presented here are the first to come from a
exclusive measurements, each covering very limited kinestudy of the exclusive’?C(y,7"n) reaction. This study is
matical regions, have been reported. A measurement of th@imed at producing a much expanded data set which will
12C(y, 7 p) reaction was made at Tom$K] using brems- help in refining the theoretical models, especially their
strahlung beams with end-point energieskaf=350, 370, A-excitation content. Measurements were made with photons
and 390 MeV. The outgoing particles were detectedat in the rangeE,=114-792 MeV produced using the Glasgow
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Mainz[13]. Positively charged pions were detected in a large
position sensitive plastic scintillator hodoscope PiB] over
the angular rangé,=50° to 130° and\ ¢, = 46°, and the
neutrons by an array of plastic scintillator time-of-flight
(TOF) detectord15] on the opposite side of the beam cov-
ering 6,=10° to 150° andA ¢,=40°. Thew* particles

0, (degrees)

FIG. 2. Double differential cross sections for the
12C(y, 7" n) 1B reaction for E,=280-320 MeV versus neutron
angle. The relative pion and neutron azimuthal angles are restricted

were selected using E-E information and requiring that an to 180+10°, which selects essentially coplanar events. The pion
q ) energy acceptance is 20—-180 MeV and the neutron energy thresh-

T
afterpulse was present from the 2 decay of theu old is 15 MeV. The curves are fromHREEDEE calculations made
particle produced at the end of the track. The detector rel'Jsing two different neutron optical potentials, Nadaseal. (solid

sponsgpeak to total ratipwas_ improvgd by rejecting e\_/(_ants line) and Abdul-Jalil—Jacksofdashed ling

where the energy deposited in any PiP layer was significantly

different from that expected from purely electronic stopping ]

[16]. broad peak are assumed to be due to quasifiger{n)

The system was energy calibrated using cosmic rays an@vents involving the removal of apland 1s proton, respec-
particles from the two-body reactiqe(y, 7" n) produced in  tively. The tail leading to higher missing energies is most
a CH, target. A measurement of the detection efficiency wadikely due to events involving significant FSI or non-quasi-
made by comparing our coincideng®y,7"n) counting free processes, where in either case one or more of the final-
rates to rates calculated using the Blomqyist-Laget free-piogtate particles is not detected. Since the largepkak is
photoproduction operatof10] that gives results in good made up of events involving only moderately weak FSI,
agreement with established measureméh®. Simulations these events provide a window into the early stages of the
made of the PiP detector response for pions with the codgeaction[2].

GEANT [18] give an efficiency that agrees within 15%. All  The large peak occurs &f,=160+2 MeV and has a full
the results presented below were determined using the ewvidth at half maximum of~12 MeV that is noticeably
perimentally obtained efficiency that is effectively based onbroader than that observed for thg(y,7"n) reaction

the well-establisheg(y, 7" n) cross section. (FWHM = 8 MeV). These results are consistent with the
Figure 1 shows a missing energy spectrum for theview that the large peak corresponds to the removal of a
12C(y, " n) reaction using the definition 1p-shell proton. By analogy with thé?C(e,e’p) measure-
ment[21], which has better resolution, théC(y, 7" n) re-
Em=E,~T»—Tn— Trecoi= Ex—Q, (1)  action would be expected to leav&B in the three low-lying

single-hole states at 0.0 MeVJ{=3/27), 2.12 MeV
whereT o andEy are respectively the kinetic ener¢ggal- (J”=1/27), and 5.02 MeV §"=3/27) (E,, = 156.8, 158.9,
culated using momentum conservalicand excitation en- and 161.8 MeV, respectivelyand therefore give rise to a
ergy associated with the recoiling=11 system.Q is the  broader peak than that observed in ti{ey, 7" n) measure-
Q value for the reaction in which the residual nucleus is leftment (E,, = 140.8 Me\j. In the following, we present an
in the ground state. Random counts have been subtractehalysis of the events corresponding tp firoton removal
from this spectrum and all other results presented here. Thidat occur in the regioik,,= 150— 165 MeV.
spectrum has almost identical features to those previously An investigation of the reaction mechanism was made by
observed using proton knockout reactions such agxamining the angular distributions of the emitted particles.
2C(e,e'p)!'B [19] and *°C(p,2p)*'B [20]. Based on a Figure 2 shows a subset of the differential cross sections we
comparison with these data, the large sharp peak and smallebtained using this missing energy cut for tH€(y, 7 n)
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reaction at a range d&, covering theA(3,3) resonance re-

gion. The errors shown are the statistical errors. Systematic 151
errors are estimated to be on average approximately
+10%, which includes a 7% estimated uncertainty in the 10y
p(y,7"n) cross section resul{d7] used in the determina- 51
tion of the detection efficiency. There is probably some scat- 0
ter in the data due to the detection efficiencies having more B sk
structure than the fitted smooth curves used in the analysis. 5
This is a consequence of the segmented nature of the detec- = 10F
tors. It can be seen that the differential cross sections are =57
centered around the angles expected for quasifree pion pro- 0
duction that are indicated by arrows on the plots. The data % 15
are distributed over a relatively large rangefgfas would be N_g’
expected due to the Fermi motion of the struck proton. Fur- 10F
thermore there is weak evidence of the expected minimum at 5t
zero nucleon momentum in the initiaplshell proton mo- 0
mentum distribution. The full data set shows that the cross 15 F
sections are at their maxima &t,=340+20 MeV, which
corresponds to the energy at which th€3,3) resonance in 10F
the p(y, 7" n) reaction is known to peak. 51
To consider our data on a more quantitative basis, we 0 . s . .
compared the results to DWIA calculations carried out using 200 250 300 350 400 450

the codeTHREEDEE[9]. The proton ps, bound-state wave E, (MeV)

function was generated from a mean-field Woods-Saxon po-

tential that reproduced the observed binding energy. In the FIG. 3. Cross section results integrated over neutron polar angle
case of ther™ particle, distorted outgoing pion waves were (weighted by sid,) versus photon energy. The photon energy bins
generated using the Cottingame-Holtkamp pion nucleus opare 40 MeV wide. The curves are as described in Fig. 2.

tical potential[22], which was extracted from data obtained

by scattering pions with energies greater than 100 MeV from

several nuclei including'C. Two nucleon-nucleus optical dicate that the*?C(y, 7" n) !B cross section systematically
potentials were employed to describe the outgoing neutrongxceeds the calculations. The most up-to-date analgsis
the Abdul-Jalil and Jackson potentie?3] and that of Na-  py |reland and van der Steenhoven of NIKHEF
daseret al.[24]. The Abdul-Jalil-Jackson potential was ex- 12C(e,e'p) 1B data gives the spectroscopic facB§=2.3
tracted from proton scattering o¥C at incident energies of for the removal of a p proton leading to the ground state of
50-150 MeV. The Nadasen potential is a global parametri—uB_ Furthermore, a recent?C(e,e’p) B measurement

zation based mainly on proton scattering at 80—-180 MeV. . . o
from the heavier isotopes of Ca, Zr, and Pb. It has neverther-nade at Ma|n2{26] suggest_s thas, is .16@ (!ower th?‘” that
less been used satisfactorily in a recefiC(e,e’p)™B reported in Ref[25]. Assuming that this 16% reduction also

analysis[21]. All the theory results were multiplied by a apphes.tofthe excited ste}tes EfﬂB we Idp|dgce that the spec-
spectroscopic factor 68=2.6 as used in LWH2]. troscopic factor appropriate for multiplying o0HREEDEE

In general, the shapes of the calculated curves agree wififSults could be as small &-2.2. Use of these lower spec-
experiment, although on average the experimental values af€?Scopic factors would lead to even greater differences be-
significantly larger. This result differs from that obtained for tWeen the data and the calculations. .
the 180(y, 7~ p)°0 reaction where the experimental results A possible explanation of these results is that the data
for pions atf, = 64° were a factor of three below the contain a significant fraction of events from removal & 1
THREEDEE calculation[8]. It is difficult to reconcile the two  protons that are not adequately resolved from thepgak. It
experiments sincey, = n) and (y,7~ p) reactions on self- is unlikely though that this could explain fully the observed
conjugate nuclei are, apart from relatively small Coulombdifferences since thee(e’p) results indicate that thesl
effects, expected to have similar characteristics. Since thetrength is broadly distributed around 25 Mé'B excitation
data at forward and backward pion angles presented hewith only a small fraction extending down ©x<10 MeV.
were obtained simultaneously, which was not the case for thBased on thesee(e’p) results, we estimate that not more
160(y, 7 p) %0 experiment, we conclude that the previousthan 10% of the events included in the missing energy cut
results may be in error, and the previously postulated strongould be due to 4 proton removal. However, a similar num-
attenuation of forward emitted piori8], which would be ber of valid Ip-shell events are expected to be shifted out-
difficult to explain, is not required. side the selected missing energy region by resolution effects.

The most interesting result to come out of our work is theTaking these considerations together, it seems unlikely that
fact that the data lie above theiREEDEE calculations. To contamination of the results by events correspondingso 1
investigate this further we have determined cross sectiongroton removal can explain the high experimental cross sec-
integrated over the neutron detection angles for the data arttns.
the two calculations at four energies spanning $@,3 A more exciting possibility is that the above effects may
resonance region. These results, shown in Fig. 3, clearly inbe related to medium modifications that are not included in
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the THREEDEE model. Changes of the cross section could In conclusion, we have carried out the first extensive
arise from modifications to the pion-production operatorstudy of an exclusive reaction involving charged pions pro-
brought about by the nuclear environment or collective ef-duced on a complex nucleus. The missing energy resolution
fects. Additionally,A’s excited in the nucleus need not nec- iS sufficiently good to allow'*C(y, 7 *n)*'B events involv-
essarily decay intd\+m, since other channels such bis  INg the removal of a f proton to be selected. Qualitative
+A—N-+N are open. This however would not explain our arguments and comparisons with calculations made using the

. o . code THREEDEE strongly support the assumption that the
results as it would reduce the contribution to the exclusive yield arises predominantly from quasifree pion production.

quasifree 7" n) reaction. Clearly, investigation of the Ng evidence is obtained for strong nuclear absorption of for-
above effects requires the use of more sophisticated mode|gard moving pions as suggested BO(y, 7 p) 1°0 mea-

such as that developed by LWR], which includes some surements. The observation that the measured cross sections
medium effects. It is hoped that the results presented herége on average above theHREEDEE calculations highlights

will stimulate such investigations. the need for more sophisticated calculations.
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