
PHYSICAL REVIEW C 66, 015208 ~2002!
Investigation of D-medium effects using the4He„g,p¿n…3H and 4He„g,p¿p…nnn reactions
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Measurements of the4He(g,p1n)3H and 4He(g,p1p)nnn reactions in quasifreep production kinematic
regimes have been performed using unpolarized and linearly polarized tagged photons in conjunction with
large solid anglep andn detectors at the MAMI-B accelerator, Mainz. Differential cross sections are presented
for photon energies spanning theD(1232) excitation region. These data combined with previously presented
results for the12C(g,p1n)11B reaction provide an extensive data set for future investigations ofD-medium
effects in nuclei. The4He(g,p1n)3H cross sections are significantly smaller than theoretical predictions based
on the free proton amplitude forD excitation with a crude correction for final state interactions, and exhibit
different trends, which could possibly be a consequence ofD-medium effects. From a comparison with
published12C(g,p1p)11Be data, it is concluded that the4He(g,p1p)nnn reaction mechanisms are probably
two-step processes, although the possibility that part or all of the cross section arises from interactions with
preexistingD11 particles cannot be ruled out.
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INTRODUCTION

It is well known that in-medium nucleon excitation to th
D(1232) resonance state is an important degree of free
that has to be considered in the descriptions of a wide ra
of intermediate to high energy nuclear reactions~see, for
example, Refs.@1–4#!. However, inclusion ofD excitation in
the reaction models is hampered by a lack of experime
evidence for the modifications that are predicted to occu
the free nucleonD excitation, propagation, and decay amp
tudes in the medium due to interactions with surround
nucleons (D nuclear medium effects!. Regarding this point,
several authors~e.g., Refs.@5–8#! have concluded on theo
retical grounds that sensitive tests ofD-medium effects may
follow from studies of (g,pN) reactions in quasifree kine
matic regimes.

Models of the (g,pN) reactions~e.g., Refs.@7,8#! indi-
cate that a small reduction of;3% in theD mass due to
nuclear binding leads to theN1g→D excitation cross sec
tion close to resonance being reduced by up to a facto
;0.5. This cross section is also expected@7# to be decreased
by an additional few percent due to a predicted increas
the nucleon distortion in the nuclear environment, which w
lead to an increase of the ratio of the mainE2 and M1
amplitudes,R(E2/M1). The width of theD resonance ob-
served in inclusive photoabsorption measurements exhib
significant increase thought to be due largely to Fermi m
tion ~e.g., Ref.@9#!. However, a reduction in the intrinsicD
width is expected at lowg energies due to Pauli blockin
when the recoiling nucleon has an energy below the Fe
level, and at higher energies, it is anticipated that the intrin
width will be increased by collision broadening due to t
opening up in the medium of the decay modeD1N→N
0556-2813/2002/66~1!/015208~10!/$20.00 66 0152
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1N ~e.g., Refs.@1–4,10#!. Clearly, the cumulative effect o
such medium modifications could lead to (g,pN) reaction
cross sections in the nuclear medium exhibiting a differ
behavior with respect toEg andup , and being quite differ-
ent in magnitude to those observed on free nucleons.

In previous papers, we described the first studies of
12C(g,p1n)11B and 12C(g,p1p)11Be reactions made usin
tagged photons and large solid angle detectors@11–13#. The
aim was to make a global search forD-medium effects by
covering as broad an energy and angular range as poss
Although excellent fits to the shapes of the differential cro
sections andn angular distributions were obtained for th
12C(g,p1n)11B data using both the calculated results
Refs. @7# and @8#, the experimental data were found to b
consistently lower than theMD51232 MeV calculations as
would be expected in the presence ofD-medium effects.
However, it was not possible to quantify the effects una
biguously in terms of a reduction inMD , or any other pa-
rameters, due to statistical errors and uncertainties in the
state interaction~FSI! calculations. A more recent measur
ment of the reaction16O(g,p2p)15N at Eg .300 MeV,
which included polarization asymmetry results, gave no e
dence for a large quantifiable modification of theD mass,
although it is not clear how large a shift is ruled out@14#.

In this paper, we describe measurements of
4He(g,p1n)3H and 4He(g,p1p)nnn reactions, which fol-
low on from our previous measurements on12C. These mea-
surements were carried out with the aim of providing n
high-resolution data, with a higher statistical accuracy th
for the C target, against which models ofD(1232) nuclear
medium effects can, in future, be tested. The new data
clude photon asymmetries, which provide an alternative
dicator of D-medium effects, which is insensitive to th
treatment of FSI. A4He target was chosen because the c
©2002 The American Physical Society08-1
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tral density is higher than that of any other nucleus, fro
which it follows that larger medium effects are expecte
Also, the FSI are expected to be smaller than in the12C
study. In addition, since only 1s shell nucleons are involved
in the 4He reaction, there is no need to resolve events du
the removal of protons from different shells, which have ve
different angular distributions, as was the case for
12C(g,p1n)11B study @12#.

The new experiment included the first detailed investi
tion of the 4He(g,p1p)nnn reaction, which complement
our 12C(g,p1p)11Be measurement@13#. The results of the
12C(g,p1p)11Be experiment have recently been interpre
as providing evidence for preexistingD11s in 12C @15#. The
new measurement allows this to be investigated further.

EXPERIMENTAL ARRANGEMENT

Figure 1 shows the experimental arrangement, which
very similar to that used for our previous studies of t
12C(g,p1n)11B and 12C(g,p1p)11Be reactions@11–13#. A
bremsstrahlung photon beam was produced by a;15 nA
beam of electrons from the Mainz microtron~MAMI-B ! in-
cident on a 4 mm Ni radiator. The energies of photons in th

FIG. 1. Experimental arrangement used for the4He(g,p1n)3H
and 4He(g,p1p)nnn measurements.
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rangeEg5114–792 MeV were analyzed using the Gla
gow tagging spectrometer@16,17#. The tagged photon reso
lution and counting rate were typicallyDEg52 MeV and
53107 s21, respectively. Linearly polarized photons we
produced using coherent bremsstrahlung from a diamond
diator@18#. Two runs were made with the diamond orientat
such that the upper edge of the coherent peak of inte
occurred at energies ofEg;280 and;360 MeV, respec-
tively. The direction of the polarization was rotated at 20 m
intervals between vertical and horizontal planes.

The photon beam was collimated to a diameter
;18 mm and;11 mm at the target for the unpolarized an
polarized beam measurements, respectively. For
4He(g,p1n)3H and 4He(g,p1p)nnn measurements, the
target was a Kapton cell of 3 cm diameter and 8 cm len
containing liquid 4He. This cell was gravity fed by a rese
voir of liquid 4He, the whole system being housed in
evacuated cryostat that included additional liquid N2 cooling
@19#. The time between reservoir refills was typically 12
Calibration runs were made with either a 0.839 g cm22 C
or 0.915 g cm22 CH2 target inclined at an angle of 20
with respect to the beam direction. The fraction of tagg
incoherent bremsstrahlung photons passing through the
limator, the tagging efficiency, was measured several tim
and remained stable at 5561%. The tagging efficiency for
the diamond radiator varies significantly with photon ener
but, at a givenEg , it is the same for the two polarizatio
directions and therefore cancels in the photon asymm
measurement.

The energies and angles of particles produced in the ta
were measured by two large solid-angle detection syste
On one side of the beam, a plastic scintillator hodosco
~PiP! @20# was used to detect charged particles in the po
angle rangeu550° –130° and azimuthal rangef5224° to
24°. Events corresponding to the detection of ap1 were
selected usingDE versusE information and demanding tha
an afterpulse from the decaym→b12n occurred within
6 ms @12#. A time of flight detector array~TOF!, placed on
the opposite side of the beam, was used to detect neut
and protons. This detector@21# consisted of 6 stands eac
containing 16 vertically mounted scintillators of dimensio
30003200350 mm3 in two ranks of 8 ~see Fig. 1! and
covered the polar angle rangeu510° –150°. The range o
azimuthal anglesf covered by each element depended
the distance from the target, which was between 3 and 7
Surrounding the target at a radius of 11 cm was a ring of t
DE scintillator detectors, which had a dual purpose. Used
coincidence with PiP, they produced a trigger pulse for e
detected charged particle. On the TOF side, the presenc
absence of a signal in the appropriate element of this r
and in a second half ring of detectors at 30 cm radius in
cated a charged or neutral particle, respectively. The a
logue to digital converter~ADC! and time to digital con-
verter ~TDC! information was read out using the so-calle
ACQU data acquisition system@22#.

DETECTOR CALIBRATION AND DATA ANALYSIS

As explained in our previous paper@12#, the main inno-
vation of our quasifree (g,pN) measurements is the use of
8-2
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INVESTIGATION OF D-MEDIUM EFFECTS USING . . . PHYSICAL REVIEW C 66, 015208 ~2002!
plastic scintillator hodoscope to detect pions rather tha
magnetic spectometer, which is more conventional. T
choice was made because magnetic spectrometers with
ficiently high resolution have too small an acceptance to
low a broad range measurement of the type described h
Since scintillator hodoscopes had not been used previo
to detect pions with such high energies, the analysis te
niques were fully described in Ref.@12#, to which the reader
is referred for details of the detector calibration and d
analysis.

RESULTS AND DISCUSSION

The missing energy distributions

The missing energy for each measured (g,pN) event was
obtained using the equation

Em5Eg2Ep2EN2Erecoil5Ex2Q, ~1!

whereEg is the energy of the tagged photon,Ep is the ki-
netic energy of thep, EN is the kinetic energy of the emitte
nucleon, andErecoil is the kinetic energy of the recoiling
system of mass (A21) determined using momentum conse
vation. Ex and Q are the excitation energy associated w
the (A21) system and theQ value for the reaction leading
to the ground state, respectively. Thep(g,p1n) data were
obtained using the CH2 target; separation of thep(g,p1n)
data from that of the 12C(g,p1n)11B reaction being
achieved by demanding for each event thatEn and un oc-
curred close to the values calculated fromEg andup using
the p(g,p1n) reaction kinematics.

The measured missing energy distributions are show
Fig. 2. Thep(g,p1n) reaction spectrum has a single pe
with a centroid atEm5140.560.2 MeV ~statistical error
only!, which is consistent with the reactionQ value of 140.8
MeV and the61 MeV estimated systematic error in th

FIG. 2. Missing energy spectra for thep(g,p1n),
4He(g,p1n), and 4He(g,p1p)nnn reactions.
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missing energy determinations. The full width at half ma
mum ~FWHM! resolution was DEm58.0 MeV, which
agrees well with an estimate obtained by adding in quad
ture the resolutionsDEg52 MeV, DEp57 MeV, and
DEn53.0 MeV associated with the tagging system, PiP, a
TOF, respectively@23,24#.

As described previously@11,12,23#, p(g,p1n) cross sec-
tions were obtained by integrating over the kinematica
allowedEp , un, andfn ranges appropriate to each select
pair of Eg andup bins. These cross sections are compared
Fig. 3 to previous results@11,12,23#, and calculations using
the expressions of Blomqvist and Laget@25#, which repro-
duce the previously measured cross sections~e.g., Ref.@26#!
for this reaction. For this comparison, the calculated cr
sections were averaged over the appropriateEg bins and de-
tector angles. An overall normalization factor of 1.16 is r
quired to bring the presentp(g,p1n) results in agreemen
with the calculations, which compares favorably with 1.
used in Refs.@11,12,23#. Since the factor of 1.16 is consiste
with the total systematic error of 20%, estimated from t
uncertainties in target thickness, tagging efficiency, dete
efficiencies, and solid angles, the4He(g,p1n) data were
normalized by the same factor of 1.16. The systematic e
of the normalized4He(g,p1n) data is obtained by combin

FIG. 3. Differential cross sections for thep(g,p1n) reaction in
the center-of-mass system. The curves were calculated using
theory of Blomqvist and Laget@25#, which gives a good description
of previous experimental data@26#. The data points from the presen
~solid circles! and previous experiment~horizontal crosses! @12,23#
have been increased in magnitude by a factor of 1.16 and 1
respectively.
8-3
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D. BRANFORDet al. PHYSICAL REVIEW C 66, 015208 ~2002!
ing the statistical errors of the presentp(g,p1n) data with
the systematic errors of about64% for the previous data
@26#. The resulting systematic error,610%, is significantly
reduced compared to the systematic error of
4He(g,p1n) measurements taken alone.

The large peak in the missing energy spectrum for
4He(g,p1n) reaction shown in Fig. 2 occurs atEm5158.5
60.1 MeV ~statistical error only! and has a FWHM of
DEm;10.5 MeV. The fact that the peak from th
4He(g,p1n) data occurs close to the thresholdQ value
~160.2 MeV! and has a width that is not appreciably grea
than 8.0 MeV suggests that the observed events arose
dominantly from the removal of a single proton leaving t
residual3H nucleus intact and involved relatively small FS
To select events which are almost exclusively of this natu
an Em5152–168 MeV cut on the data was made as in
cated in Fig. 2. The fraction of quasifree events excluded
this cut was corrected for each of the fourEg bins by con-
sidering the tail on the lowEm side of the peak. The tail a
higher Em is assumed to be due to nonquasifree proces
and FSI, which will generally result in the breakup of th
residual 3H. It is also assumed that only a small number
counts from events of the types found in this tail will b
present in theEm5152–168 MeV region, since the thres
olds for 3H breakup to 2H1n and 2n1p occur at Em
5166.5 and 168.7 MeV, respectively.

Differential cross sections

Figures 4 and 5, which were obtained using the bins lis
in Table I, show theun dependence of the4He(g,p1n)3H
cross section in the energy rangeEg5240–400 MeV for
four up bins. Figure 6 shows theEp dependence of the cros
section at the averagep anglesup567° and 112°. For these
data, theup and un bins were 10° and 15° wide, respe
tively, and theun bins were centered in each case around
un angle at which the yield of neutrons from quasifreep1

production is expected to be greatest.
The dashed curves shown in Figs. 4–6 are from pl

wave impulse approximation~PWIA! calculations of
4He(g,p1n)3H cross sections produced for this publicati
@27# using the model of Ref.@7#. For these calculations, th
initial nucleon bound state was represented by a harm
oscillator wave function, which was considered adequate
the predominantly low initial nucleon momenta involved
quasifreep production. Thep photoproduction process wa
described using the full Blomqvist-Laget phenomenologi
operator@25,28,29#. The results are averaged over the app
priate detector acceptances and multiplied by a spectrosc
factor of S50.8 @30#. Inclusion of FSI into the calculation
using the distorted wave impulse approximation~DWIA !
code of Ref.@7#, which uses the optical model to determin
the distortions in the outgoing waves, was not conside
appropriate to the very light nucleus4He. Therefore, in the
absence of more exact calculations, we have made an in
investigation using a crude estimate of the FSI. Although t
cannot be used to provide a quantitative measure
D-medium effects, it was anticipated that it would highlig
the more interesting features of the experimental data.
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In our simple approach, we estimated the effects of
FSI for the 4He(g,p1n)3H reaction based on the PWIA an
DWIA calculations for the12C(g,p1n)11B experiment@12#.
Assuming that the reduction in the exclusive (g,pN) cross
section due to FSI can be approximated by a factor
(2R/r0), whereR is the target radius and the same absorpt
length r 0 applies to both nuclei, then the effective DWIA*
cross section for4He is given by

4He~DWIA* !54He~PWIA!3
12C~DWIA !
12C~PWIA!

exp~2RHe/r 0!

exp~2RC/r 0!
,

~2!

whereRHe and RC are the 4He and 12C radii, respectively.
Average values for r 0 were obtained from the
12C(g,p1n)11B calculations at each of the four averag
photon energiesEg5260, 300, 340, and 380 MeV, and use
to determine4He(DWIA* ) results at eachEg using the ap-

FIG. 4. Differential cross sections for the4He(g,p1n)3H reac-
tion versusn laboratory angle obtained at averagep detection
angles ofup567° and 82°, and average photon energiesEg5260,
300, 340, and 380 MeV. TheEg , up , fp , un , and fn bins are
listed in Table I. The results are integrated over theEp and En

acceptance of the detectors. The theory curves are from PW
~dashed! calculations and DWIA* ~solid! estimates obtained fo
MD51232 MeV.
8-4
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INVESTIGATION OF D-MEDIUM EFFECTS USING . . . PHYSICAL REVIEW C 66, 015208 ~2002!
propriater 0. These results are shown as solid curves in F
4–6. Typically, application of Eq.~2! results in the
4He(PWIA) cross section being reduced by;25%, which
can be considered a rough estimate of the amount lost du
FSI. This is approximately half of the FSI losses determin
from the DWIA calculations used in considering th
12C(g,p1n)11B measurement@12#.

It is clear from Figs. 4–6 that the shapes of then angular
distributions andp kinetic energy spectra are well describ
by the PWIA and DWIA* calculations. Since these shap
are dominated by the wave function used to describe
proton in the4He ground state, it can be assumed that use

FIG. 5. As for Fig. 4 forup597° and 112°.

TABLE I. The binning regions used in extracting th
4He(g,p1n)3H and 4He(g,p1p)nnn cross sections.

Quantity Range Bin size No. of bins

Eg 240–400 MeV 40 MeV 4
Ep 20–180 MeV 10 MeV 16
up 60–120° 15° 4
fp (215) –15° 30° 1
uN 10–150° 5° 28
fN2fp 170–190° 20° 1
01520
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d

e
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a harmonic oscillator potential is adequate to describe
data. This conclusion differs from that arrived at by Hickset
al. @14# following their study of the16O(g,p2p)15N reac-
tion atEg.300 MeV. At the largest proton angle measure
up575°, the experimental differential cross section vers
up is flatter than the theoretical curve, from which it wa
concluded that the use of a harmonic oscillator potentia
inadequate in some kinematics. We consider it more like
however, that the differences arise because the experime
method used by Hickset al.did not differentiate between th
detection ofp2 andp1 particles, and had very poor missin
energy resolution, mainly due to the nuclear explosions t
occur at the end of eachp2 track. Under these circum
stances, it would have been very difficult to estimate ac
rately the relative contributions to the data from 1p and 1s
shell nucleons, the effects of contamination by t
16O(g,p1p)15C reaction, detector thresholds, reactions
nucleon pairs, multistep reactions, etc.

Figures 4–6 also show that the experimental data fall s

FIG. 6. Differential cross sections for the4He(g,p1n)3H reac-
tion versusp1 kinetic energy. Theup andun bins are 10° and 15°
wide, respectively. Thefp and fn bins are listed in Table I. The
results are integrated over theEn detector acceptance. The theo
curves are from PWIA~dashed! calculations and DWIA* ~solid!
estimates obtained usingMD51232 MeV.
8-5
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D. BRANFORDet al. PHYSICAL REVIEW C 66, 015208 ~2002!
nificantly below the DWIA* results, particularly for the
more forwardup angles. These results are similar to tho
observed in our study of the12C(g,p1n)11B reaction@12#,
which also agreed in shape with the PWIA and DWIA c
culations but fell consistently below both. Although aga
our 12C results differ from the16O(g,p2p)15N measure-
ment @14#, where agreement in magnitude was found, a
rect comparison is not possible since as pointed out in R
@14# separation of the contributions from different shells
the 16O experiment was not achieved. We consider it m
likely, however, that the differences are a consequence o
problems with the16O(g,p2p)15N measurement presente
above.

In considering Figs. 4–6 further, we note that differenc
occur between the experimental cross sections and
DWIA* results at almost allEg andup angles. To obtain a
better impression of the trends with energy andp emission
angles, we determined theup dependence of the
4He(g,p1n)3H cross section at the average energiesEg
5260, 300, 340, and 380 MeV by integrating the cross s
tions shown in Figs. 4 and 5 overun . These results are
shown in Fig. 7. The data points are presented with610%
systematic error bars. Figure 8 shows, for comparison,
corresponding data for the12C(g,p1n)11B reaction at the
same averageEg energies obtained from our earlier stud
@12#.

From Figs. 7 and 8, it is evident that the data points
considerably below the DWIA* results in the region of the
D(1232) resonance peak, which is where theD-medium ef-
fects are expected to be the largest. However, there are
larger relative differences in the more forwardup , lower
energy4He(g,p1n)3H data, where the Born terms are mo
important. These results suggest that the in-medium qu
free pion production cross sections may vary withEg andup

quite differently compared to those for free nucleons a
hence that medium effects may possibly be present. H
ever, definite conclusions cannot be reached until a pro
theoretical calculation including FSI is carried out. Rega
ing such calculations, it should be noted that the interpre
tion of our 4He(g,p1n)3H and 12C(g,p1n)11B measure-
ments will require the development of a code that will allo
the effects associated with each model parameter to be in
tigated efficiently over a large range of energies and ang
In particular, it might be useful to investigate varyingGD and
the ratioR(E2/M1), and perhaps even consider allowingGD

to vary as a function ofEg to take into account the effects o
Pauli blocking at lowEg and the opening up of theN1D
→N1N decay channel with increasingEg . Clearly, a
proper treatment of the FSI for the4He(g,p1n)3H data will
also be necessary. It is hoped that the large increase in
available data on quasifreep production provided by this
work and our previous paper@12# will stimulate further the-
oretical interest inD(1232)-medium effects leading to th
development of a versatile computer code that in the fut
will provide a more quantitative understanding of the ph
nomenon.

Photon asymmetry

Photon asymmetries were determined at average ph
energiesEg5258 and 358 MeV using the equation
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wherePg is the linear polarization of the photon beam, a
s' ands i are the cross sections with the polarization ve
cal and horizontal, i.e. perpendicular and parallel to the
action plane, respectively. The beam polarizationPg was de-
termined by performing a Monte Carlo simulation
described in Ref.@31#. This simulation gave the relative in
tensity, as a function ofEg , of the coherent and incoheren
parts of the bremsstrahlung produced by the diamond, t
enabling the degree of polarization to be determined for
range of tagged photons used in the measurement. The
culation gave average polarizations of 0.50 and 0.40 in
regionsEg5268620 andEg5338620, respectively. This
procedure has been checked@32# by studying the coheren
4He(g,p0)4He reaction in which the linear polarization o
the photon beam is completely transferred to the azimu
asymmetry of the emittedp0 mesons since4He and thep0

both have zero spin.

FIG. 7. Differential cross sections for the4He(g,p1n)3H reac-
tion versusup at the indicated average photon energies. The s
circles show the measured cross sections integrated over theEn ,
Ep , andun acceptances of the detectors. TheEg , up , fp , andfn

bins are listed in Table I. The error bars indicate systematic error
610%. The dashed and solid lines show PWIA cross sections
fore and after the crude correction for FSI, respectively. The cr
sections at 340, 300, and 260 MeV are multiplied by factors of
100, and 1000, respectively.
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INVESTIGATION OF D-MEDIUM EFFECTS USING . . . PHYSICAL REVIEW C 66, 015208 ~2002!
Figure 9 shows the asymmetry results obtained for
p(g,p1n) measurement compared to a curve based on fit
previous Mainz measurements@33#. The curve is corrected
for detector acceptances. Although the statistical accurac
not high, the agreement is reasonable.

Figure 10 shows the results obtained for t
4He(g,p1n)3H reaction at the twoEg settings, which are
below and close to those giving the maximum cross sect
for D excitation, respectively. Although again the statistic
accuracy is not high, it is clear that the asymmetries obser
for protons in the medium have the same sign and are c
parable in magnitude to the free proton values.

Since the asymmetry calculations are relatively insen
tive to FSI, they provide a sensitive probe for medium
fects. To make a quantitative assessment, the weighted a
age of the ratio R5S iWi@(SD) i /(ST) i #/S iWi was
determined from the data of Fig. 10, whereWi , (SD) i , and
(ST) i are the statistical weights, experimental asymmetr
and theoretical asymmetries, respectively. Although the
sult R50.8660.09, is not inconsistent withR51.0, it is in-
teresting to note that a more accurate measurement fo
16O(g,p2p)15N reaction@14#, which is related by isospin
symmetry arguments, gave experimental photon asymme

FIG. 8. Differential cross sections for the12C(g,p1n)11B reac-
tion versusup at the indicated photon energies obtained from@12#.
The results shown as solid circles are integrated over theEn , Ep ,
andun detector acceptances. TheEg , up , fp , andfn bins are as
listed in Table I. The error bars indicate the systematic errors
610%. The dashed and solid lines are PWIA and DWIA resu
respectively. The cross sections at 340, 300, and 260 MeV are
tiplied by factors of 10, 100, and 1000, respectively.
01520
e
to

is

s
l
ed

-

i-
-
er-

s,
-

he

ies

that are less than 1.0. Clearly, in view of this result, it wou
be worthwhile to obtain more accurate photon asymmet
for the 4He(g,p1n)3H reaction.

The 4He„g,p¿p…nnn reaction

Figures 11 and 12 show differential cross sections
tained for the 4He(g,p1p)nnn reaction. For those data
shown in Fig. 12, theup andup bins were 10° and 15° wide
respectively. Theup bins were identical to theun used to
produce Fig. 6 and covered the angles at which the yield
coincident protons was the greatest. Although the cross
tions are considerably smaller than those measured for
4He(g,p1n)3H reaction, it was possible to obtain good st
tistic data at mean photon energiesEg5300 and 340 MeV,
due mainly to the fact that the efficiency of individual TO
bars for detecting incident protons is;100% compared to
;5% for neutrons. At higherEg , the results had poor sta
tistical accuracy, and belowEg5300 MeV, the proton ener-
gies were below the TOF thresholds due to energy loss a
the flight paths.

As the 4He(g,p1p)nnn cross sections are considerab
smaller than those for other reactions, any misidenficati
of the particles involved could lead to significant errors. T
most likely contamination of the data arises from (g,p2p)
events in which thep2 particles were misidentified asp1

particles. Sincep1 particles were identified by observin
afterpulses from them1→e112n decays and the energ
loss in each detector layer was scrutinized to minimize
effects ofp-nuclear interactions in the detector, only the 2
of p2 particles that decayed in flight towards the end of th
tracks are likely to have been misidentified asp1 particles.
Combining this number with the4He(g,p1p)nnn sections,
which are;10% of those for4He(g,p2p)3He @assumed
equal to 4He(g,p1n)3H#, we estimate that the contributio
to the 4He(g,p1p)nnn cross sections presented here due

f
,

ul-

FIG. 9. Measured photon asymmetriesS versusup for the
p(g,p1n) reaction at averageEg5338 MeV. The experimenta
binning is as for Fig. 3. The solid curve is based on fits to previo
measurements made at Mainz@33#.
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misidentifiedp2 particles is<20%. Other systematic error
are estimated to lead to an additional uncertainty of615%
in the absolute cross sections.

From Fig. 2, it is evident that the missing energy spectr
for the 4He(g,p1p)nnn reaction is broader than that for th
4He(g,p1n)3H reaction and peaks at a higher energy. T
is undoubtedly a consequence of the fact that the resi
system associated with the4He(g,p1p)nnn reaction is un-
bound; the reaction thus proceeds in all cases to a contin
of unbound states. In view of this, it comes as a surprise
thep angular distributions as shown in Fig. 11 are similar
the n distributions obtained in the4He(g,p1n)3H reaction
~Figs. 4 and 5!, and thep energy distributions shown in Fig
12 are similar in shape to those shown in Fig. 6.

The above behavior closely resembles that of
12C(g,p1n)11B and 12C(g,p1p)11Be reactions@13#. The
conclusion reached in Ref.@13# was that the (g,p1p) events

FIG. 10. Measured photon asymmetriesS versusup for the
4He(g,p1n)3H reaction at averageEg5258 and 338 MeV and the
indicated meanup . The results are for all coincident particles d
tected within theEn , Ep , andun acceptances of the detectors. T
Eg , up , fp , andfn bins are listed in Table I. The solid curves a
PWIA calculations obtained using the LWB model and averag
over the detector acceptances.
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arise mostly from two-step processes either involving cha
exchange or hadronic scattering, or combinations of bo
Since the initial interactions are predominantly quasifreep
production reactions and the second stage interactions
to be forward peaked, the (g,p2p) results tend to mirror the
quasifree results. This conclusion was supported by calc
tions based on the phenomenological Valencia model@34#,
which reproduced the shapes of the distributions and g
approximately the correct cross section magnitudes. The
lencia model is not appropriate for nuclei lighter than6Li,
but the close similarity with12C(g,p1p)11Be leads us to
conclude that the4He(g,p1p)nnn reaction most likely
arises mainly from two-step processes.

An alternative explanation has been proposed to exp
part of the 12C(g,p1p)11Be data by Fixet al. @15#. These
authors have developed a model to describe photon inte
tions with preexistingD11 particles in nuclei and sugges
that a fraction of the12C(g,p1p)11Be cross section arise
from that process. However, it was found that the numbe

d

FIG. 11. Differential cross sections for the4He(g,p1p)nnn
reaction versusp laboratory angle obtained at averagep detection
angles ofup567°, 82°, 97°, and 112°, and average photon en
giesEg5300 and 340 MeV. TheEg , up , fp , up , andfp bins are
listed in Table I. The results are integrated over theEp and Ep

acceptances of the detectors.
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D ’s of all types per nucleon required to fit the data~7%! is
considerably larger than that predicted for finite nuclei~gen-
erally less than 4%! @15#. Although, a similar analysis ha
not been carried out for the4He(g,p1p)nnn reaction, it is
evident from the fact that the cross sections per nucleon
of a similar magnitude to those for the12C(g,p1p)11Be
reaction that such an analysis would yield unexpectedly h
probabilities for findingD11 particles in 4He.

Despite the above considerations, an explanation of
4He(g,p1p)nnn and 12C(g,p1p)11Be results in terms of
direct interactions with preexistingD11 particles cannot
simply be ruled out. In their analysis, Fixet al. used a mean
value for theD11 magnetic moment ofmD11522.3 nm.
However, they point out that if they were to usemD11

54.3 nm, which may be more realistic, then typical resu
for the number of preexistingD11 particles of all types per
nucleon of;1.7% would be obtained. On this point, it
interesting to note that theup distributions ofp1 particles
deduced by inspection of Figs. 11 and 12 are rather fla
these are compared to theup distribution calculations pre
sented in Ref.@15#, they tend to support a high positive valu

FIG. 12. Differential cross sections for the4He(g,p1p)nnn
reaction versusp1 kinetic energy. Theup andup bins are 10° and
15° wide, respectively. Thefp and fp bins are listed in Table I.
The results are integrated over theEp acceptance of the detector.
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for mD11, and a more realistic number of pre-existingD
particles in 4He. Although two-step processes are the m
likely explanation of the4He(g,p1p)nnn results, an expla-
nation in terms of direct interactions with preexistingD11

particles should be investigated further.

CONCLUSION

Data of good statistical accuracy have been obtained
the 4He(g,p1n)3H and 4He(g,p1p)nnn reactions over a
wide range ofEg , up anduN using large solid-angle plasti
scintillator arrays in coincidence with unpolarized and li
early polarized tagged photons. The missing energy res
tion obtained was sufficiently good to indicate that eve
observed from the4He(g,p1n)3H and 4He(g,p1p)nnn
reactions arose predominantly from removing a 1s proton
leading to the3H ground state and population of the 3n
continuum, respectively. A comparison of th
4He(g,p1n)3H angular distributions andp kinetic energy
spectra to calculated cross sections made using harmoni
cillator wave functions suggests that the use of such w
functions is sufficient to describe (g,pN) quasifree reac-
tions, in contrast to the conclusions of Hickset al. @14#. A
comparison of the4He(g,p1n)3H and 12C(g,p1n)11B data
to calculated cross sections including crude FSI correctio
show trends in the data which could possibly be related
D(1232)-medium effects. This work and our previous pap
@12# provide a substantial amount of new data on quasifrep
production, which hopefully will provide a basis for futur
tests of theoretical models ofD(1232)-medium effects lead
ing to a more quantitative understanding of the phenomen
The 4He(g,p1p)nnn data most likely arise from two-ste
processes, although an interpretation in terms of direct p
ton interactions with preexistingD11 particles is not ruled
out and should be investigated further.
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