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SINGLE-7* AND -K* PHOTOPRODUCTION FROM COMPLEX NUCLEI AT 8 AND 16 GeV *
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The reactions yA —7*A* have been studied at four-momentum transfers —t <0.5 GeV?
for seven elements ranging from hydrogen to lead. Exclusion-principle suppression is
clearly visible at small-momentum transfer. Neither the A dependence nor the energy
dependence of the cross sections agrees with the predictions of the vector-dominance
model. The ratio of 7~ /r* production requires equal spatial distributions for the pro-
tons and neutrons in nuclei. Some K' data are also presented.

Several studies have been made of diffraction-
like processes in complex nuclei at high ener-
gies, for example, proton elastic and quasielas-
tic scattering’ and p° photoproduction.? Results
are presented here on the processes

YA —~(1* or K*) +nuclear stuff

at laboratory photon energies of 8 and 16 GeV
and four-momentum transfers —-£<0.5 GeV2, In
contrast to the diffraction processes, the individ-
ual nucleon amplitudes are expected to contribute
incoherently to these charge-exchange reactions
and the information obtained from their study is
largely complementary to the previous work.
These processes are of particular current inter-
est since recent theoretical work has related the
A dependence of photoproduction from nuclei to
the hypothesis of vector-meson dominance.

Data were obtained from targets of CH,, Be, C,
Al, Cu, Ag, and Pb. Charged mesons were de-
tected and momentum analyzed with the Stanford
Linear Accelerator Center 20-GeV/c spectrom-
eter system and, as in previous work,* no at-
tempt was made to observe the recoiling nuclear
matter. By working close to the bremsstrahlung
end-point energy, the single-meson production
events could be separated from multimeson pro-
cesses by energy conservation. The experimen-
tal resolution is much too coarse to detect the
excitation of individual nuclear levels, and all
nuclear final states with excitations of less than
about 100 MeV are accepted.

The cross sections were found by fitting the
momentum distribution of the mesons near the
bremsstrahlung end point. The form used was
obtained by folding the experimental resolution
and the effects of the momentum distribution of
the nucleons in the target nucleus with the brems-
strahlung distribution plus a linear term starting
at the multimeson production threshold (for K +
data, two bremsstrahlung steps were used, cor-
responding to A and T production). The effective
resolution was dominated at all but the smallest

momentum transfers by the momentum distribu-
tion of the target nucleons. The fitting function
was allowed to slide along the energy axis, the
best-fit position being related to @, the average
energy given to the nuclear matter.

For the fit the nucleus was assumed to be a
condensed Fermi gas with a maximum momentum
of 260 MeV/c. The total x? for the 62 fits was
971 for 931 degrees of freedom. These fits gave
Q=16 MeV, with no obvious dependence on A or
momentum transfer. Run-to-run fluctuations in
@ of 5 or 10 MeV (due to beam instabilities) pre-
clude a detailed analysis.

Cutoffs of 220 or 300 MeV/c for the internal
nuclear momentum also gave quite acceptable
fits, although the x*’s did increase slightly. A
large variation of @ with momentum transfer was
shown by these fits, however, and the cutoff mo-
mentum appears to be limited to the region be-
tween about 220 and 300 MeV/c if @ is to remain
positive. Varying the cutoff momentum by +40
MeV/c changed the fitted cross sections in a sys-
tematic way by amounts ranging from +16 % at
the largest momentum transfer to +19% at the
smallest. However, the A dependence of the
cross sections at a given momentum transfer is
very nearly independent of the cutoff, the worst
case giving +3% in the Pb-to-C ratio. For some
of the points a nucleon momentum distribution
with a smooth variation at the upper end was
tried. This gave a negligible change in the fitted
cross sections.

The CH,-C data gave us a check on experimen-
tal resolution and the step position from hydro-
gen; it also allowed a comparison of the normal-
ization of this experiment with previous experi-
ments done with liquid-hydrogen targets. The
CH,=C data gave cross sections about 4% higher
than the previously published values,® well with-
in the estimated 7% systematic errors.

Figure 1 shows the experimental results for
7* production; Z.¢s(do/dt from a nucleus)/(do/
dt from hydrogen) is plotted versus InZ (the
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FIG. 1. The Z dependence of

do(yA—m*A¥) /dt

Zett = o (yprn) Jdt

for four different momentum transfers. The errors
are statistical only. The curves were calculated using
the Gottfried-Yennie prescription (Ref. 4) and have
been normalized to the carbon data at each momentum
transfer.

measured cross sections are given in Table I).
The 8- and 16-GeV results are consistent with
no energy dependence of Z.¢r (x2=12/13 degrees
of freedom). The effect of nucleon correlations
(exclusion principle) can be clearly seen. For
example, Z.;;(Cu) decreases from about 11 at
—t=0.45 (GeV/c)? to about 4.5 at —£=0,01 (GeV/
c)®. A classical calculation with the condensed
Fermi-gas model (cutoff = 260 MeV/c) does not
agree well with the data; at 0,01 (GeV/c)? it pre-
dicts a factor of 1.5 more suppression than is
observed. This may be the result of rescattering
and/or collective excitations of the nucleus.

The vector dominance model (VDM) predicts
that y-ray interactions will have the same A de-
pendence as those of strongly interacting parti-
cles.* Gottfried and Yennie, in particular, have
developed the theory for the process under study
here. In this theory the amplitude for the y ray
to produce directly a 7% at some point in the nu-
cleus must be added to the amplitude correspond-
ing to coherent production of real vector mesons
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which then propagate through the nucleus and in-
teract at the same point as the direct y ray to
produce a 7*, A destructive interference occurs
between the two amplitudes, resulting at high en-
ergies in the simple vector-dominance result
o(yA) < o(VA). For lead, for example, this shad-
owing effect is large, and Z.¢; is reduced from
25 down to 6 at high energies.

The cross sections predicted by the Gottfried-
Yennie model were calculated assuming a Woods-
Saxon nuclear-density distribution,

p(7) = po/(1 +e 7=/

with c=1.14A F, ¢=0.545 F, and total cross
sections on single nucleons of 0,=0,=232 mb, 0,
=26 mb. The real parts of the p and w forward
elastic-scattering amplitudes were taken as zero.
Since the Gottfried-Yennie model does not include
nucleon-correlation terms, we felt that the Z de-
pendence rather than the absolute value of these
cross sections was the most reasonable test of
this model. Accordingly, the curves in Fig. 1
are the predictions of the model normalized to
the carbon data at each momentum transfer. The
normalization factors (experiment/theory) are
1.55, 1.25, 0.92, and 0.71 at —¢=0.45, 0.16,
0.04, and 0.01, respectively. The experimental
errors on Z.(carbon), and thus on the normal-
ization, are ~5% (many of the possible systematic
errors drop out when taking the carbon-to-hydro-
gen ratio).

At 16 GeV where the shadowing effects should
be largest, the A dependence of the data clearly
disagrees with the model. Further, the large
energy dependence predicted by the model is not
observed. At —¢=0.45 GeV?, where the correla-
tion effects should be negligible, the normaliza-
tion factor of 1.55 represents an additional dis-
crepancy between the data and model. In order
to get some feel for the size of the discrepancy,
we have parametrized the model by a constant w
which multiplies the amplitude of the vector-
meson term (w =1 if vector dominance is saturat-
ed by the p and w and w=0 if the vector-meson
graph makes no contribution). The Z dependence
of the data for Al through Pb gives w=0.31+0.08.
The beryllium and carbon data were not used
since the simple Woods-Saxon distribution is
probably not a good representation of these nu-
clei.® Significant data in this range of A exist
only at 0.16 (GeV/c)? at 8 GeV and 0.04, 0.16,
and 0.45 (GeV/c)? at 16 GeV. All four distribu-
tions gave results in good agreement with the
average value, implying that the correlation ef-
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Table I. Single-charged-meson photoproduction cross sections from complex nuclei. (All cross
sections are do/dt in ub/GeV?; errors are statistical only.)
Meson at at wt ot ot kA
k(GeV) 8 8 8 8 8 16
-t(GeVz) ~0.,003 0.010 0,039 0,169 0.454 0.043
H(CI'Lz-C) 1.064+0.11 0.79+0.03 0.62+0.02 0.50+0.02 0.26540.012 0.02740.004
Be --- --- --- 1.3940.04 - 0.14 40,01
C 1.8740.16 1.4840.05 1.5440.03 1.6340.03 1,05 40.05 0.20 +0,01
Al —— -—— - 2,5040.08 -—- 0.28 140,01
Cu 3.60+0.29 3.7640.19 4.2840.16 2.62 +0.33 0.53 +0.03
Ag —-- --- - 5.5340.27 1.07 40,07
Pb . ——- - 6.66+0.,62 5.59 +1.04 1.18 40.10
Meson K+(A+2) t at ot at i
k(GeV) 16 16 16 16 16 16
-t!GeVZ) 0.043 ~0.010 0.040 0.153 0,443 0.153
H(CHZ-C) 0.056+0.007 0.17140.009 0.14440,005 0.11440.007 0.066+0.004 0.000740.0013
Be 0.3140.,01 0.23040.015 | 0.258+0.007 | 0.308+0.015 | 0.239+0,014 | 0.131 40.005
C 0.38+0.01 0.302+0.013 0.34640.007 0.39140.007 0.298+0.017 0.124 40.004
Al 0.62+0.03 0.554+0.038 | 0.492+40.014 | 0.555+0.021 | 0.44 +0.03 0.210 +0.014
Cu 1.2240.07 0.81 +0.12 0.83 +0.04 0.70 +0.11 0.85 +0.08 0.38 +0.03
Ag 1.6440.12 -——- 1.19 40.07 1.12 40.11 0.92 +0.13 0.44 +0.05
Pb 2.8 40,2 - 1.22 40.11 1.75 +0.20 1.29 40.31 0.68 40.08

fects are to a good approximation independent of
A,

Changing the radius parameter c by +0.064Y3 F
changes w by £0.08; Aa=2x0.1 F gives Aw=+0.02;
A0, =+6 mb gives Aw=%0,02; a ratio of real to
imaginary part of £0.3 in the p and w forward
amplitudes gives Aw=10.01. Combining all these
effects leads to w=0.31+0.12,

There now exist several experiments on photon
reactions in complex nuclei, none of them giving
good agreement with the VDM. The large energy
dependence predicted by this model is not seen in
the preliminary results on yA total cross sec-
tions,® in incoherent p° photoproduction,” or in
this experiment. All three experiments are con-
sistent with a shadowing amplitude considerably
smaller than that predicted by the VDM. Schmidt
and Yennie® have recently attempted to explain
these discrepancies in terms of a mass depen-
dence in the vector-meson amplitudes. Their
calculation is a qualitative one which goes in the
right direction, but no quantitative comparison
with experiment is attempted. In any event it
seems clear that the old notions of simple vector
dominance do not work.

Cross sections for 7~ photoproduction were

measured at 16 GeV, —£=0.16 GeV?; the results
are shown in Fig. 2(a). The n~ /7" ratios from
complex nuclei are in good agreement with the
ratio previously obtained from deuterium.® The
weighted average of all the points is shown in the
figure; X? for the hypothesis that the ratio is in-
dependent of A is 7.5 for 6 degrees of freedom.
Single pions come predominantly from the nu-
clear surface; a pion produced deep inside the
nucleus has a much smaller probability of escap-
ing without inelastic collisions. This makes the
m~/n* ratio quite sensitive to any difference in
the neutron and proton spatial distributions near
the surface of the nucleus.'® The differences in
distributions allowed by our data were calculated
for independent Woods-Saxon distributions for
the protons and neutrons. Assuming equal skin
thicknesses (a,=a,), the differences in radii
(c,—cp) for Ag and Pb are, respectively, —0.25
£0.4 and -0.7+0.4 F. Assuming equal radii, the
differences in skin thickness (a,-a,) are, re-
spectively, —0.15£0.2 and -0.3+0.2 F. The Pb
result is consistent with the calculation of Bethe
and Siemens'! which gives a smaller neutron ra-
dius than proton radius, but is not consistent with
one of the conventional interpretations of K-me-
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FIG. 2. (a) The A dependence of the ratio

N~ ldg(yA—n~ A /dt
Z-ldotyA—n A% Jdt ’

where N and Z are the numbers of neutrons and pro-
tons in the nuclei. Errors are statistical only. (b) The
A dependence of the ratio

do(yA—K*(A+3) + nuclear stuff)
do(yA—1tA%) ’

corrected for the variation of Z/N with A (see text).

The curve shows the slight increase with A expected
due to the difference between o(KN) =17 mb and o(nN)
=26 mb.,

sonic x-ray data in terms of neutron radius or
skin thickness considerably larger than that of
the proton distribution.!? The 7~/7* ratio may
also give information on proton-neutron correla-
tions.'?

The A dependence of K* photoproduction was
measured at —£=0.043 GeV? and k=16 GeV. Be-
cause of the small separation between the A and
% steps and the smearing effects of the nucleon
momentum in the nucleus, the A and Z cross sec-
tions obtained from the fitting procedure are
strongly correlated. The A +Z cross sections
can be determined much more reliably since the
background from multiple production processes
is farther away than the separation between A and
Z thresholds. The fitted A and A +Z cross sec-
tions are given in the table; the errors on the A
given in the table do not include A-Z correlations.

Direct comparison of the A dependence of the
K* and 7" data is not possible since K* can be
produced from neutrons (in association with a
=) as well as from the proton (A +2°. In an
auxiliary experiment we determined that =7 /(A

1346

+2°=0.53+0.05 from single nucleons. Then,
2 (ya ~K (8 +3%)

1 do

D) g (A KA ez,

The ratio of this quantity to yA — 7 A* is shown
in Fig. 2(b). Z.t:%/Z.s;™ increases with A. This
increase would be expected in any model, since
the cross section for K* on nucleons is smaller
than that for 7% (17 mb vs 26 mb). The curve in
Fig. 2(b) is the prediction of the VDM with w
=0.3 (normalized to the Be-through-Pb data).
The difference between the hydrogen point and
the curve in Fig. 2(b) is presumably due to the
exclusion-principle suppression of 7* production
in the complex nuclei. The hydrogen point is low
by a factor 0.57+0.09 which is in good agree-
ment with an estimate of the suppression obtained
by comparing Z.s; for 7% production at —¢=0.45
and 0.04, the ratio (averaged over nuclei) being
0.53+0.086.

Since the VDM has failed to fit the 7* data, we
have also used a less detailed model for the K
data in which the incoming ¥ ray and outgoing
K meson are assumed to have attenuation cross
sections of 0, and 0 in nuclear matter. A is
defined by the expression

Acis/A=0(A)/INo,+ Zo,],

where N and Z are the number of neutrons and
protons in the nucleus A. A.¢; is given in terms
of 0, and 0k in the impact parameter model as

Aegs = fdex pexp{-o, fide—oKf;de},

where p is the Woods-Saxon density distribution
used previously. Taking 0x=17 mb as found in
K-nucleon total-cross-section measurements
gives 0,=4.1£0.9 mb. Taking 0, =0 gives 0g
=25.021 mb. The choice of the “correct” K total
cross section in nuclear matter is not at all ob-
vious, but using the free-nucleon value, we con-
clude that the photon does have an “anomalous”
cross section in nuclear matter, but that the
magnitude of this cross section is not correctly
given by the VDM,

*Work supported by the U. S. Atomic Energy Commis-
sion.

tPresent address: Argonne National Laboratory, Ar-
gonne, Il1,

iOn leave from Institute for Nuclear Study, Universi-
ty of Tokyo, Tokyo, Japan.



VOLUME 23, NUMBER 23

PHYSICAL REVIEW LETTERS

8 DECEMBER 1969

§Present address: University of California, Santa
Cruz, Calif.

!G. Belletini et al., Nucl. Phys. 79, 609 (1966).

%J. G. Asbury et al., Phys. Rev. Letters 19, 865
(1967); G. McClellan et al., Phys. Rev. Letters 22,
377 (1969); F. Bulos et al., Phys. Rev. Letters 22,
490 (1969).

A. M. Boyarski et al., Phys. Rev. Letters 20, 300
(1968); 22, 1131 (1969).

‘L. Stodolsky, Phys. Rev. Letters 18, 135 (1967);
K. Gottfried and D. R. Yennie, Phys. Rev. 182, 1595
(1969); S. J. Brodsky and J. Pumplin, Phys. Rev. 182,
1794 (1969); M. Nauenberg, Phys. Rev. Letters 22,
556 (1969); B. Margolis and C. L. Tang, Nucl. Phys.
B10, 329 (1969).

STncluding the beryllium and carbon data increases
the x* considerably (the sum of the x*’s from the four
fits went from 15 for 6 degrees of freedom to 60 for 12
degrees of freedom). Since the beryllium and carbon
points usually had the best statistics, the effect on the

answer was large giving an average w=0,62.

D, 0. Caldwell, et al,, in Proceedings of the Confer-
ence on Photon and Electron Interactions, Daresbury,
England, 15-19 September 1969 (to be published);

H. Meyer et al., ibid.

'G. McClellan et al., Phys. Rev. Letters 23, 554
(1969). This experiment was performed at —¢£=0.1
GeV? where correlations may have considerable effect;
n* production, for example, is suppressed by a factor
of 1.5 at this momentum transfer.

8W, Schmidt and D. R. Yennie, Phys. Rev. Letters 23,
623 (1969).

%A. M. Boyarski et al., Phys. Rev. Letters 21, 1767
(1968).

00, Kofoed-Hansen and B. Margolis, Nucl. Phys. B11,
455 (1969).

11, A. Bethe and P. J. Siemens, Phys. Letters 27B,
549 (1968).

¢, E. Wiegand, Phys. Rev. Letters 22, 1235 (1969).

133, M. Eisenberg, Nucl. Phys. B3, 387 (1967).

STUDY OF THE REACTION K n—~An~ AT 3.9 AND 3.6 GeV/c: TEST OF EXCHANGE DEGENERACY
IN THE ¢ REGION AND AN OBSERVATION OF A BACKWARD PEAK IN THE » REGION*

David J. Crennell, Uri Karshon, f Kwan Wu Lai, John S. O’Neall,  and J. Michael Scarr
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

Robert M. Lea, Thomas G. Schumann, and Ernest M. Urvater
Department of Physics, City College of the City University of New York, New York, New York
(Received 6 October 1969) ‘

Angular distributions in the low-[f| region in the reaction K~z — An~ and in the line-
reversed reaction 7~p— AK? and from other complementary experiments do not sup-
port the predictions of exchange degeneracy between the K,,*(890) and the K, /,*(1420)
up to s~11 GeV?% In the low- || region of the reaction K~n— Ar™ at 3.9 GeV/c, we
observe a peak with a slope of 10+3 GeV~2 followed by a valley from u=—0,15 to —0.4
GeV?, A simple Regge-pole fit to this backward-scattering region using the N, trajec-

tory is presented.

The purpose of this Letter is to present (I) an
experimental test of the idea of exchange degen-
eracy between the K,,,*(890) and the K,,,*(1420)
trajectories from the reaction K™n —~Anr~ and
the line-reversed reaction 77 p ~AK°, and (II) an
observation of a backward peak followed by a
valley from u =-0.15 to —0.4 GeV? in the reac-
tion K™n—~A7n" at 3.9 GeV/c.

The K™n—~An" data at 3.9 and 3.6 GeV/c come
from an exposure of K~ mesons in the Brook-
haven National Laboratory 80-in. deuterium-
filled bubble chamber. Approximately 240 000
pictures were analyzed to yield 917 events at
3.9 GeV/c and 239 events at 3.6 GeV/c in this
reaction.! Figure 1 is the distribution in cosine
of the angle between the incident X~ and the out-
going 7~ in the total c.m. system at 3.9 GeV/c.
A strong forward (K~ +7~~+1) peak as well as

a pronounced backward B3~ ~-1) peak are
evident. We shall first consider the forward
scattering, and then the backward scattering.

(I) Forward scattering.— For small values of
four-momentum transfer squared (¢) between
incident K~ and outgoing 7~, the K™ n—~Ar"am-
plitude is expected to be dominated by the ex-
change of the K,,,*(890) trajectory (odd-signature
factor) and the K,,,*(1420) trajectory (even-sig-
nature factor). According to Regge-pole theory,?
the s-channel amplitude A, for K™n ~An~ and
the u-channel or line-reversed amplitude A _ for
7*n~AK* (or 7~ p —~AK® via charge symmetry)
can be written for small ¢ as

A, (s,1)=B,(s,2) (1+e~ ")

+B,(s,1)(1-e ~im2(D), (1)
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