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Mass yield features of„g,p1
… and „g,p2xn… reactions for x50– 9 on complex nuclei

in the D region
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Radiochemical measurements of the product yields from (g,p1) and (g,p2xn) reactions forx50 – 9 were
performed on targets of27Al, 37Cl, 41K, 51V, 59Co, 65Cu, 75As, 87Rb, 88Sr, 109Ag, 115In, 133Cs, 138Ba, 139La,
and181Ta, and of7Li, 11B, 14N, 44Ca, 51V, 56Fe, 59Co, 63Cu, 65Cu, 75As, 88Sr, 89Y, 109Ag, 115In, 127I, 130Te,
133Cs, 139La, 175Lu, 197Au, and209Bi, respectively, over bremsstrahlung end-point energies (E0) of 30–1200
MeV in steps ofE0550 MeV or less. Yield variations as a function of the number of the emitted neutrons~x!
for each target atE0>400 MeV were found to be typical of~3,3! resonance. The reactions for neutron
multiplicities as large asx>6 are notable for targets of massAt>100, while only the reactions for smallerx
are measurable for the lighter targets. The yields for both (g,p2) and (g,p1) areAt-independent for targets
heavier thanAt.30– 40, while much smaller yields are reported for targets withAt57 – 14. The yield ratio
(g,p2)/(g,p1) becomes as high as 5.5 and such a high value suggests that the neutron density in the surface
region of nucleus is higher than that expected from the neutron-to-proton ratio for the entire nucleus. The
observed yields for individual (g,p2xn) reactions having equalx were also found to be a smoothly varying
function of the neutron-to-proton ratio of the target, (N/Z) t , not of the target mass,At or number of target
neutrons,Nt . This implies that the reactions are initiated via competitive photoabsorptions by neutrons and
protons in the target nucleus. The smooth variation of the profile changes its characteristics at (N/Z) t

51.30– 1.40, corresponding toAt5100– 130; this implies higher excitation energies due to progressively
larger medium effects in nuclei withAt.100. The results are compared with theoretical calculations made
using the photon-induced intranuclear cascade and evaporation analysis program by Gabriel and Alsmiller.
@S0556-2813~99!05703-9#

PACS number~s!: 25.20.Lj
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I. INTRODUCTION

This paper reports our current results of radiochem
yield measurements for the photopion reactions of (g,p1)
and (g,p2xn) for x50 – 9 for a wide range of comple
target nuclei in theD formation region. In our previous pape
@1#, the mass yield features of133Cs(g,p2xn)1332xBa for x
50, 2, 4, 5, 6, 7, and 9 were compared with those
51V(g,p2xn)512xCr for x50, 2, and 3@2#. The shape of the
mass yield curve was quite different in the two targets. T
yields for 1332xBa from 133Cs showed a broad maximum
aroundx53 for the relevant energies, indicating the exci
tion energy remaining in the target nucleus afterp2 emis-
sion is sufficiently high to evaporate 7 to 9 neutrons w
appreciable probabilities. The reaction yield for51Cr from
51V(g,p2) is much higher than those for49Cr and48Cr from
51V(g,p22n) and51V(g,p23n) in the same energy region
A further study on the yields of127I(g,p2xn)1272xXe for
x50, 2, 4, 5, and 6@3# gave a mass yield pattern similar
that of 1332xBa from 133Cs, while the (g,p2) reaction yields
were lower than those for reactions associated with mult
neutron emission and very similar for all three targets. T
PRC 590556-2813/99/59~3!/1497~9!/$15.00
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(g,p1) yields for 133Cs, 87Rb, 51V, 41K, and 27Al targets
were also found to be target-mass independent. A remark
fact was that the yield ratios for (g,p2) to (g,p1) reactions
on the studied targets are 5–6.

The yield curves for the individual reaction products as
function of the maximum end-point energy (E0) of the
bremsstrahlung beam, and the excitation functions as a fu
tion of the photon energy~k! obtained by unfolding of the
yield curves were found to be characteristic of theD reso-
nance, though affected by the nuclear medium, and indica
a smooth variation with respect to neutron multiplicity~x!.

In the D formation region, an incoming photon interac
with a single nucleon inside the target nucleus to produce
excited nucleon~D! which decays immediately (10224sec)
into a stable nucleon and a pion, and either one or b
particles produced in this initial process may escape from
nucleus or develop a cascade-evaporation process in
same nucleus. The probability of the escape depends on
location of photoabsorption by the nucleon and the nucl
transparency of the associated particles. If the pion is emi
in a forward direction at a small angle, the nucleus is l
1497 ©1999 The American Physical Society
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with insufficient energy for developing a cascade proce
Most of the previous physical investigations were restric
to the inclusive measurements of one or two of the emit
particles, and ascribed the pion and/or nucleon emission~s! to
simple reactions such as (g,p0), (g,p6), (g,p), and (g,n)
on light nuclei. A series of double differential cross secti
measurements of pions and nucleons (2p and pn! from
heavier targets were reported@4#, and the dependence of th
energy-integrated differential cross sections on the nuc
size ~S!, S being the number of protons or neutrons in t
target, was found to be described byds/dV}Sa, where the
exponent is 0.6 forp6 and 1.15 for a proton. The autho
explained the results of the cross sections as a consequ
of a combination of volume production and pion reabso
tion, although pure surface production could not be exclu
from the pion data@4#. These inclusive measurements did n
give information on the types of reactions responsible for
observed particles. Also, particle measurements were
avoidable from a certain restriction of the detection thresh
~;40 MeV! of the spectrometer.

Radiochemical methods are useful for identifying ind
vidual (g,p2xn) reactions for differentx. It is possible to
isolate the product nuclides chemically as a series of ra
isotopes with mass numbers (At2x) belonging to (Zt11)
element from a target with mass numberAt of an element
with atomic numberZt and also from the dominant spallatio
products ofAp,At andZp<Zt . The (g,p1) reaction leads
to a product nucleus ofAp5At and Zp5Zt21 that is also
distinguishable from those of other competitive react
paths, though the (g,p1xn) products are not separable fro
the (g,px8n) products. The information obtained from th
activation method is integral with respect to the energy a
angle of the final products, but forgoes a detailed theoret
analysis of the final states involved@5#. However, the com-
plete picture concerning competitive reaction paths ope
by D resonance such as photopion reactions different inx,
photospallation, photofragmentation and photofission
cases of heavy complex nuclei can be clarified. The stud
the (g,p2xn) reactions reported in this paper emphasiz
the yield variations for individualx with respect to a wide
range of photon energies and target compositions,At and
(N/Z) t . The (g,p1) yields relative to the (g,p2) yields
over the same range of photon energies and target com
tions are another concern in the present work. The results
also discussed in conjunction with a theoretical calculati
based on the photon-induced intranuclear cascade ana
code~PICA! by Gabriel and Alsmiller@6,7#.

II. EXPERIMENT

All of the data included in this paper were obtained fro
bremsstrahlung irradiations of targets (7Li - 209Bi) in suitable
chemical forms using the 1.3 GeV Electron Synchrotron
the Institute for Nuclear Study, the University of Toky
~now the High Energy Accelerator Research Organizati
KEK, at Tanashi! in the rangeE05250– 1200 MeV, and the
300 MeV Electron Linac of the Laboratory of Nuclear Sc
ence, Tohoku University in the rangeE0530– 270 MeV,
both using steps of 50 MeV or less. The experimen
method and data analysis, including the correction met
for secondary particle-induced reactions, were reported
s.
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viously @1,2#. The individual procedural details, includin
chemical separations, will be reported elsewhere. The
ondary contributions from (p,x8n) reactions to (g,p2xn)
reactions on heavier targets (At>100) were less than 10% a
E0>400 MeV, but those from~p,n! yields to (g,p2) yields
for targets having 50<At<100 were 20–30%, and thos
from the lighter targets were 40–50%~7Be formation from
7Li: 32%; 11C formation from 11B: 50%;44mSc formation
from 44Ca: 13%; 44gSc formation from44Ca: 54%!. The
contributions of~n,p! yields to (g,p1) yields were about
10% for 65Cu, or less than 10% for targets havingAt.80,
but 30–55% for targets havingAt<60.

In previous papers@1,2#, the yields,Y(E0), were unfolded
into cross sections per photon of energyk,s(k), after the
method of Tesch@8,9# with the aid of theLOUHI-82 code@9#.
It was found that the characteristic features of the tar
dependence for the energy-integrated cross secti
*0

E0s(k)dk, are the same as the measured ones,

Y~E0!5

E
0

E0
s~k!•N~E0 ,k!dk

1

E0
E

0

E0
k•N~E0 ,k!dk

.

Therefore, we present and discuss only the values ofY(E0)
for some selectedE0 in this paper.

III. RESULTS AND DISCUSSION

A. Mass yield distribution

Measured~secondary-corrected! yields as a function of
E0 , Y(E0) in unit of mb per equivalent quanta~mb/eq.q.!,
show steep rises aboveE05140 MeV, the photopion thresh
old, and attain plateaus aroundE05300– 500 MeV, which
are characteristic of the resonance process. Typical exam
of the yield curves were reported previously for51V @2#,
133Cs @1#, and 127I @3# targets. TheE0-dependence of the
(g,p2xn) yields is shown in Fig. 1, where the measur
yield values atE05800, 400, and 250 MeV from51V @2#,
59Co, 75As, 89Y, 109Ag, 115In, 127I @3#, 133Cs @1#, 139La,
175Lu, 197Au, and 209Bi targets are plotted as a function o
the number of neutrons emitted~x!, i.e., isotopic mass yield
curves. The error bars attached to the symbols show
range of scattering in the yield curves obtained in steps
E0550 MeV or less, in the range ofE0530– 1200 MeV.
Arrows on the symbols indicate the observed values wh
are not corrected for secondary contributions of less t
10%. The solid, broken, and dotted curves are drawn thro
the data points forE05800, 400, and 250 MeV, respectively
taking the target mass-dependent variations of all the y
values into consideration. Due to the nature of nuclear
bility, most of the (g,p2n) products are stable or long-live
and most of the (g,p29n) products are too short-lived fo
radiochemical assays. The latter is the case for all the p
ucts from the (g,p28n) reactions studied. The mass yield
at E05400 and 800 MeV are almost the same and hig
than those atE05250 MeV. The difference between th
yield patterns for 250 MeV and 400~and 800! MeV in-
creases with the increasingAt , and it becomes more promi
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FIG. 1. Variations for (g,p2xn) reaction
yields in unit of mb per equivalent quanta~mb/
eq.q.! as a function of number of emitted neu
trons, x, isotopic mass yield curves, atE0

5800 MeV ~squares connected by solid curves!,
400 MeV ~circles connected by broken curves!,
and 250 MeV ~triangles connected by dotte
curves!.
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nent at largerx in theAt region from 127 to 209. An impor-
tant feature of the isotopic mass yield curves is that
reactions of high neutron multiplicities become progressiv
more possible asAt increases, and the reaction probabiliti
for x52 – 7 ~and even more! at E0>400 MeV are nearly
comparable for a heavy target such as175Lu, 197Au or 209Bi,
though not atE05250 MeV. On the other hand, reaction
with such high neutron multiplicities are not possible for t
lighter targets (At<100). For the region of targets havin
At551– 115, as shown in the upper half of Fig. 1, the d
ference between the 250 MeV and the 400~and 800! MeV
yields is more prominent atx51 – 3. The neutron multiplic-
ity reflects primarily the excitation energy left after pio
emission, while the energy spectrum of neutrons is to
known. Also noteworthy is that the yields for (g,p2) reac-
tions are almost the same for all of the studied targets
E05800, 400, and 250 MeV.

The widths of the mass yield distributions atE05400 and
250 MeV, defined here as thex values of the (g,p2xn)
reaction for which the yield is equal to that of the (g,p2)
reaction, 78mb/eq.q. forE05400 MeV and 51mb/eq.q. for
E05250 MeV ~see Sec. III B below!, are read from the fit
curves in Fig. 1 and plotted as a function of the neutron-
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proton ratio of the target, (N/Z) t , in Fig. 2. The target de-
pendence of the yields from the (g,p2xn) reactions forx
>1 is not parameterized by target massAt , nor by the num-
ber of target neutronsNt , because the (g,p22n) and
(g,p23n) reaction yields from51V are higher by an order o
magnitude than those from59Co, as seen in the upper le
corner of Fig. 1. As noted above qualitatively, the range
neutron multiplicity is larger for heavier targets. Howeve
the degree of the increase of the width is not monotonic,
changes largely at (N/Z) t51.3– 1.4 (109Ag - 127I), and the
rate of increase becomes smaller at (N/Z) t51.32– 1.35
(109Ag - 115In) and at 1.49–1.52 (197Au - 209Bi) in the case of
E05400 MeV. The change of the width atE05250 MeV is
small, but the rate of increase also changes at (N/Z) t61.35.
The peak positions also increase with an increase of (N/Z) t
in a manner similar to the widths@see the discussion o
(g,p2xn) yields below#.

B. „g,p6
… yields

Turning our attention to the (g,p2) and (g,p1) yields,
the yield values for (g,p1) reactions atE05800, 400, and
250 MeV are compared with those for (g,p2) reactions in
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FIG. 2. Widths of the isotopic mass yield
curves as a function of the neutron-to-proton ra
of the target, (N/Z) t , at E05400 and 250 MeV.
The width is defined as thex value of the
(g,p2xn) reaction for which the yield is equal to
that of the (g,p2) reaction, 78mb/eq.q. forE0

5400 MeV and 51mb/eq.q. forE05250 MeV.
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Figs. 3~a!–3~c!, as a function of target massAt . Open
squares represent the yields for (g,p1) reactions on9Be
@10#, 27Al @11,12,13,14#, 37Cl, 41K @13#, 51V @11#, 59Co, 65Cu
@13#, 75As, 87Rb, 88Sr @13#, 109Ag, 115In, 133Cs, 138Ba @13#,
139La, and181Ta, as indicated on the lower horizontal axis
Fig. 3~b!. Yield data from literature sources, except for9Be,
were complemented by our own measurements over the
evantE0 range. TheY(E0) values for the (g,p2) reactions
are plotted as closed circles. All of the targets for (g,p2)
reactions are indicated on the upper horizontal axis of F
3~b!. Literature data were used for7Li @15,16#, 11B
@12,13,17#, 12C @16,18#, 14N @19#, 51V @11#, 60Ni @20#, and
197Au @21#. The large symbols show the yield values o
tained by our group and the small ones the literature va
by other groups. The values for the14O, 75Ge, and109Pd
yields from 14N, 75As, and 109Ag, respectively, are uppe
limits, indicating that no corrections for the secondar
~about 10% or less for the latter two! were performed. Solid
lines are the weighted means of the measured values
cussed below. Dotted lines are the weighted means of
values calculated by the PICA code@6,7# for the mentioned
reactions. The calculations were performed for the part
histories of (1 – 4)3106 with the parameter values give
previously@1,2,7#. The calculational model employed is on
applicable to the reactions over the energy range of 30–
MeV for both monoenergetic photons and thin-targ
bremsstrahlungs of Schiff spectra and over a range ofAt
>12 @6,7#, so calculation atE05800 MeV is not possible.

While some of the yield values were obtained with lar
uncertainties, especially atE05250 MeV, both the (g,p6)
yields areAt-independent except for light targets, irrespe
tive of E0 . The yields for (g,p2) reactions on lighter target
such as7Li @15,16#, 11B @12,13,17#, 12C @16,18#, 14N @19# are
anomalously small compared with those for the heavier
gets. The low values for the7Be and 14O yields up toE0
51200 MeV were confirmed in the present work, and t
low yields are explained as due to small numbers of part
stable states~two in 7Be, ten in 11C, one in 12N and 14O)
@22#. Also, it is well known that the anomalously slow tra
sition rates in theA514 isobars are observed in14C→14N
1e21 n̄e and 14O→14N1e11ne as well as in radiative
pion and muon captures@13#. On the other hand, man
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bound states leading to (g,p2) reactions exist for the
heavy nuclei. This manifests theAt-independence in the
heavy target region; the weighted means of the yi
values of (g,p2) reactions on targets havingAt
>44@44Ca(g,p2)44Sc# are 9166, 7866, and 51
65 mb/eq.q. forE05800, 400, and 250 MeV, respectivel
~horizontal solid lines in Fig. 3!. The PICA calculations for
the corresponding reactions on these heavy targets aE0
5400 MeV are smaller than the measured values by 35%
average, though the calculations also indica
At-independence. The same trend holds atE05250 MeV.

The (g,p1) reaction yields are alsoAt-independent for
At>27@27Al( g,p1)27Mg#, and their weighted means ar
1862, 1462, and 7.361.1mb/eq.q. forE05800, 400, and
250 MeV, respectively. A large number of yield measu
ments for 27Mg from 27Al( g,p1) reaction have been re
ported, but the results are quite different among the differ
reports. The present results fall in between those of Masa
@14# and of Blomqvistet al. @13#. The values of Nogaet al.
@12# and of the present work seem to be consistent with
mean values obtained from the heavier targets. The y
values reported for9Be~g,p1!9Li in the energy range ofE0
5100– 800 MeV by Nilssonet al. @10# are definitely smaller
than the trend, probably because there are only two bo
states in9Li. Although both the (g,p1) and (g,p2) reac-
tions on the light nuclei have been of interest from a the
retical point of view@5#, they are not included in our discus
sions with those of the heavier complex nuclei which allo
for statistical treatments. The PICA calculation for (g,p1)
reactions in the heavy target region also reproduces
At-independence, but the average values obtained from
calculations are two times those of the measurements. T
the measured yields in theAt-independent region atE0
5400 and 800 MeV give a yield ratio o
Y(g,p2)/Y(g,p1)55.661.0, while the corresponding
PICA value atE05400 MeV is 1.860.3, confirming the pre-
vious findings discussed above. AtE05250 MeV, the ex-
perimentalY(g,p2)/Y(g,p1) ratio is 7.061.3 and the cal-
culated one is 2.260.3, both of which are somewhat large
than the corresponding ones atE05400 MeV, though almost
within the error limits. It is noted, however, that the excit
tion curve, s(k), obtained from unfolding of theY(E0)
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curve, peaks aroundk5200 MeV for the (g,p2) reaction
and almost vanishes above 300 MeV. Thes(k) curve for the
(g,p1) reaction peaks aroundk5230 MeV and levels off to
vanishing values above 350 MeV~see examples in Refs.@1#
and@2#!. Because of this difference, the experimentalY(E0)
values for the (g,p1) reactions aroundE05250 MeV in-
crease more rapidly with an increase ofE0 compared with
the corresponding ones for the (g,p2) reactions. TheY(E0)
ratio also tends to be higher compared to those at higherE0 .
The reason for the difference in the peak energies for the
types of reactions is not clear, though the phase space fe
p2 and p1 may differ as observed inb6 emissions. It is
noted that the PICA calculations produce the same peak
ergies for the excitation curves for both (g,p6) reactions.

FIG. 3. Target mass dependence of the (g,p6) yields in unit of
mb per equivalent quanta~mb/eq.q.! at E05800 MeV ~a!, E0

5400 MeV ~b!, andE05250 MeV ~c!. Closed circles represent the
(g,p2) yields and open squares the (g,p1) yields. The large sym-
bols show the values obtained by the author’s group and the sm
ones from the literature~see text!, as measured for the targets ind
cated along the upper axis for the (g,p2) reactions and the lower
axis for the (g,p1) reactions in~b!. The arrow symbols show mea
sured values not corrected for secondary contributions. The s
lines are the weighted means ofY(E0) for (g,p2) reactions on
targets withAt>44 and for (g,p1) reactions onAt>27. The dot-
ted lines in~b! and~c! show the average PICA results calculated f
the same reactions.
o
by

n-

The high observed yield ratios compared with the cal
lated ones may imply new nuclear structure effects that
not taken into consideration in the theoretical foundation
the PICA code. The nuclear model used in the theoret
calculations is exactly the same as the one used in the Be
calculations@23#. The continuous charge density distributio
inside the nucleus,r(r )5r0 /$11exp@(r2c)/z1#%, c and z1

being the relevant parameters, obtained by electron sca
ing data@24#, was approximated by dividing the nucleus in
three concentric spheres: a central sphere and two surro
ing spherical annuli having the uniform densities of 0.9, 0
and 0.01 ofr~0! at the center of the nucleus. The neutron
proton density ratios were assumed to be equal to the rati
neutrons to protons for the entire nucleus. Cross sections
the photoabsorption by a nucleon in the~3, 3! resonance
region were taken from those for elementary processes
free nucleon-photon interactions, by assumings(gp
→np1)5s(gn→pp2) from charge-symmetry consider
ations. And the intranuclear cascade calculation of Ber
@24# was then used to account for the secondary effec
nucleon- and pion-interactions with the remaining nucle
following the initial photon interaction. Pion absorption
assumed to occur via a two-nucleon mechanism with a c
section for the absorption of a charged pion by a nucle
with isobaric spin projection of the opposite sign~i.e., a pair
of nucleons must contain at least one proton to absor
negative pion and at least one neutron to absorb a pos
pion!.

The higher yields of the (g,p2) reactions and the lowe
ones of the (g,p1) reactions relative to those expected fro
the PICA calculation could possibly be understood if t
neutron density in nuclear surface region is higher than
inner density of the nucleus. An initial production of neg
tive pions by way ofg1n→D0→p1p2 would be more
probable than those of positive pions by way ofg1p
→D1→n1p1, and the secondary absorption of negati
pions by way ofp21pp or p21pn would be less than
those for positive pions by way ofp11np or p11nn in
the neutron-rich surface region.

These processes which lead to (g,p2) and (g,p1) reac-
tions are, therefore, considered here to occur in the sur
region of the nucleus, but experimental observations seem
show that the cross sections are not proportional toAt

2/3 but
At-independent. ThisAt-independence may be explained
due to a compensation for the increase in pion produc
with increasing nuclear size~surface! by the competitive in-
crease of neutron emissivity associated with pion emiss
~see Sec. III C!. The available final transitions are, therefor
limited to a certain number of levels below the particle se
ration energy which is set equal to 7 MeV in PICA. Whi
the number of the bound states and the strength of transit
to these states are unknown, they must be statistically
nificant, as theAt-independence from the PICA calculatio
also suggests. There has been no evidence for the de
difference between protons and neutrons in the sta
nucleus, but neutron skin and neutron halo structures h
been discovered in very neutron-rich light nuclei near
drip line @25#. Further study of structural changes in nuc
closer to the stability line is required; the present work su
gests photonuclear processes may cause such effects.

all

lid
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FIG. 4. Variations in the (g,p2xn) reaction yields in unit ofmb per equivalent quanta~mb/eq.q.! for x50 – 9 as a function of the
proton-to-neutron ratio of target, (N/Z) t , at E05400 MeV ~a! and 250 MeV~b!. Experimental values are shown as closed squares,
PICA calculations are shown as open circles.
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C. „g,p2xn… yields

In order to reveal the target-dependent changes of
(g,p2xn) reaction yields for eachx of x>0, the yield val-
ues atE05400 and 250 MeV~closed squares! are plotted in
Figs. 4~a! and 4~b! as a function of the neutron-to-proto
ratio of the entire target nucleus, (N/Z) t . Solid lines repre-
sentingx50 – 9 are drawn through the observed points w
the aid of the smoothed mass yield curves in Fig. 1. A
plotted in Fig. 4 are the yield values calculated forE0
5400 and 250 MeV~open circles! by the PICA code@7#.

The yield values change systematically with respect tx
and (N/Z) t . Both the observed and the calculated values
the individual reactions begin at a certain (N/Z) t , increase
rapidly with increasing (N/Z) t , and reach a plateau atE0
5400 MeV @Fig. 4~a!#. At E05250 MeV @Fig. 4~b!#, the in-
crease in the reaction yields forx>4 slows and does no
reach a clear plateau. The features atE05250 MeV are a
reflection of the excitation functions for these reactions;
threshold and peak energies of the excitation functions
crease almost exponentially with increasingx, the reactions
for x<4 have peaks at photon energies ofk<250 MeV, and
cross sections for the (g,p29n) reaction nearly vanish
above k>400 MeV @1,2#. The PICA calculations approxi
mate the observed profiles as a whole. Notably, the pos
slope regions of theY(E0) vs (N/Z) t curves are well repro-
duced, with some exceptions at (N/Z) t51.18(59Co),
e

o

r

e
-

e

1.32(109Ag), and 1.35(115In), whereas the plateau values a
largely discrepant. The PICA results underestimate by 3
the (g,p2) yields as noted above, but increasingly overes
mate by factors of 1.5–2.0 the (g,p2xn) reaction yields for
x>3. The deviation increases with the increasingx. The cal-
culations for light targets such as7Li, 11B, 12C, 14N and
27Al, for which observed values for either the (g,p2) or
(g,p1) reactions are available, show small yields for rea
tions with x51 – 2, and show large deviations from th
smooth trends of the yields for the heavier targets.

The sums of the (g,p2xn) yields at E05400 and 250
MeV are shown in Figs. 5~a! and 5~b!, respectively. In the
figures, the sums of the measured yields of the reaction
x50 to 1,2, . . . ,9 and themaximum possiblex ~max!,
( i 50

x Yi(N/Z) t , are shown as solid lines. The two dotte
curves indicate the range of values for the total yie
( i 50

maxYi(N/Z)t , as calculated by PICA. The total of the me
sured yields increases sigmoidally with increasing (N/Z) t ; a
close inspection reveals that the total yield curve consist
two sigmoids, one from (N/Z) t51.01 to 1.35 and the othe
from (N/Z) t51.35 to 1.55. The second steep sigmoid is t
reflection of the rapid increase in the (g,p2xn) yields for
x>5 for targets with (N/Z) t>1.35, which is consistent with
the change in the width of the mass yield curves shown
Fig. 2. At E05250 MeV, there are no significant contribu
tions from reactions withx>8 to the total yield, and the
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FIG. 4. (Continued).
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existence of two sigmoids is not very clear due to the reas
described above for the excitation functions. The PICA
sults for the( i 50

maxYi(N/Z)t fall in the region between the two
dotted curves atE05400 and 250 MeV.

The fact that the variations in the observed reaction yie
are well parameterized with (N/Z) t , but not withAt or Nt ,
suggests that photopion reactions are initiated by compet
photoabsorptions by neutrons and protons in the en
nucleus. Also, the rapid but sigmoidal increase of the to
~final! yields with increasing (N/Z) t does not appear to con
flict with the nuclear model of neutron-rich surface propos
earlier. The richer the concentration of neutrons in the ou
region of the nuclei, the smaller the amount of negative-p
reabsorption, and also the more probable the occurrenc
multiple-neutron-emission. For (g,p2xn) reactions with
x>1, pions may carry small amounts of kinetic ener
which allow emission of multiple neutrons during both t
cascade process and the evaporation process from the ex
cascade residue. The latter would be dominant in (g,p2xn)
reactions of largex which are possible in target nuclei o
larger (N/Z) t . The energies of the emitted particles may
too low to be detected by current spectrometers, and
target-dependence difference from particle measurem
could be explained by differences noted in the radiochem
observations.

In order to characterize the features ofY(E0) vs (N/Z) t
more quantitatively, the ‘‘target thresholds,’’ (N/Z) th , the
slopes of the rising portions of the curves and the value
ns
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the plateau atE05400 MeV are plotted as a function ofx in
Figs. 6~a!–6~c!. The ‘‘target threshold’’ is defined here a
that (N/Z) t for which each (g,p2xn) reaction starts to oc-
cur with a certain probability, say 1mb/eq.q. It is shown to
increase linearly with increasingx from 0 to 5. This linear
section can be described by (N/Z) th51.04010.050x at E0

5400 MeV and also atE05800 MeV. At E05250 MeV,
(N/Z) th51.10010.046x. Also plotted in Fig. 6~a! are the
(N/Z) th for the yields at 5, 10, 50, 100, 150, 250, and 3
mb/eq.q. A group of the linear arrays is shown to exist ov
shorter ranges ofx. These relationships can be used to p
dict the unmeasured yields of those reactions. Some de
tions from a linear relationship occur atx.5 for the 1mb/
eq.q. threshold and also for the thresholds of the lar
yields, suggesting that there may be some change in the
action process in the heavy target region of (N/Z) t corre-
sponding to (N/Z) th>1.3– 1.4, where reactions involvin
high neutron multiplicities can occur. The slopes for the ra
idly rising yield section for individual reactions with respe
to (N/Z) t are almost the same forx50 – 2, but then increase
especially forx>5 @Fig. 6~b!#. The maximum yields de-
crease very slowly with increasingx from 300 mb/eq.q. at
x53 to 100mb/eq.q. atx59 @Fig. 6~c!#. Also shown in Fig.
6~c! are the results of the PICA calculations~open circles!.
The fact that the PICA code underestimates the (g,p2) yield
by 35% and overestimates the (g,p2xn) yields forx>3 by
a factor of about 2, as noted above, is clearly demonstra



en
fo
on
d
tio
t
-
o

f
n
th

e

t

ie
d
or

gets

the
tter

u-
he
r.

-
ear
ce
stu-
ni-
p-

d

al

he
note

1504 PRC 59KOH SAKAMOTO et al.
Also the PICA yields show a zigzag pattern due to an ev
odd effect@1#. The overestimations for the plateau values
x>3 by the PICA code are due to higher cross secti
~lower transparencies! for emission of negative pions an
neutrons than are required. In our study of photo-spalla
of the type such as (g,xnyp) over a wide range of targe
nuclei @26# similar to the present work, the PICA calcula
tions were found to overestimate the spallation yields
large (x1y) especially for heavier targets.

The existence of plateaus in the yields for (g,p2xn) re-
actions of individualx might be due to the increase o
multineutron emission of largerx being compensated by a
increase in nuclear size. Unfortunately, radiochemical me
ods can not distinguish the (g,p1xn) yields from the more
dominant (g,px8n) yields for x5x821>1 because the
product nuclides from both reactions are the same.

All of the facts point to changes in the widths of th
isotopic mass yield curves, the ‘‘target thresholds’’ (N/Z) th ,
the slopes in the sections of increasing yields with respec
(N/Z) t , and the maximum yields at (N/Z) t51.3– 1.4, above
which the occurrence for (g,p2xn) reactions ofx>5 be-
come pronounced. It is suggested that changes in the y
profiles for targets heavier thanAt5100 might be associate
with pronounced nuclear medium effects giving rise to m

FIG. 5. The sum of the (g,p2xn) yields, S i 50
x Yi(N/Z) t , in

unit of mb per equivalent quanta~mb/eq.q.!. Solid lines are the sums
of the measured yields,Yi(N/Z) t from Fig. 4 for x50 to x
51,2, . . . , maximum possiblex ~max!. Dotted curves show the
range of the total yields obtained from the PICA calculations.~a!
for E05400 MeV and~b! for E05250 MeV.
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excessive excitation as compared with medium-heavy tar
(At<100).

A more advanced theoretical model concordant with
present findings needs to be developed in order to be
quantify the results.
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FIG. 6. Characteristics of the (g,p2xn) yield profiles atE0

5400 MeV. ~a! Variations in the ‘‘target threshold (N/Z) th’’ for
the yields of 1, 5, 10, 50, . . . ,300mb per equivalent quanta~mb/
eq.q.! as a function ofx at E05400 MeV @see text for definition of
(N/Z) th#. ~b! Slopes of the rising yield sections for the individu
reactions,mb/eq.q. per unit (N/Z) t , as a function ofx. ~c! Maxi-
mum yields of the individual (g,p2xn) reactions for differentx as
a function ofx. Closed circles connected with a solid line denote t
measured yields and open circles connected by dotted line de
the PICA calculated yields.
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