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Mass yield features of(y,w*) and (y,7~xn) reactions for x=0-9 on complex nuclei
in the A region
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Radiochemical measurements of the product yields fremr() and (y, 7~ xn) reactions fox=0-9 were
performed on targets dfAl, 3'Cl, 4K, 5V, 5°Co, %°Cu, ®As, 8'Rb, #sr, 1%%Ag, 1%9n, 13%Cs, ¥%a, ¥ a,
and'®Ta, and of’Li, B, 1N, %Ca, 5V, %Fe, 5°Co, ®3Cu, ®5Cu, "®As, #sr, 8%, 10g, 119n, 127, 130Te,
13%Cs, 139a, 7Ly, %7Au, and?%Bi, respectively, over bremsstrahlung end-point energigg 6f 30—1200
MeV in steps ofE;=50 MeV or less. Yield variations as a function of the number of the emitted neutxpns
for each target aEy,=400MeV were found to be typical of3,3) resonance. The reactions for neutron
multiplicities as large ag=6 are notable for targets of mass=100, while only the reactions for smallgr
are measurable for the lighter targets. The yields for bathr() and (y,7") are A,-independent for targets
heavier thamA,>30-40, while much smaller yields are reported for targets With 7—14. The yield ratio
(y,7 )/ (v,7") 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 individualy, =~ xn) reactions having equal were also found to be a smoothly varying
function of the neutron-to-proton ratio of the targa¥l/Z),, not of the target mas#\; or number of target
neutrons,N,. 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 characteristid&Zht (
=1.30-1.40, corresponding t#&,=100-130; this implies higher excitation energies due to progressively
larger medium effects in nuclei witA;>100. The results are compared with theoretical calculations made
using the photon-induced intranuclear cascade and evaporation analysis program by Gabriel and Alsmiller.
[S0556-281®9)05703-9

PACS numbdis): 25.20.Lj

l. INTRODUCTION (v,7") yields for 3%Cs, 8Rb, 5, 4XK, and ?’Al targets

were also found to be target-mass independent. A remarkable

. This paper reports our current (esults of radiochemicat, -+ \vas that the yield ratios fon{=") to (y, ") reactions
yield measurements for the photopion reactions pfa(*) on the studied targets are 5-6

and (y,m x.n.) for x=0 9 for a_W|de range Of complex The yield curves for the individual reaction products as a
target nuclei in the\ formation region. In our previous paper . . )
. .\ 133-x function of the maximum end-point energye{) of the
[1], the mass yield features é#3Cs(y, 7 xn) Ba for x o (
fbremsstrahlung beam, and the excitation functions as a func-

=0, 2, 4, 5, 6, 7, and 9 were compared with those of; : :
51y/( y, 7w~ xN) 5L *Cr for x=0, 2, and 32]. The shape of the tion of the photon energyk) obtained by unfolding of the
' o ' ield curves were found to be characteristic of theeso-

mass yield curve was quite different in the two targets. The/ X oo
yields for 133 *Ba from 13%Cs showed a broad maximum nance, though affected by the nuclear medium, and indicated

aroundx=3 for the relevant energies, indicating the excita-& Smooth variation with respect to neutron multipliciky.

tion energy remaining in the target nucleus after emis- In tth formation region, an incoming photon interacts
sion is sufficiently high to evaporate 7 to 9 neutrons withWith a single nucleon inside the target nucleus to produce an
appreciable probabilities. The reaction yield fJcr from  excited nucleor(A) which decays immediately (16“sec)
5W(y,77) is much higher than those f6fCr and*éCr from into a stable nucleon and a pion, and either one or both
SW(y,7~2n) and®V(y, 7~ 3n) in the same energy region. particles produced in this initial process may escape from the
A further study on the yields of?/I(y,m xn)*?""*Xe for ~ nucleus or develop a cascade-evaporation process in the
x=0, 2, 4, 5, and §3] gave a mass yield pattern similar to same nucleus. The probability of the escape depends on the
that of 133-*Ba from 13%Cs, while the , 7 ) reaction yields location of photoabsorption by the nucleon and the nuclear
were lower than those for reactions associated with multipléransparency of the associated particles. If the pion is emitted
neutron emission and very similar for all three targets. Then a forward direction at a small angle, the nucleus is left
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with insufficient energy for developing a cascade processviously [1,2]. The individual procedural details, including
Most of the previous physical investigations were restrictecchemical separations, will be reported elsewhere. The sec-
to the inclusive measurements of one or two of the emittedbndary contributions fromg,x’'n) reactions to §, 7 xn)
particles, and ascribed the pion and/or nucleon emiésitm  reactions on heavier targetd,& 100) were less than 10% at
simple reactions such ag(#°), (y,7), (7.p), and (y,n) E,=400 MeV, but those fronfp,n) yields to (y,7~) yields
on light nuclei. A series of double differential cross sectionfor targets having 58 A;<100 were 20-30%, and those
measurements of pions and nucleons (and pn) from  from the lighter targets were 40—-50¢Be formation from
heavier targets were reportpd], and the dependence of the 7Li: 32%:; 11C formation from B: 50%:**"Sc formation
energy-integrated differential cross sections on the nucledrom *‘Ca: 13%; *¥Sc formation from*‘Ca: 54%. The
size (S), S being the number of protons or neutrons in thecontributions of(n,p) yields to (y,7") yields were about
target, was found to be described thy/dQ2S*, where the  10% for %°Cu, or less than 10% for targets haviAg> 80,
exponent is 0.6 forr™ and 1.15 for a proton. The authors but 30—55% for targets having,<60.
explained the results of the cross sections as a consequenceln previous papergl,2], the yields,Y(E,), were unfolded
of a combination of volume production and pion reabsorp4nto cross sections per photon of energyr(k), after the
tion, although pure surface production could not be excludegnhethod of Tesch8,9] with the aid of theLouHI-82 cod€d9].
from the pion dat#4]. These inclusive measurements did notit was found that the characteristic features of the target
give information on the types of reactions responsible for thelependence for the energy-integrated cross sections,
observed particles. Also, particle measurements were urgSos (i) gk, are the same as the measured ones,
avoidable from a certain restriction of the detection threshold °
(~40 MeV) of the spectrometer. E

Radiochemical methods are useful for identifying indi- f (k) -N(Eg,k)dk
vidual (y,7~xn) reactions for differenk. It is possible to Y(Eg)= 0
isolate the product nuclides chemically as a series of radio- 0 1 (Eo
isotopes with mass number#&\(x) belonging to Z,+1) B Jo k-N(Eq,k)dk
element from a target with mass numb&r of an element
with atomic numbeiZ; and also from the dominant spallation
products ofA,<A; andZ,<Z;. The (y,m") reaction leads
to a product nucleus oA,=A; andZ,=Z;—1 that is also
distinguishable from those of other competitive reaction
paths, though they, 7" xn) products are not separable from Ill. RESULTS AND DISCUSSION
the (y,px’'n) products. The information obtained from the
activation method is integral with respect to the energy and
angle of the final products, but forgoes a detailed theoretical Measured(secondary-correcte¢dyields as a function of
analysis of the final states involvé8]. However, the com- E,, Y(Ep) in unit of ub per equivalent quantéub/eq.q),
plete picture concerning competitive reaction paths openedhow steep rises abowg =140 MeV, the photopion thresh-
by A resonance such as photopion reactions differert, in old, and attain plateaus arourtt=300-500 MeV, which
photospallation, photofragmentation and photofission irare characteristic of the resonance process. Typical examples
cases of heavy complex nuclei can be clarified. The study of the yield curves were reported previously oV [2],
the (y,m xn) reactions reported in this paper emphasizest3Cs [1], and 12 [3] targets. TheE,-dependence of the
the yield variations for individuak with respect to a wide (y,7~xn) yields is shown in Fig. 1, where the measured
range of photon energies and target compositigisand  yield values atE,=800, 400, and 250 MeV fromV [2],
(N/Z),. The (y,m") yields relative to the ¢,77) yields  5°Co, "®As, 8%, 1%Ag, *3n, 27 [3], ¥%Cs [1], *La,
over the same range of photon energies and target composi®®_u, 197Au, and?°®Bi targets are plotted as a function of
tions are another concern in the present work. The results atae number of neutrons emittég), i.e., isotopic mass yield
also discussed in conjunction with a theoretical calculationgurves. The error bars attached to the symbols show the
based on the photon-induced intranuclear cascade analysisnge of scattering in the yield curves obtained in steps of
code(PICA) by Gabriel and Alsmillef6,7]. Eo=50MeV or less, in the range d,=30-1200MeV.
Arrows on the symbols indicate the observed values which
are not corrected for secondary contributions of less than
10%. The solid, broken, and dotted curves are drawn through

All of the data included in this paper were obtained fromthe data points foE,= 800, 400, and 250 MeV, respectively,
bremsstrahlung irradiations of targefsi(- 2°Bi) in suitable  taking the target mass-dependent variations of all the yield
chemical forms using the 1.3 GeV Electron Synchrotron ofvalues into consideration. Due to the nature of nuclear sta-
the Institute for Nuclear Study, the University of Tokyo bility, most of the (y,7n) products are stable or long-lived
(now the High Energy Accelerator Research Organizationand most of the 4,7~ 9n) products are too short-lived for
KEK, at Tanashiin the rangeE,=250—1200 MeV, and the radiochemical assays. The latter is the case for all the prod-
300 MeV Electron Linac of the Laboratory of Nuclear Sci- ucts from the , 7 8n) reactions studied. The mass yields
ence, Tohoku University in the rangé,=30-270MeV, at E;=400 and 800 MeV are almost the same and higher
both using steps of 50 MeV or less. The experimentathan those atE,=250MeV. The difference between the
method and data analysis, including the correction methogiield patterns for 250 MeV and 40(and 800 MeV in-
for secondary particle-induced reactions, were reported presreases with the increasidgy, and it becomes more promi-

Therefore, we present and discuss only the valueg(&f)
for some selecte&, in this paper.

A. Mass yield distribution

Il. EXPERIMENT
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FIG. 1. Variations for f,7r~xn) reaction
yields in unit of ub per equivalent quantgub/
eq.q) as a function of number of emitted neu-
trons, X, isotopic mass yield curves, aEg
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h " curves.
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nent at largex in the A, region from 127 to 209. An impor- proton ratio of the target,N/Z),, in Fig. 2. The target de-
tant feature of the isotopic mass yield curves is that thependence of the yields from they(m~xn) reactions forx
reactions of high neutron multiplicities become progressively=1 is not parameterized by target mags nor by the num-
more possible ad, increases, and the reaction probabilitiesper of target neutrondN,, because the %, 7~ 2n) and
for x=2-7 (and even moneat E,=400MeV are nearly (y, 7~3n) reaction yields fron?V are higher by an order of
comparable for a heavy target such'&u, **’Au or **Bi,  magnitude than those froffCo, as seen in the upper left
though not att,=250MeV. On the other hand, reactions corner of Fig. 1. As noted above qualitatively, the range of
with such high neutron multiplicities are not possible for thepetron multiplicity is larger for heavier targets. However,
g‘ghtgrl talrgligtsagtsgh%)(\)/\(/)rz.inF?r:etr:Jepp:z?Iﬁglfoéftirigetls ?ﬁ;"gﬂ the degree of the increase of the width is not monotonic, but
=51— , .1, - _1a_ 09p  _ 127,
ference between the 250 MeV and the 4@dd 800 MeV ?:tzn%efsiLirrigzeatttgczzg%eissn;ﬁeer 231) :I)l,lg?znflltgz
yields is more prominent at=1-3. The neutron multiplic- (1%Ag - 19n) and at 1.49—1.524¢7Au - 20%B) tin the case of

ity reflects primarily the excitation energy left after pion E,=400MeV. The change of the width B,=250 MeV is
emission, while the energy spectrum of neutrons Is 1o b(Q*Small, but the rate of increase also changed\#Zj,=1.35.
known. Also noteworthy is that the yields foy(m ) reac- he peak positions also increase with an increaseNoZ};

tions are almost the same for all of the studied targets 3 S . : )
a manner similar to the widthgsee the discussion on
E,=800, 400, and 250 MeV. (7,7 xn) yields below.

The widths of the mass yield distributionska= 400 and
250 MeV, defined here as the values of the §,7 xn)
reaction for which the yield is equal to that of the, @)
reaction, 78ub/eq.q. forE;=400 MeV and 51ub/eq.q. for Turning our attention to they,7~) and (y,7") yields,
Eo=250MeV (see Sec. IlIB below are read from the fit the yield values for §,7") reactions aE,=800, 400, and
curves in Fig. 1 and plotted as a function of the neutron-to250 MeV are compared with those foy (™) reactions in

B. (y,7™) yields
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FIG. 2. Widths of the isotopic mass yield
curves as a function of the neutron-to-proton ratio
J of the target, N/Z),, at E;=400 and 250 MeV.
The width is defined as the value of the
(v, 7~ xn) reaction for which the yield is equal to
1 that of the (y,7~) reaction, 78ub/eq.q. forE,
=400 MeV and 51ub/eq.q. forEy=250 MeV.
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Figs. 3a-3(c), as a function of target mas4;. Open bound states leading toy(w~) reactions exist for the
squares represent the vyields fop, ") reactions on®Be  heavy nuclei. This manifests tha,-independence in the
[10], ?’Al [11,12,13,1 3'Cl, 4K [13], 'V [11], °Co, ®Cu  heavy target region; the weighted means of the yield
[13], *As, ®Rb, 8sr[13], 1%Ag, 9N, ¥%Cs, 1¥Ba[13], values of (7~ ) reactions on targets havingA,
139 a, and'®'Ta, as indicated on the lower horizontal axis of =44 *Ca(y, = )*Sc] are 916, 786, and 51
Fig. 3b). Yield data from literature sources, except f@e, +5 ubleq.q. forEy=800, 400, and 250 MeV, respectively
were complemented by our own measurements over the refhorizontal solid lines in Fig. 8 The PICA calculations for
evantEg range. TheY(Eg) values for the ¢,7~) reactions the corresponding reactions on these heavy targetsjat
are plotted as closed circles. All of the targets for £ ™) =400 MeV are smaller than the measured values by 35% on
reactions are indicated on the upper horizontal axis of Figaverage, though the calculations also indicate
3(b). Literature data were used fofLi [15,16, B  A-independence. The same trend hold&Egt 250 MeV.
[12,13,117, *2C [16,18, N [19], 5V [11], 5Ni [20], and The (y,7") reaction yields are alsé\-independent for
197au [21]. The large symbols show the yield values ob-A=272'Al(y,7*)?'Mg], and their weighted means are
tained by our group and the small ones the literature value$8+2, 14+2, and 7.3 1.1ub/eq.q. forEy= 800, 400, and
by other groups. The values for tHéO, “Ge, and'®Pd 250 MeV, respectively. A large number of yield measure-
yields from 1N, 7As, and!%Ag, respectively, are upper ments for 2’Mg from 2’Al(y,7") reaction have been re-
limits, indicating that no corrections for the secondariesported, but the results are quite different among the different
(about 10% or less for the latter twavere performed. Solid reports. The present results fall in between those of Masaike
lines are the weighted means of the measured values di§14] and of Blomqyvistet al. [13]. The values of Nogat al.
cussed below. Dotted lines are the weighted means of thl2] and of the present work seem to be consistent with the
values calculated by the PICA cofié,7] for the mentioned mean values obtained from the heavier targets. The yield
reactions. The calculations were performed for the particlealues reported fofBe(y,7")%Li in the energy range oE,
histories of (1-4x10° with the parameter values given =100—800 MeV by Nilssort al.[10] are definitely smaller
previously[1,2,7]. The calculational model employed is only than the trend, probably because there are only two bound
applicable to the reactions over the energy range of 30—408tates in°Li. Although both the ¢, 7") and (y,=~) reac-
MeV for both monoenergetic photons and thin-targettions on the light nuclei have been of interest from a theo-
bremsstrahlungs of Schiff spectra and over a rangé\.of retical point of view[5], they are not included in our discus-
=12[6,7], so calculation aE,=800 MeV is not possible.  sions with those of the heavier complex nuclei which allow
While some of the yield values were obtained with largefor statistical treatments. The PICA calculation foyr, ¢™*)
uncertainties, especially &,=250MeV, both the ¢, 7) reactions in the heavy target region also reproduces the
yields areA;-independent except for light targets, irrespec-A;-independence, but the average values obtained from the
tive of Ey. The yields for ¢y, ~) reactions on lighter targets calculations are two times those of the measurements. Thus,
such as'Li [15,16], 'B [12,13,17, C[16,18, ¥*N[19] are = the measured vyields in thé-independent region aE,
anomalously small compared with those for the heavier tar=400 and 800 MeV give a vyield ratio of
gets. The low values for théBe and!“O yields up toE,  Y(y,7 )/Y(y,7*)=5.6+1.0, while the corresponding
=1200 MeV were confirmed in the present work, and thePICA value att,=400 MeV is 1.8 0.3, confirming the pre-
low yields are explained as due to small humbers of particlevious findings discussed above. Af=250MeV, the ex-
stable stategtwo in ‘Be, ten in!!C, one in?N and*0)  perimentalY(y, 7= )/Y(y,#") ratio is 7.0+ 1.3 and the cal-
[22]. Also, it is well known that the anomalously slow tran- culated one is 2:20.3, both of which are somewhat larger
sition rates in theA=14 isobars are observed fiC—'*N  than the corresponding oneskj= 400 MeV, though almost
+e +7, and YO—-¥N+e*+v, as well as in radiative within the error limits. It is noted, however, that the excita-
pion and muon capturegl3]. On the other hand, many tion curve, o(k), obtained from unfolding of ther(E,)
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1000 T — , . — The high observed yield ratios compared with the calcu-
i lated ones may imply new nuclear structure effects that are

100 ° ,.Q_,_.‘—?.,MQ_?_ not taken into consideration in the theoretical foundation of

o 0 e gy I= Vo o . the PICA code. The nuclear model used in the theoretical
ko o [;‘%"D & § @, ©) Exp. ] calculations is exactly the same as the one used in the Bertini
: calculationg 23]. The continuous charge density distribution

. inside the nucleusp(r)=pq/{1+exd(r—c)/z]}, c and z,
: t being the relevant parameters, obtained by electron scatter-
A @) ing data[24], was approximated by dividing the nucleus into
S : o . ) three concentric spheres: a central sphere and two surround-
?ﬂ]&‘“ “& , “eu"as /LY ' 'ji‘gl&;‘m M e ing spherical annuli having the uniform densities of 0.9, 0.2,
A MY Py Cz ) E: (1T)PICA ] and 0.01 ofp(0) at the center of the nucleus. The neutron to
i r/ — proton density ratios were assumed to be equal to the ratio of

Py
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100 o

F . ) r’ﬂ‘;j
o §EE

. 57K ] neutrons to protons for the entire nucleus. Cross sections for
’ T@ OB [ 13 the photoabsorption by a nucleon in th& 3 resonance

(r, ) PICA region were taken from those for elementary processes for
e 3 free nucleon-photon interactions, by assuming(yp

:aaet o sy e a5 I 1B (b) —nm)=c(yn—pw~) from charge-symmetry consider-

181

Yields (ub/eq.q.)
=)
—Co

Ta1¥cy| v¥co| as'Rb, Ta

PO s Al R o O o R L ations. And the intranuclear cascade calculation of Bertini
1000 g ' T T [24] was then used to account for the secondary effect of
nucleon- and pion-interactions with the remaining nucleus
o (nT) Ewp. following the initial photon interaction. Pion absorption is

o H_g_? . assumed to occur via a two-nucleon mechanism with a cross
7 _ A 4 section for the absorption of a charged pion by a nucleon

v 5\? a. n*)Exp.HJ( " ieA with isobaric spin projection of the opposite sigre., a pair
) of nucleons must contain at least one proton to absorb a

negative pion and at least one neutron to absorb a positive
é ) pion).

The higher yields of the,7~) reactions and the lower
ones of the ¢, 7 ") reactions relative to those expected from
the PICA calculation could possibly be understood if the
neutron density in nuclear surface region is higher than the
inner density of the nucleus. An initial production of nega-
tive pions by way ofy+n—A°—p+7~ would be more
probable than those of positive pions by way ef-p

._.
=)
=)
T

(y, ©) PICA
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FIG. 3. Target mass dependence of thet™) yields in unit of
ub per equivalent quantdub/eq.q) at E,=800MeV (a), E,
=400 MeV (b), andEy= 250 MeV (c). Closed circles represent the
(y,7") yields and open squares the, ¢r*) yields. The large sym- . .
bols show the values obtained by the author’s group and the smaﬂT’A+_>n+ ™, a”?' the secorldary absorption of negative
ones from the literaturésee text, as measured for the targets indi- PIons by way ofm~ +pp or 7 +pT would be+le55 than
cated along the upper axis for the, &) reactions and the lower those for positive pions by way of"+np or 77 +nnin
axis for the @y, ") reactions in(b). The arrow symbols show mea- the neutron-rich surface region.
sured values not corrected for secondary contributions. The solid These processes which lead tg, ¢~) and (y,7") reac-
lines are the weighted means W{E,) for (y,7~) reactions on tions are, therefore, considered here to occur in the surface

targets withA,=>44 and for ¢y, *) reactions omA;=27. The dot-  region of the nucleus, but experimental observations seem to
ted lines in(b) and(c) show the average PICA results calculated for show that the cross sections are not proportionakft’(?) but

the same reactions. Ai-independent. Thi#\;-independence may be explained as
due to a compensation for the increase in pion production
with increasing nuclear siz@urface by the competitive in-
crease of neutron emissivity associated with pion emission

4 . (see Sec. Il ¢ The available final transitions are, therefore,
(,7") reaction peaks arourid=230 MeV and levels off to limited to a certain number of levels below the particle sepa-

vanishing values above 350 Melgee examples in Reffl]  4ii0n energy which is set equal to 7 MeV in PICA. While

and[2]). Because Oi this difference, the experimenf@Eo)  the number of the bound states and the strength of transitions
values for the §,7 ) reactions aroundo=250MeV in- 5 these states are unknown, they must be statistically sig-
crease more rapidly with an increase if compared with pjficant, as theA-independence from the PICA calculation
the corresponding ones for the,@ ™) reactions. Thé/(Eo)  also suggests. There has been no evidence for the density
ratio also tends to be higher compared to those at higper  difference between protons and neutrons in the stable
The reason for the difference in the peak energies for the twaucleus, but neutron skin and neutron halo structures have
types of reactions is not clear, though the phase space felt hyeen discovered in very neutron-rich light nuclei near the
7~ and 7" may differ as observed i8* emissions. It is drip line [25]. Further study of structural changes in nuclei
noted that the PICA calculations produce the same peak emloser to the stability line is required; the present work sug-
ergies for the excitation curves for botly,gr*) reactions. gests photonuclear processes may cause such effects.

curve, peaks around=200MeV for the (y,7~) reaction
and almost vanishes above 300 MeV. Thg) curve for the
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FIG. 4. Variations in the §,77~xn) reaction yields in unit ofub per equivalent quantgub/eq.q) for x=0-9 as a function of the
proton-to-neutron ratio of targetN(Z),, at E,=400 MeV (a) and 250 MeV(b). Experimental values are shown as closed squares, and
PICA calculations are shown as open circles.

C. (y,m~xn) yields 1.32(%°Ag), and 1.35t%9n), whereas the plateau values are

In order to reveal the target-dependent changes of thirgely discrepant. The PICA results underestimate by 35%
(y,7~xn) reaction yields for eack of x=0, the yield val- the (y,7") yields as noted above, but increasingly overesti-
ues atE,=400 and 250 Me\(closed squargsare plotted in ~Mate by factors of 1.5-2.0 they(w~xn) reaction yields for
Figs. 4a) and 4b) as a function of the neutron-to-proton X= 3.- The devi.ation increases with the increasm@he cal-
ratio of the entire target nucleusN(Z),. Solid lines repre- culations for light targets such a&i, B, *C, *N and
sentingx=0-9 are drawn through the observed points with>'Al, for which observed values for either they,(r™) or
the aid of the smoothed mass yield curves in Fig. 1. Alsdy.7 ") reactions are available, show small yields for reac-
plotted in Fig. 4 are the yield values calculated 65  tions with x=1-2, and show large deviations from the
=400 and 250 Me\Mopen circles by the PICA codd7]. smooth trends of the yields for the heavier targets.

The yield values change systematically with respectto ~ The sums of the {,7~xn) yields atE,=400 and 250
and (N/Z),. Both the observed and the calculated values foMeV are shown in Figs. @) and gb), respectively. In the
the individual reactions begin at a certaiN/g),, increase figures, the sums of the measured yields of the reactions of
rapidly with increasing Il/Z),, and reach a plateau &, X=0 to 1,2,...,9 and themaximum possiblex (max),
=400 MeV [Fig. 4a)]. At Eo=250 MeV [Fig. 4b)], the in- 32X oYi(N/Z),, are shown as solid lines. The two dotted
crease in the reaction yields for=4 slows and does not curves indicate the range of values for the total yield,
reach a clear plateau. The featuresEgt=250 MeV are a =g Yi(N/Z), as calculated by PICA. The total of the mea-
reflection of the excitation functions for these reactions; thesured yields increases sigmoidally with increasiNgZ), ; a
threshold and peak energies of the excitation functions inelose inspection reveals that the total yield curve consists of
crease almost exponentially with increasighe reactions two sigmoids, one fromN/Z),=1.01 to 1.35 and the other
for x<4 have peaks at photon energieskef250 MeV, and  from (N/Z),=1.35 to 1.55. The second steep sigmoid is the
cross sections for they(w 9n) reaction nearly vanish reflection of the rapid increase in the @~ xn) yields for
above k=400 MeV [1,2]. The PICA calculations approxi- x=5 for targets with N/Z),=1.35, which is consistent with
mate the observed profiles as a whole. Notably, the positivéhe change in the width of the mass yield curves shown in
slope regions of th&/(Ey) vs (N/Z); curves are well repro- Fig. 2. At E,=250MeV, there are no significant contribu-
duced, with some exceptions atN/Z),=1.18(°Co), tions from reactions withk=8 to the total yield, and the
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existence of two sigmoids is not very clear due to the reasonge plateau aE,=400 MeV are plotted as a function &fin

described above for the excitation functions. The PICA reFigs. ga)—6(c). The “target threshold” is defined here as

sults for the=“7Y;(N/2), fall in the region between the two that (N/Z), for which each §, 7 xn) reaction starts to oc-

dotted curves aE,=400 and 250 MeV. cur with a certain probability, say &b/eq.q. It is shown to
The fact that the variations in the observed reaction yieldsncrease linearly with increasing from 0 to 5. This linear
are well parameterized witl\{Z),, but not withA; or N, section can be described bNAZ),=1.040+0.05(k at E,
suggests that photopion reactions are initiated by competitive. 400 MeV and also aEy=800MeV. At Ey=250 MeV
photoabsorptions by neutrons and protons in the entir N/Z),=1.100+ 0.046. Also plotted in Fig. €a) are th;e
nucleus. Also, the rapid but sigmoidal increase of the totaFN/Z)th for. the yiélds 6'1,[ 5 10 50. 100 15(') 550. and 300
(final) yields with increasing /Z), does not appear to con- b/eqt.ré]. A group of the Iir;ear,arra;ys is,shov;/n to ,exist over

flict with the nuclear model of neutron-rich surface propose horter ranaes ot These relationshins can be used to bre-

earlier. The richer the concentration of neutrons in the outef. t th 9 ' d vields of th P ’ S dp i

region of the nuclei, the smaller the amount of negative-piond,IC € unmeasured yields ol Tnose reactions. some devia-
pns from a linear relationship occur at-5 for the 1 ub/

reabsorption, and also the more probable the occurrence 4
multiple-neutron-emission. Fory(7xn) reactions with €9-0- threshold and also for the thresholds of the larger

x=1, pions may carry small amounts of kinetic energyyiel_dsv suggestirjg that there may be some change in the re-
which allow emission of multiple neutrons during both the &ction process in the heavy target region dfZ); corre-
cascade process and the evaporation process from the excit@pending to N/Z),=1.3—1.4, where reactions involving
cascade residue. The latter would be dominantyina{( xn) high neutron multiplicities can occur. The slopes for the rap-
reactions of largex which are possible in target nuclei of idly rising yield section for individual reactions with respect
larger (N/Z);. The energies of the emitted particles may beto (N/Z), are almost the same far=0-2, but then increase
too low to be detected by current spectrometers, and thisspecially forx=5 [Fig. 6(b)]. The maximum yields de-
target-dependence difference from particle measurementgease very slowly with increasing from 300 ub/eq.q. at
could be explained by differences noted in the radiochemicat=3 to 100ub/eq.q. ak=9 [Fig. 6(c)]. Also shown in Fig.
observations. 6(c) are the results of the PICA calculatiof@pen circles

In order to characterize the features¥fEy) vs (N/Z),  The fact that the PICA code underestimates ther(") yield
more quantitatively, the “target thresholds,'N(Z),,, the by 35% and overestimates the,¢ xn) yields forx=3 by
slopes of the rising portions of the curves and the values a factor of about 2, as noted above, is clearly demonstrated.
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FIG. 5. The sum of the ¢, 7w~ xn) yields, 3_,Y;(N/Z),, in
unit of ub per equivalent quantab/eq.qg). Solid lines are the sums
of the measured yieldsY;(N/Z), from Fig. 4 for x=0 to x
=1,2,..., maximum possiblex (maX. Dotted curves show the
range of the total yields obtained from the PICA calculatidias.
for E;=400 MeV and(b) for E;=250 MeV.

Number of emitted neutrons, X

FIG. 6. Characteristics of they(m xn) yield profiles atE,
=400 MeV. (a) Variations in the “target thresholdN/Z),," for
the yields of 1, 5, 10, 50..,300 ub per equivalent quantgub/
eq.q) as a function ok at Eo=400 MeV [see text for definition of
(N/Z)n]). (b) Slopes of the rising yield sections for the individual
reactions,ub/eq.q. per unit /Z),, as a function ofk. (c) Maxi-
Also the PICA yields show a zigzag pattern due to an evenmum yields of the individual ¢, 7~ xn) reactions for differenk as
odd effect{1]. The overestimations for the plateau values fora function ofx. Closed circles connected with a solid line denote the
x=3 by the PICA code are due to higher cross sectiondneasured yields and open circles connected by dotted line denote
(lower transparenci¢sfor emission of negative pions and the PICA calculated yields.
neutrons than are required. In our study of photo-spallation _ o _ _
of the type such asy(xnyp over a wide range of target excessive excitation as compared with medium-heavy targets

nuclei [26] similar to the present work, the PICA calcula- (Af 100). q d th tical model dant with th
tions were found to overestimate the spallation yields of more advanced theoretical modet concordant wi €

large (-+y) especially for heavier targets present findings needs to be developed in order to better

The existence of plateaus in the yields faor, ¢~ xn) re- quantity the results.
actions of individualx might be due to the increase of
multineutron emission of larget being compensated by an
increase in nuclear size. Unfortunately, radiochemical meth- The authors are indebted to Dr. M. Yagi, Dr. K. Masu-
ods can not distinguish they(w*xn) yields from the more moto, Dr. T. Ohtsuki and the linac crew members of the
dominant {y,px’'n) yields for x=x"—1=1 because the Laboratory of Nuclear Science, Tohoku University, and Dr.
product nuclides from both reactions are the same. K. Yoshida, Dr. H. Okuno, Dr. K. Maruyama, Dr. M. Ima-

All of the facts point to changes in the widths of the mura and the ES crew members of the Institute for Nuclear
isotopic mass yield curves, the “target threshold/Z),, Study, University of Tokyo, for their invaluable assistance
the slopes in the sections of increasing yields with respect teegarding in accelerator operations, and to the former stu-
(N/Z);, and the maximum yields aN{/Z);=1.3—1.4, above dents of the Radiochemistry Laboratory of Kanazawa Uni-
which the occurrence fory, 7~ xn) reactions ofx=5 be-  versity for radiochemical experiments. This work was sup-
come pronounced. It is suggested that changes in the yieldorted by a Grant-in-Aid for Scientific Resear(®1470049
profiles for targets heavier thak =100 might be associated and 0730407) of the Ministry of Education, Science and
with pronounced nuclear medium effects giving rise to moreCulture of Japan.

ACKNOWLEDGMENTS



PRC 59 MASS YIELD FEATURES OF ,7") AND (y,. .. 1505

[1] K. Sakamoto, Y. Hamajima, M. Soto, Y. Kubota, M. Yoshida, [13] I. Blomgvist, G. Nydahl, and B. Forkman, Nucl. Phys162,
A. Kunugise, M. Masatani, S. Shibata, M. Imamura, M. Fu- 193 (1971).
rukawa, and |. Fujiwara, Phys. Rev.42, 1545(1990. [14] A. Masaike, J. Phys. Soc. Jpho, 427 (1964.

[2] K. Sakamoto, M. Yoshida, Y. Kubota, T. Fukasawa, A.[15]V. l. Noga, Yu. N. Ranyuk, P. V. Sorokin, and V. A.

Kunugise, Y. Hamajima, S. Shibata, and |. Fujiwara, Nucl. 16 'Fl;k?EChBenko,dUPI:r.nglys. ‘16’ 185%(197\:) gn Russ_iar)lri)h R
Phys.A501, 693 (1989. [16] P. E. Bosted, K. I. Blomqvist, and A. M. Bernstein, Phys. Rev.

. Lett. 43, 1473(1979.
[3]Y. qua, A. Yaz.e.lwa, M. Yoshida, S. R. Sarkar, K.. Sakamoto,[17] I. S. Hughes and P. V. March, Proc. Phys. Soc. Londan
S. Shibata, I. Fujiwara, and M. Furukawa, Radiochim. /G8a 259 (1958.

27 (1995. [18] V. D. Epaneshnikov, V. M. Kuznetsov, and O. I. Stukov, Sov.
[4] J. Arends, P. Detemple, N. Floss, S. Huthmacher, G. Kaul, B. 3. Nucl. Phys19, 242 (1974).

Mecking, G. Nddeke, and R. Stenz, Nucl. Phya526, 479  [19] V. DeCarlo, N. Freed, W. Rhodes, B.'Bw, G. G. Jonsson,

. . Lindgren, and R. Pettersson, Phys. Re .

(1991 . K. Lind dR.P Phys. Re\2121460(1980

[5] A. Nagl, V. Devanathan, and H.kérall, Nuclear Pion Photo-  [20] P. V. March and T. G. Walker, Proc. Phys. Soc. Londah
production(Springer-Verlag, Berlin, 1991 293 (1960. ) _

[6] T. A. Gabriel and R. G. Alsmiller, Jr., Phys. Rel82, 1035 [21] I. Blomqvist, B. Buow, A. Fredrikson, B. Johnsson, G. G.
(1969 Jonsson, K. Lindgren, M. Nilsson, R. Petersson, O. Glomset,

. . . N. Freed, and W. Rhodes, Z. Phys.288 313(1978.
[7] Laﬁércl;a?t?_r;:’ogioilC;Zt;:)lr?l\?:d O??l:l/:l_ﬂigln;a?r]])n Oak Ridge [22] Y. Oura, K. Kawaguchi, S. R. Sarkar, H. Haba, Y. Miyamoto,
’ ) K. Sakamoto, S. Shibata, I. Fujiwara, and M. Furukawa, Re-
[8] K. Tesch, Nucl. Instrum. Method35, 245 (1973). search Report of Laboratory of Nuclear Science, Tohoku Uni-
[9] J. T. Routti and J. V. Sandberg, Comput. Phys. Comn2an. versity 27, 133 (1994.
119(1980. [23] H. W. Bertini, Phys. Rev131, 1801(1963.
[10] M. Nilsson, B. Schrder, B. Biow, J. Grintals, G. G. Jonsson, [24] R. Hofstadter, Rev. Mod. Phy&8, 214 (1956.

B. Lindner, K. Srinivasa Rao, and S. Susila, Z. Phys2%, [25] P. G. Hansen, A. S. Jensen, and B. Jonson, Annu. Rev. Nucl.

253(1980. Part. Sci.45, 591 (1995; I. Tanihata, J. Phys. @2, 157
[11] I. Blomgqvist, P. Janesk, G. G. Jonsson, H. Dinter, K. Tesch, (1996.

N. Freed, and P. Ostrander, Phys. Revl1%:988(1977). [26] S. R. Sarkar, Y. Oura, K. Kawaguchi, A. Yazawa, K. Saka-
[12] V. I. Noga, Yu. N. Ranyuk, P. V. Sorokin, and V. A. moto, S. Shibata, and |. Fujiwara, Radiochim. A@&3, 7

Tkachenko, Sov. J. Nucl. Phy%4, 506 (1972. (1993.



