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Nonstatistical ¥ emission in *He- and a-induced reactions
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We have measured inclusiveray production cross sections f8He- anda-induced reactions on various
targets in the mass range=61-181 at projectile energies of 11-27 MeV. Exceptdeinduced yields on the
lightest targets, all reactions show high-energyay yields 1-3 orders of magnitude larger than can be
obtained from statistical model calculations. Angular distributions are strongly forward peaked in the center of
mass frame for the highestray energies, providing model-independent evidence for a nonstatistical reaction
mechanism. Calculations of direct radiative capture and semidirect excitation of the giant dipole resonance can
qualitatively reproduce the angular distributions but cannot reproduce either the dependence iGitloeoss
sections orE,, or the target dependence of the absolute cross sections2Tti#He,y,) *°O reaction was found
to change from predominantly statistical to predominantly direct over this bombarding energy range.

PACS numbss): 25.55~¢, 24.60.Dr, 24.30.Cz, 23.20g

[. INTRODUCTION jectile masses and energies fall between the extremes of
nucleon-inducedy-ray production and statistical heavy-ion-
The reaction mechanisms for radiative capture of nucleinduced reactions, and thus one might expect features of both
ons and heavy ions in certain energy regimes are reasonabdijrect-semidirec{DSD) and statistical radiative capture.
well established. The radiative capture of energetic nucleons Our measured y-ray spectra from the *He- and
up to nucleon energies of at least 25 MeV is dominated byr-induced reactions share a number of common features. In
the direct and semidirect processes. In direct radiative cafll the reactions, large structureleggjields are observed in
ture, the nucleon is captured directly into a final state, radiand above the giant dipole resonance regigp=14 MeV).
ating in the process. In semidirect radiative capture, the reExcept for a-induced reactions on the lightest targets, all
action proceeds primarily through single-step excitation ofreactions show high-energy-ray yields which are 1-3 or-
the giant dipole resonand&DR), which then radiates. ders of magnitude larger than statistical model calculations
In contrast, heavy ion radiative capture up to projectileof compound nuclear decay.
energies of at least 5 MeX/in medium and heavy nuclei is Angular distributions have been measured for several
well described by fusion leading to a statistically equilibratedcases; they are strongly forward peaked in the center of mass
compound nucleus, which then decays with a strength fundrame for the highesty-ray energies, providing model-
tion dominated by the GDRL]. At higher heavy ion projec- independent evidence for a nonstatistical reaction mecha-
tile energiesEy,; = 20 MeVIA, y rays with energy 100 nism. The forward-peaked angular distributions also imply
MeV and higher have been obserig]. In this energy re- the presence of interfering multipoles of opposite parity,
gime there is experimental and theoretical support for a remost likelyE1 andE2. The degree of forward peaking in the
action mechanism involving bremsstrahlung from incoherent.m. frame cannot be described in terms of emission from a
neutron-proton collisions between projectile and targetmoving source with a single source velocity, as has been
nucleons. Coherent collective nuclear bremsstrahlung, ifound for heavy ion collisions at higher bombarding energy.
which the projectile is accelerated by the mean field of the For reactions initiated by both projectileg,rays are ob-
target and radiates in the process, has also been proposedsasved that carry close to the total energy available in the
a possible reaction mechanigi®|; however, there exists no reaction, suggesting a coherent production mechanism. We
clear evidence for this process. have also found that there is a systematic dependence of the
In the course of studying statistical GDR decay in com-exponential slopes and magnitudes of the Higtspectra on
plex particle collisions, we first noted anomalously largethe total energy available in the reaction.
yields of high-energyy rays from3He anda collisions with The observed nonstatisticalyields are in general greater
Sm target nuclefl]. In this work, we present an exploration for the 3He projectile than for ther. This is what one would
of the systematics of this effect by measurements of incluexpect forE1 radiation from the DSD mechanism. Because
sive y-ray production cross sections froniHe- and the a+target systems have a sméll effective chargeyg;
a-induced reactions on various targets in the mass rang@g,=0 for @ plus anN=Z target since the dipole moment
A=61-181 at projectile energies of 11-27 MeV. These provanishes in the center of masthe directE1l radiation is
suppressed. Semidirect excitation of the GDR by the isospin
T=0 «a particle is isospin forbidden. However, at these
*Present address: TRIUMF, 4004 Westbrook Mall, Vancouver,y-ray energiek,R is large enough- 0.5 forA = 150 and

British Columbia V6T 2A3, Canada. E, = 20 MeV) for directE2 radiation to be important.
TPermanent address: Institute of Experimental Physics, University In an attempt to quantify these simple considerations, we
of Warsaw, 00681, Poland. have performed distorted-wave calculations of the DSD pro-
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cess. These calculations indicate that even for3He pro-

jectile the semidirect contribution is small compared to the E(“lHe)l = R7 MeV

direct contribution. The angular distributions are qualita- 10% | o1 1r q
tively reproduced by interference of dirdel andE2 radia- 10° [ Ni I ]
tion. Although the yield of the highest-energyrays is also ol ar 1
qualitatively reproduced, the predicted dependencé& pis = 1077 1 j
wrong; the calculated spectrum is too flat with energy com- é 107% i 1
pared to the data. We conclude that direct radiative capture } L. . L i
can account for the-ray yield at the highedt,, while some \E/ 10% I .
more complicated preequilibrium process must be contribut- 2 o r T ]
ing to the yield above the GDR energy. g 10°r (i i

In Sec. Il below we describe the experimental technique. b 107% ar 1

We present the experimental results and a phenomenological 1074
discussion in Sec. lll, and we present our model calculations

in Sec. IV. Several authors have performed calculations to 10 20 3'0
compare with ourr + %%Sm and®He + *Sm data which E_ (MeV)
appeared in Ref.1]. We discuss these results together with 7
other measurements and calculations in Sec. IV. The conclu-
sion is Sec. V.

10 20

o

FIG. 1. Inclusivey-ray production cross sections deduced from
y-ray spectra measured &}=90°, andCASCADE statistical model
calculations fora+ 8Ni, ®Mo, 2%Sn, and'®'Ta at E(@) =27 MeV.

The cross-section data shown here and in other figures do not in-
Il EXPERIMENT clude the efficiency correction factor discussed in Sec. Il A.

We used®He anda beams with energy 11-28 MeV from
the FN Tandem Van de Graaff at the University of Washing-
ton Nuclear Physics Laboratory. Inclusiyeray spectra were

measured with a 2010 in.2 cylindrical Nal crystal sur- _ - i
from the presence of their characteristic low-eneyggys in

rounded by an NE 110 plastic anticoincidence shield and b h i qf I b q
passive®LiH and paraffin neutron shielding, with 4-in.-thick € spectra; spectra were measured from .”at“ra carbon an
Ta,05 targets and used to make corrections for impurity

Pb collimation. We bunched the beam with a pretandem 5 ; . o
bunching system and used time of flighpical full width at contributions. The Iargl;4est correction fo_r impurities was for
half maximum (FWHM) 4 nsec, flight path of 74 cinto the Sm targets; for+ 148Sm, 2% corrections were made for
distinguish betweery rays from the target and other back- 15 Mev= §v<2?4 MeV, and 10% corrections fo, >
ground such as neutron-induced events from the targefOMeV: for “He+ “Sm, corrections were 15% abots, =
eliminating the latter. Other potential sources of background© MeV- For all other targets the corrections were 1% or less

such as the shielded beam dump, empty target frame, arl@’ YTy energies at or above the giant dipole resonance

beam collimation system were measured and found to b&M€r9Y- o .
negligible. The anticoincidence shield, along with the time__P0SSible spectrum distortion from summing was found to

cycle of the beam, made background events from cosmil€ negligible by measuring spectra at different detector-to-

rays negligible for they-ray energies of interest. target distances. This is consistent with the small absolute
Before each run the detector was calibrated uji jo= detector efficiency, Wh,'Ch was 9.5 msriay = :_1'5'1 MeV, or

22.6 MeV with discrete lines from th&!B(p, y) reaction. roughly 0.1% of 4r. Pileup was routed on line with a fast

The detector energy resolution was3.2% in the geometry discriminator circuit found to be 50% efficient and, in addi-

used. The Nal gain was stabilized by a light-emitting diodetion’ an off-line subtraction was made; the largest correction

(LED) feedback system to within 0.5%. resulting for high-energy rays of interest was 7% for the 27

The absolute efficiency of the detector is experimentallyMeY @ + ®Ni reaction and considerably less for all other
known to = 5% for y-ray energies from 2.3 to 15.1 MeV. targets. L . )
For E, > 15.1 MeV, the efficiency is determined by mea- The uncertainty in our absolute cross sections: B0%;
suring the ratio of events rejected to events accepted by t e relative uncertainty as a function of energy is shown by
anticoincidence shield for discreterays from (,y,) reac- e €rror bars in the spectra.
tions, and assuming a tota@ccept+ rejec) efficiency that is
constant above 15.1 MeV, consistent with Monte Carlo cal-11l. RESULTS AND PHENOMENOLOGICAL DISCUSSION
culations. For example, this results in a relative efficiency _ .
(30 MeV)/e(15 MeV) = 0.63. A. a-induced reactions

Targets were self-supported rolled foils of the following  Figure 1 shows inclusivey-ray spectra fora particles
thicknesses: 1.00 mg/cm ®Ni, 3.5 mg/cn? ®Ni, 2.09 incident atE,, = 27 MeV on target$Ni, Mo, ?Sn, and
mg/cn? *Mo, 1.03 mg/cnt %Mo, 2.1 mg/en? 11%n, 1.36  *8'Ta. Also shown in Fig. 1 are statistical model calculations
mg/cn? 12%5n, 2.0 mg/cm 12%Sn, 2.5 mg/cm 14%Sm, 2.8 using a modified version of the codascADE [4], incorpo-
mg/cm? 1%%Sm, and 2.0 mg/crh 18%Ta. Target thicknesses rating the GDR into they-ray strength function.
are known to 10% from rolled material estimates, verified in In all figures of spectra, the measured spectra are dis-
many cases by energy loss ef particles from a®*!Am  played along with calculated spectra which have been folded

source. All targets were isotopically enriched to at least 90%
except for'®sn, which was enriched to 86%.
Carbon and oxygen impurities in the targets were deduced
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TABLE |. Properties of studied reactions.

E(°He) =
: *b c 10% - T 1
E\ab Reaction s E (Ecm—Vo)/A L 61N 4 i
(MeV) (MeV) (MeV) (MeV/u) 10° | T 1
-2 i
270 He+ OWi 42.4 5.6 = 107 iy 1L ]
%Mo 275+ 012 416 45 S 1074 - ‘
1245n 41.4 3.9 > [ i
§ 10%f + -
27.0 *He+'8%sm 231+ 0.10  36.3 2.9 = L 1 _
18173 37.1 2.1 e 10° ¢ I 1
.t 1 i
16.0 3He+ ®Ni  1.86+ 0.14  29.3 2.2 b 107 T ]
_4_ AL N
27.0 a+ ONi 20.3 4.1 10 I ]
1245n 29.3 2.9 '
0 1
%Mo 1.63* 012 281 33 0 =0 E3(2hfev)1o 2030
28.0 a+1%n 28.6 3.2 7
14.9 3He+ **Mo 29.3 0.6
159 3He+12%n 28.6 0.3 FIG. 2. Inclusivey-ray production cross sections deduced from
15 y-ray spectra measured é§=90°, andCASCADE calculations, for
27.0 at™Sm 158+ 0.04 270 2.2 3He+ SINi, %Mo, 12%Sn, and'8'Ta atE(®He)=27 MeV.
27.0 a+Sm 140+ 0.04 242 2.2 ] o ,
1817, 242 16 v decays of residual nuclei which are populated by particle
evaporation to within one nucleon binding energy of the
23.0 a+1%sn 1.6+ 0.3 25.4 2.0 yrast line. For the present reactions the statistical calculations
for E, > 15 MeV are uncertain by a factor of less than 2
12 + Y R . . !
20.0 a+sn 1.5+ 03 225 1.2 due to uncertainties in the width of the giant resonance built
17.0 a+ 12450 1.0+ 0.3 19.6 0.5 on excited states and in the level density at these low exci-
3 o tation energies. This is discussed further in Sec. IV A.
11.0 Het+ ™Ni 160+ 020 242 0.4 The statistical model can account for essentially the entire
36.0 i+ B\od 20+ 02 16.8 26 spectrum for thea+ 5INi reaction, consistent with earlier
18175 15+ 03 417 0.9 studies of 24 MeVa+ °Co[5] and 28 MeVa + “°Ti [6].

For the heavier mass targets, thgield for E,, > 20 MeV is
% xponential shape factor determined ;> Ep, characteristic 1 to 3 orders of magnitude greater than the statistical model

of the reactions grouped between the horizontal lines. calculation. Qualitatively, the ratio of the experimental yield
PExcitation energy of combined system, before decay. to the statistical model calculation increases with target
Projectile energy minus Coulomb barrier energy, per incidentmass, although the absolute yield does not follow a mono-
nucleon. tonic trend with mass. Alsoy rays have been observed at
YReferencd5]. energiesE, ~ E*, the compound nucleus excitation energy,

whereE* = Q + E.,, andE_, is the projectile energy in
with the measured line shape and efficiency. The absolutg,e center onmassC;rgee Tabie | prol 9y

cross section scales shown on the ordinates of these figures
have been deduced assuming a constant detector efficiency
equal to that aE,,=15.1 MeV. A close approximation to the
true cross section can be obtained by dividing the displayed In Fig. 2 are spectra foE,, = 27 MeV *He incident on
data by the energy-dependent efficiency factorthe same targets. Again, the spectra at Byvare consistent
exd(E,—15)/32.7 aboveE,=15 MeV. This procedure ne- with the statistical model. The spectra fér, > 15 MeV
glects the effect of the shape of the response function, whichreatly exceed the statistical model calculation for all target
is reasonable since the resolution is very good and the tail igasses. Th€ values for the*He-induced reactions are
small. Figures which show only spectra come from measurelO MeV greater than for the-induced reactions, and finite
ments atd,=90°, and the absolute cross sections have beefields are observed up ®, ~ 35 MeV, which is within 5-7
deduced assuming an isotropic angular distribution. FigurebleV of E*, the kinematic end point.

B. 3He-induced reactions

which contain fitted angular distribution coefficientsee The ®He-induced cross-sections far, > Ep, the GDR
Secs. Il E and Il § display the total cross section deter- centroid energy, are considerably greater than the
mined from the fits. a-induced cross sections at the sagfor the same targets.

Calculations usingASCADE have been generally success- This is expected for the simplest nonstatistical processes
ful in describing they-ray yield from heavy ion reactions at such as direct and semidireEtl emission, which are sup-
somewhat higher excitation energi¢4]; details of the pressed for thél=Z « particle. However, the highe&p val-
present calculations are given in Sec. IV A. Foy<10 MeV  ues for the®He-induced reactions make this projectile de-
the statistical model reproduces the measured spectra wefiendence of the cross sections difficult to interpret; as we
the steep rise in cross section with decreadigs due to  will see below, the higher cross sections may be partly a
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FIG. 4. Inclusivey-ray production cross sections deduced from
FIG. 3. Inclusivey-ray production cross sections deduced from y-ray spectra measured &j=90°, andcAsCADE calculations, for
y-ray spectra measured = 90°, andcASCADE calculations, for  a+'#*Sn atE(e)= 17, 20, 23.2, and 27 MeV.
reactions which form three different compound nuclei each with
different entrance channels: 26.9 Me¥ + ®Ni and 16.0 MeV In contrast, the absolute yields fﬁ‘y; 15 MeV are al-
:'5*9 + ONi, forming Gszn%at E*=29.3 MeV, 27.0 MeVa +  most identical for the two different entrance channels for the
Mo and 14.9 MeV°He + ™Mo, forming~ Ru atE” =28.2 MeV;  reactions on the Mo targets and for the reactions on the Sn
and 28.0 MeVa + °Sn and 15.9 MeVPHe + **%8n, forming  targets. However, it is not clear whether this similarity in
*Te atE* =28.5 MeV. yield follows from some simple aspect of the reaction
mechanism or whether it is an accident, since for these
result of the greater energy available in thiee-induced re- heavier targets, thHe bombarding energy is near the Cou-

actions, particularly if the reaction mechanism is more com{omb barrier. In fact, if one were to correct approximately for
plex than direct plus semidirect. the effect of the barrier by normalizing the curves in Fig. 3 to

the same low-energy yield, which is essentially normalizing
to the total reaction cross section, then the Highyield in

C. Comparison of different reaction channels forming the 3 ; AN
the *He channel would again be larger. Thus it is difficult to

same compound system

To investigate the role of th€ value in the reaction 1
mechanism, we comparegtray yields from the same com- 101%F ~, 27MeV *He + ®Ni
pound system produced at the same excitation energy with B
both 3He anda entrance channels. The measured reactions 10®
are 16.0 MeV3He + 52Ni and 27.0 MeVa + ®INi forming
5Zn at E* =29.3 MeV; 14.9 MeV3He + **Mo and 27.0
MeV a+ %Mo forming *Ru at E* =28.2 MeV; and 15.9
MeV 3He+ 12%Sn and 28.0 MeV + 11%Sn forming 1°Te at
E* =28.5 MeV. The absolute cross sections are displayed in
Fig. 3, along with statistical model calculations. For these
reaction pairs the statistical spectrum shape should be essen-
tially the same, since theAsCADE calculations indicate that
the difference in angular momentum distributions for the two
entrance channels makes very little difference in the calcu-
lated y-ray spectrum shape: the differences in magnitude of
the statistical calculations are primarily due to differences in
fusion cross section. Indeed, the experimental yield for 0
E,<13 MeV does scale with the statistical calculation; this
is consistent with a statistical reaction mechanism as the pri- E (MeV)
mary source of these lower-energyrays. 7

The_a+ ®!Ni yield can be comple_tely accounted for bY the  fgig. s, Inclusivey-ray production cross sections deduced from
statistical model. The absolute yield f&,>18 MeV is  ,._ray spectra measured a5=90°, andcascaoe calculations, for
greater for*He+ ®Ni than for a+ ®!Ni, implying a projec-  Spe-+ 6INj at E(3He)= 27 MeV, and®He+ ®Ni at E(*He)= 16 and
tile dependence in addition to just tigvalue difference. 11 MeV.

a,(E,)(mb/MeV)
'5: o o 9 o

—

(o]
-
T




53 NONSTATISTICAL y EMISSION IN 3He- AND o-INDUCED . .. 1763

interpret these results without a model for the nonstatistical
reaction mechanism.

D. Dependence on projectile energy

We have also measured the dependence ofthey yield
on the projectile energy for a given target. Figure 4 shows
spectra froma particles incident ont?)Sn at 17, 20, 23.2,
and 27 MeV, and demonstrates that the discrepancy between
the data and the statistical calculation increases as a function
of projectile energy. For the lowest ener@y,=17 MeV, the
discrepancy is sufficiently small that with further adjust-
ments of parameters, the statistical model might fit the data.

Figure 5 shows the spectrum frofHe on %Ni at 11
MeV along with spectra already shown féile on 5?Ni at 16
MeV and on®!Ni at 27 MeV. Again at the lowest bombard- .
ing energy,Esy.= 11 MeV, most of the spectrum is repro- o
duced by the statistical model calculation. At the higher pro-
jectile energies the measured yield is clearly in excess of the
statistical model calculation at the higherray energies.
These results may be compared to earlier studies in which
the y-ray spectrum from 11.8 MeVHe + Mg (E* = 33.8
MeV) was fitted with the statistical mod§gT].

o,(E,)(mb/MeV)

ay

E, (MeV)

FIG. 6. Inclusivey-ray production cross sectionsASCADE cal-
culations, anda, and a, coefficients fora and *He + #%Sm at
E(lab)=27 MeV. The curves at higk,, are direct-semidirect cal-
culations: solid, total direct-plus-semidirect; dash, direct. Other
To further explore the nonstatistical nature of the reactioncyrves fora: dot, Coulomb-induced semidirect; lowest solid, isos-

mechanism, we measured angular distributions of the emitcalar semidirect. OthetHe curve: dot, isovector semidirect.

ted v rays produced in the reactions 27 Me¥ + Mo,

14 15 14 )
_Ssm’ and**’Sm, as well as 27 MeVHe + Ssm- Inclu- f data taken at more angles.df+# 0, then a correction for

sive spectra were measured at400° and 140 in the lab. a, can be calculateda)(measureli ~ a(true) — (0.789

Differential cross sections in the lab were converted to Cros§4(true) The results arr‘é shown in Figs. 6 and 7

sections in the nucleus-nucleus center of mass frame by the' =0 i/ our reactions, tha, coefficient is finite and posi-

E. Angular distributions

formulas tive for E,=Ep; i.e., the radiation is forward peaked in the
d20(6,E.) d20 (6, ,E.,) center of mass frame. The fact that# 0 implies that there
W,E:: y(l—,BcosﬁL)le’Ey:, (1)  must be coherent interference between multipoles of oppo-

E,=»y(1—pBcosh )E,,

cos — B
CoOY=7—5—-,
1- Bcoy,
where the subscripgt denotes the lab frame and quantities 2 i
without subscripts are in the center of mass frame. For these & -«
reactions, the lab to center of mass conversions are small, for & L
example, B = 0.005 fora+ %Mo, affecting the extracted

a; and a, by less than 0.1 foE,= 15 MeV. To obtain

1.0 -

cross-section values at the saBgin the center of mass for - sl
different angles, spectra were interpolated. o 00
The resulting spectra, binned in energy bins-ofL. MeV, PR R R R
were used to determine the coefficients of the Legendre poly- 1.0 T T T — T T
nomial expansion: 05 - n I I ]
e 0.0 . g . _ |
§ T T
1

W(6)=47mAq[1+a,P,(cosd) +asP,(cosp)].  (2)
-1.0
SinceP;(cos40)~ 0, andP5(cos90) =0, we are not sensi-
tive to a; and can neglect it. It is reasonable to neglegct
since a finiteas would require radiation of multipolarity 3,

i

5

E, (MeV)

5 15 25

E, (MeV)

which probably is not large at thesgray energies. Thus FIG. 7. Inclusivey-ray production cross sectiosith CASCADE
a; as defined by Eq(2) is a close approximation to the,  calculation$ anda, anda; coefficients fora+ 1%*Sm and,®Mo at
that would be obtained from a complete Legendre expansioB(a)=27 MeV.
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o e te ., I l . 1.0F 1F -
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o~ 3He + 14881'1’1 I 1.0 T T T T T T
Q 0 T + 05 -r { -1
5 T “..‘!iIIIj: (é“ 0.0 s a1 ] : 'i{}} I I
= .. 1 cos L . I{H [ }I HH ]
® 1 A TP S I E— . I 1 ] 1 ] 1
- -1.0
T e "B, (MeV) "B, (MeV)
e e
—~ a + **Sm 7 7
g 0 iTIT
~ Fre et . ;} I FIG. 9. Inclusivey-ray production cross sections deduced from
- + . s+ ¥
o] o y-ray spectra measured a;=90°, anda, anda, coefficients for
-1l 5' S 1'5 L 2'5‘ 3He + natural C and natural O, &(*He)=27 MeV.
E7 (MeV) tively consistent with direct-semidirect radiative capt(see

Sec. IV); however, a negativa, can also be produced by
FIG. 8. a, coefficients transformed to the nucleon-nucleon cen-SPin plus deformation effects in statistical de¢ay.
ter of mass frame. From top to bottom:+ **Mo, o+ 148Sm, *He + A mechanism which has been successful in explaining the
148sm anda+ 1%%sm, all atE(a)=27 MeV. origin of the y rays withE,, > Ep seen in medium-energy
heavy ion collisions is incoherent bremsstrahlung, primarily
site parity. We will see in Sec. IV that the gualitative behav-from first neutron-proton collisiong2]. The usual approxi-
ior of the measuredy; is consistent with direct radiative mation involves assuming onk1 radiation in the emitting
capture ofE1 andE2 multipolarities. The fact that, is so  frame; as a result, the cross section in this frame, which
large near the end point energy implies that HleandE2  moves with approximately half the beam velocity, is
amplitudes are comparable at the highgsty energies. forward-backward symmetric. For our reactions, in which
These results provide model-independent evidence for the target is heavier than the projectile, the result is positive
reaction mechanism different from statistical decay of ana, coefficients and hence forward peaking in the nucleus-
equilibrated system. This follows from the fact that oppositenucleus center of mass.
parity radiations populating a given final state must come To test whether this mechanism might be relevant to our
from opposite parity, and hence different, compound stateseactions, we have transformed our cross sections to a refer-
The assumption in the statistical model of phase incoherenaence frame moving with half the beam velocity, and fitted
among different compound states implies that such interfethem to a Legendre polynomial expansion as before. The
ence averages to zero. Thus statistical emission from the infesults for thea, coefficient for thea+ **Mo, *8Sm, and
tial compound nucleus or its daughters must produce a front!>*Sm and3He+ #8Sm reactions are shown in Fig. 8. The
back symmetric angular distribution in the nucleus-nucleusow-E , part of the spectra is not symmetric ab@yt=90° in
center of mass, and hence our observed deviations froithis frame[i.e., a;(nn) is not zerd since compound nuclear
front-back symmetry imply a nonstatistical reaction mechadecay should be symmetric abo#t,=90° only in the
nism. nucleus-nucleus c.m. frame. For the three reactions on Sm,
The value ofE,, for which a; becomes nonzero is lower the statistical component is small abd¥e ~ 16 MeV, and
for a+%%Sm anda+ '%%Sm than fora+ °Mo, which may in this region it is clear that in this frame, the nonstatistical
be due simply to the fact that statistical emission extends temission is not symmetric aboét,=90°. This implies that,
higherE,, in the lighter systems. At the loweyr-ray energies for these reactions, incoheremip bremsstrahlung is not the
E,<Ep, a;~0 in the c.m. framéFigs. 6 and Y. This sug-  primary source of the observegd rays, except possibly for
gests that the loviz,, radiation is due to statistical emission the very highesty-ray energies. In fact, for these reactions
from an equilibrated system. This conclusion is supported byio frame exists for whicla, =0 for all E, > 16 MeV. For
the agreement between the measured cross sections and the ®*Mo, the statistical contribution is small only at the
CASCADE calculations forE, < Ep. highestE,, wherea,;(nn) ~ 0 as in the other reactions.
The interpretation of the, coefficient is not as straight- We can conclude from the angular distributions and the
forward. In these reactions it is consistently less than zero dailure of the statistical model to fit the spectra mentioned
y-ray energies near the giant dipole. The results are qualitabove that nonstatistical emission occurs for 27 Mé¥é on
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TABLE Il. E1 andE2 effective charges for studied reactions.
E(®*He) (MeV)

10! EI’ ——r 1|0 ——r 1|5 —— .2|° —— .2|5 —— Target FN 9z,
F ] o SHe 1o SHe
- 12~/3 1 BINi 0.024 0.35 35 35
I C(He.yo) ] E2Ni 0.38 35
100 — %Mo 0.049 0.43 37 37
= F ] %Mo 0.44 37
3 [ I 1 H9sn 0.10 3.7
5 - 1 1205 0.54 3.7
-t _ 1245 0.14 0.60 3.7 3.7
F ] 1485m 0.10 0.53 3.8 3.8
s 1 154Sm 0.14 3.8
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E,, (MeV) role in the nonstatistical emission rate. The effective charge
for radiation of multipolarityL is given by
FIG. 10. Excitation function for thé’C(®He,y,) 1°0O reaction. [ Zp L2t
Top axis is®He lab energy, bottom axis ig-ray energy. Solid curve QeL=wn A_Iﬁ (=1 A_tL ()

is statistical model, dashed curve is direct capture.

where p andt subscripts denote projectile and target, and
w is the reduced mass.

The cross sections fd1 andE2 direct radiative capture
are proportional to the squaresaf; andqg,, respectively.

R ~ The E1 effective charge is zero for aa incident on an
We have also measured angular distributions for reaction§ =z target, since the dipole moment in the center of mass

of 27 MeV °He + natural C(98.9% *°C) and natural O vanishes. For thex-induced reactions studied here, the
(99.8% *°0), which have total energf* = 33.7 and 31.2  square ofge, increases by an order of magnitude from the
MeV, respectively. The results in the nucleus-nucleus centefghtest to the heaviest target mass, while it is relatively con-
of mass frame are shown in Fig. 9. The large peak in th&tant and much larger for théHe-induced reactionéTable
*He+C spectrum is from the 15.1 Me¥"=1", T=1state ||). This is qualitatively consistent with the observed trends
in *2C formed by the'*C(*He,«) *°C* reaction, and perhaps of the nonstatistical yields.

by '°C(®He,*He’). This state decays 88% by, emission A more direct test can be made by comparing 27 MeV
[8]. Sincey emission from higher-lying states #1C formed  4+1%%Sm with 27 MeV a+48Sm (Fig. 11 in the region

in this reaction must compete with proton decay, and thusiboveE, = 18 MeV, where the statistical yield is small. For
their y-decay branches are suppressed-byl0® or more,  this reaction pair, the ratio af, for the two different target
the observed yield foE, > 15.1 MeV probably does not isotopes is approximately 1@able 1), while the other re-

have significant contributions from inelastic scattering. Theaction properties which affect dire¢and semidiregtemis-
angular distributions are similar in character to those from

the heavier targets, with positivg at highE,, and negative

all targets, and becomes significant for 27 Me\bn targets
comparable in mass to or heavier than Mo.

F. 3He reactions on C and O

-1

a; atE, nearEp, although the results for thiHe + natural 10 *F x ' '

O reaction have marginal statistical significance. Finite cross o s e

sections extending t&, = E* are observed in both cases, = 10 3 E»:‘ . E
with the 7y, transition in the *>C(°*He,y) reaction clearly v L

separated from other transitions by the 5.2 MeV energy of E 1073 | °%e z 1
the first excited state of°O. Q ® 3,

In Fig. 10 we show the*?C(3He,y,) *°0(g.s) cross sec- g 104 7 wen ? §§f |
tion measured at three energies. Also shown GASCADE ’m? § 1y &
statistical calculation of this cross section, wiig =21 MeV X . {3 T
andI’ = 6 MeV for the T_ component of the GDR9,10], ® 10 F & ®'sm E
and a direct capture calculatigeee Sec. IY. These results § *sm
indicate a reaction mechanism which changes from predomi- 10— 6 I J .
nantly statistical at low projectile energy to predominantly 10 15 20 25 30
direct at high projectile energy. E, (MeV)

G. Effective charges for direct capture . . . .
9 P FIG. 11. Comparison of inclusive-ray production cross sec-

The observed target mass dependence of the nonstatistians for a+1%n atE(a)=28 MeV, anda+1%/Sn, 1*8sm, and
yields suggests that tHel effective chargejg; may play a  '%‘Sm atE(a)=27 MeV.
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FIG. 12. Comparison of-ray production cross sections plotted FIG. 13. Comparison of-ray production cross sections plotted
as a function ofE* —E,,, for 27 MeV « + °®WNi, *Mo, '*'Sn,  as a function ofE* —E,, for 27 MeV *He + °'Ni, ®Mo, '*sn,
1485, 1545m, and®'Ta. 1485m, and'8'Ta.

sion such a§) values and distorted waves are very similar. In
the high-energy region, the+ 54Sm cross section is some- ~ Other interesting phenomenology can be obtained by ex-
what larger than thex+148Sm cross section, as expected trapolating the high-energy yields to obtain the cross section
from the E1 effective charges. One may also compare 2mear the total energy available(E,~E*). This quantity is
MeV a+12Sn with 28 MeV a+ 119Sn (Fig. 11). Here the  very similar for all of thea-induced reactions, and separately
gZ, ratio is the same as for the Sm reactions. The tiigh- for all of the ®He-induced reactions. This is best seen by
cross section ratio for the Sn reactions is approximatelffomparing the cross sections as a function of the energy
unity. The measured projectile energy depende(fidg. 4  away from the end poiniy(E* -E,), as shown in Figs. 12
suggests that this same ratio for Sn reactions, both at 2and 13. Although the characteristic slopes of thénduced
MeV, would be somewhat greater than unity. Although thespectra are quite different from those of tfile-induced
trend of these cross sections followg,, we should not spectrac(E,~E*) for the ®He-induced reactions is within
expect close numerical agreement since near the end poin®, factor of 2 of o(E,~E*)~10"> mb/MeV for the
E1 andE2 contributions are probably comparaltee Sec. «-induced reactions. Thus the yield and slope of the high-
IV B). energy tail ofy rays appears to be largely determined by the
total energy available in the reaction, for either theor the
H. Yield correlations with E* 3He-induced reactions.

There appears to be a correlation between the observend In order to explore these_ ISSUes more quantltatwelyz we
. . . : . ave calculated the-ray emission rate for several specific
yields and the total energg* available in the reaction. For rocesses. as discussed in the followina section

all targets, the spectra &, = 27 MeV show a correlation P ' 9 '

with E* in both slope and magnitude. In Table | are com-

piled exponential slope$ that describe the nonstatistical IV. CALCULATIONS AND DISCUSSION

high-energy region of the various spectra, wherg = We calculate two distinct extremes of radiative reaction
ooexp(—E,/S). For *He-induced reactions and, separately,mechanisms. One is thg-ray yield due to statistical emis-
for a-induced reactions, spectra with a simiaf have a  sjon from an equilibrated compound system, which is domi-
similar_slope. In particular, the yields from 27 Me¥+  nated by decays of the GDR. At the other extreme of com-
SINi, ®Mo, and *?*sn, and 28 MeVa+°Sn all have simi-  plexity in the reaction dynamics, we calculate radiation from
lar slopes and, in fact, similar magnitudes, and they all havejirect and semidirect processes, with the goal of determining
E* ~ 28 MeV. These systems differ ifg, by a factor of 6. whether the resulting magnitude and angular distribution can
The vyields froma+*%Sm and'®Ta, which both haveE*  help explain the observed nonstatistical high-energy yield.
~ 24 MeV, also group together. The nonstatistical yield fromWe have performed distorted wave calculations of direct se-
a+1%%Sm falls in between these two groupsEf, magni-  midirect (DSD) radiation— radiation from direct radiative
tude, and slope. Similar groupings also exist for thecapture and from semidire€single-step excitation of the
3He-induced reactions, with slopes that are quite differenGDR— patterned after those done in the literature for
from those for then-induced reactions. In spite of these ar- (p,y) reactiond11] and for (@, yy) reactions on light nuclei
guments, one should treat the apparent correlations witfl2]. By extending the DSD formalism, we have also crudely
E* with caution. Other extensive variables, notablyestimated the radiation emitted by exciting the GDR in the
(Ecm—Vo)/A, the bombarding energy above the Coulombprojectile. All of our calculations of nonstatisticalemission
barrier, vary systematically over the present data set and massume that the projectile maintains its integrity during the
be responsible for some of the observed behavior. capture process.
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A. Statistical model calculations aU=a{U+ 6U[1—exp— yU)1},
In order to quantify the contribution from statistical emis-
sion, we have used the codascADE . The use of this code U=E+6P-JJ+1)/0’,
to model statisticaly-ray production is well establishdd];
we will describe a few of the relevant details here. 0=2I/#2,

The width forE1 statistical decay is given byl ]
O'=0(1+83%+6'J%.

@rodey,e S PE B0 o) =
VYT 541 p(EFLD) 3 (whe)? U is a free energysP andsU are backshifts for pairing and
(4)  shell corrections, and and y are constantd.=2/5MR? is
. ] ] the rigid-body moment of inertia, an®’ includes correc-
whereo,,{ E,) is the total photoabsorption cross section forjons for a deformable liquid drofL8].
a state at excitation energ¥{ —E,) with spin J;. This formulation provides a physically plausible dilution
~ We approximate the effective photoabsorption cross secsf shell effects with increasing energy as the liquid drop
tion to be a single-Lorentzian GDR. From previous work oNregime is approached. This description provides a proper lig-
heavy ion reactions, we can restrict the parameters of thgjq grop level density in the limit of large, and at the same
GDR built on excited statefsl]. We take the dipole strength time matches on average the level density at neutron thresh-
equal to one Thomas-Reiche-Kuhn sum rule, &kdequal g for A=100 to 250[15] and for nuclei in the region of
to the centroid energy of the dl_pole resonance bwlt.on they— g0 [5]. It thus provides a physically reasonable, smooth
ground state, as given by e>i/p3er|mentalllghotoabsqrpthn SY$evel density for all excitation energies, although it does not
tematics[13] (Ep = 31.2A7 ""+20.6A"""). The width is  necessarily fit neutron threshold level densities for each in-
not knowna priori, but since the spin and temperature of thegjyidual case. We believe that use of the Reisdorf level den-
final states on which the GDR is built are lower than ingjty for the relatively low excitation energies populated in
previous heavy ion workl], we estimatd’=7 MeV, and we  these reactions, should provide a good determination of the
used this value in all our calculations except f6C(°He, statisticaly-ray yield.
¥0) 0. . From the comparisons discussed in Sec. I, we conclude
It has been suggest¢d4] that the photoabsorption cross that the statistical model can account for the high-energy
section used in Eq(4) should include, in addition to the y-ray yield from 11 MeV3He+%Ni, and 17 MeVa+ 12%Sn,
GDR, some part of the quasideuteron process, because thg \ell as from 27 MeVa-induced reactions on targets as
guasideuteron is more likely to be absorbed and form aCOMheavy as ®Ni. To reproduce the yield from 27 MeV
pound nucleus in a system with a high temperature. If the, _induced reactions ofMo we would have to set the GDR
total phptoabsorption_cross section, including the qua‘,Side'“barameters to physically unrealistic extremes; we have al-
teron tail, were used in Ed4), then they-ray cross section ready seen the forward-peaked angular distribution for this
at 30 MeV would increase by no more than 30%. Since oUteaction indicating its nonstatistical nature. For 27 MeV
nuclei are not nearly as hot as those in Ré#], which 5 o higher-mass targets we clearly cannot fit the high-
involves temperatures as high as 6 MeV, this is certainly aknergy spectra with the statistical model. For the 27 MeV
overestimate; in any case this will not qualitatively affect the 3y inquced reactions we have large high-energy nonstatis-

present results. The giant quadrupole resonafG&3R’s tical tails for all target masses.
have not been included in these calculations. The main effect

is from the isovector GQR, which increases the cross section
at 32 MeV, the highesy-ray energy, by up to 40%.

One of the largest uncertainties in the calculation is the Direct radiation is produced by the acceleration of the
dependence on the level density. We are always concerngmojectile in the mean field of the target. It is thus analogous
with '), /T~ T, /T pariicle» @NdT paricie has a dependence on to what is termed “coherent bremsstrahluri@] in medium-
pi and p; similar to that ofI",, [1]. So in the ratio of the energy heavy ion collisions. Fermi's golden rule gives
widths, the factors op; cancel out, and we are only depen-

B. Direct capture

dent on a ratio of final-state level densities for particle and do _ 27 Kl Cenl >|2d_P 6)
y emission. dQdE,  fvgg ' BT dQC
We have used a level density parametrization due to Re-
isdorf and used in the statistical codevap [15,16); its use The target wave function is assumed not to change in the

has been found to give a consistent picture of the level derreaction, and factors out. The initial-state projectile wave
sity in describing statisticaly decay in light nuclei function is taken to be the distorted wave in the optical

A=39-63[5,17,6, and it was also used to provide a con- model potential taken from scattering data. The final state is
sistent statistical model fit to 27 MeW%+°°Co [5] and 27 the bound state of the projectile moving in the real part of

MeV a-+*8Ti [6]. In this approach the level density function this optical potential. We use a version of th@acus code,

is given by as modified by T. Murakami, for calculating the wave func-
tions and the radial matrix elements.
2J+1 exp(z\/m) The bound final-state wave function is determined by a
p(E.J)= 120372 Va u? () cluster model. The ground state in the final nucleus is bound

at the desired enerdgee belowby adjusting the well depth.
where The ground-state angular momentum is assumed to be that of
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TABLE Ill. a+'Sm cluster levels in optical potentials used. the two different optical potentials that we considefede

The horizontal lines separate groups of states with the sampelow); for these schemes we artificially bound the ground

2N+L. state by an extra 20 MeV. Such calculated level schemes

provide only a rough guide to the approximate energyrof

N L E (Mev)® E (Mev)® spectroscopic strength of particuldrandL relevant to our

6 9 unbound 17.1 experiments.

5 11 unbound 15.1 The energy dependence of the resultinggvel density is

10 0 14.7 13.9 quite flat, consistent with what one would estimate from

9 2 14.6 13.7 single-particle states in a harmonic oscillator. There are a
8 4 14.4 13.1 total of (2N+1) levels lying in energy between\& w and

7 6 14.0 12.1 (2N+2)Ahw, so the density of such single-particle levels is

6 8 13.4 10.7 (2N+1)/(2h w). This density changes only slowly with en-

5 10 12.6 8.7 ergy (i.e., with N). If we bind the ground state of the He

4 12 11.5 6.1 target nucleus system at an energy of 0 MeV, thé&it @

9 1 7.5 6.9 ~ V,, the depth of the real potential. Then the density of

8 3 7.2 6.4 single-particle levels ipo~ V,/2(% ) 2. This yields a clus-

7 5 6.8 5.5 ter level density of~ 1 per MeV fora+Sn and 1/2 per MeV

6 7 6.2 4.1 for a+Ti, for clusters with nucleons in a relatives ktate.

5 9 5.3 2.2 Such cluster model wave functions are commonly used to
4 11 4.1 <0.0 interpreta spectroscopic strength found fromtransfer and

3 13 25 <0.0 pickup reaction§20-23 and « decay[24] and have also

9 0 0.0 0.0 been used to describe detailed properties afluster states

and spectra in nuclei as heavy &§i [25,26. The average
«a level density in medium-mass nuclei is found experimen-
tally from « transfer and pickup reactions to be essentially
_ ) flat with energy up to 6 MeV excitation; a flat energy depen-
the actual nucleus; we then determine the radial quanturgence s also consistent wif-delayeda emission studies
number by a weak coupling assumption: [27]. A cluster model treatment for the final-states is not so
well justified for He. We use the cluster model approach
2N+L=E 2n;+1; (7) with some confi_dence as an i_ndicati_on Qf the average final-
i=1 state level density that looks like projectile target, and we
assume the spectroscopic fact@$S=1.
whereN, andL are the radial and angular momentum quan- The resulting calculated direct-ray cross sections and
tum numbers of the center of mass of the He cluster in it@ngular distribution coefficients for 27 Me¥ and 27 MeV
orbit, andn; andl; are the quantum numbers of the nucleons®He on *43Sm are shown as dashed curves in Fig. 6. We have
making up the He moving in single-particle shell model or-shown the cross sections populating the cluster states as de-
bits about the nuclear center of mass. This relation is exadermined above, connecting the cross sections to the indi-
for a cluster of nucleons moving in a relative $tate in a  vidual cluster states with lines, and normalizing to the aver-
common harmonic oscillator shell model potential with noage number of states per MeV to determine the differential
residual interactions between the nucleons. It is simply obCross section per unit energy. The structure in the calcula-
tained by equating the energy of the cluster center of maséons is due to the location of these cluster states. Rather than
with the summed energy of its individual nucleons. The cendraw a physically more reasonable smooth average curve
ter of mass coordinate separates from the relative coordinatégrough the calculations, we have chosen not to obscure the
of the cluster because the harmonic potential is proportionaletails of the calculation. These calculations inclédeand
to r2, and hence the quantum numbers of the separable m&2 multipolarities. We computa,= a, — (0.788a,, where
tion are additivd 19]. This procedure yields, for example, a a, anda, are calculated in the model, and compare directly
ground-state wave function with eight-nodes for arpar-  to the data, as discussed in Sec. Il E. Ehds substantial in
ticle bound in!?®Te. our direct calculations.

The possible excited cluster states in the final nucleus To explore the sensitivity of the direct calculation to the
which may be populated in the capture process are then deptical model used, calculations far+ 143Sm using two dif-
termined by fixing the well depth and finding the excited ferent optical potentials were done. The results are shown in
states that result, both with the same and with highefFig. 14. The solid curve uses a global optical model of Dab-
2N+L. Most of the final states that contribute to capture inrowski and Freind[28]. This optical model uses a Woods-
the energy region of interest are physically located in theSaxon squared function for the real potential, and was ob-
continuum. To simplify the model calculation, we artificially tained from fits ofa scattering at energies 90—172 MeV on
bind the ground state deep enough so that the final states ti#rgets of mass 12—208. Those data include large-angle
interest are bound in the well. We are only interested in state§ainbow scattering” and thus this potential should be free
that lie below the Coulomb barrier for helium emission, from problems of discrete ambiguities in potential param-
which makes this approximation reasonable. Table Il show®ters associated with potentials derived from lower-energy
the resulting level schemes faor states bound td*®Sm for  scattering data. Because of the dependence oEtheand

3Potential of Ref[28].
bPotential of Ref[29].
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S E— yield is uncertain, it can be concluded that direct radiative
—~ 10° [ . capture may dominate in both thiéle- anda-induced reac-
% - a + M8Sm  ; tions at the highesy-ray energies. However, the calculated
= 10° b 2% MeV A spectrum shapes are too flat to explain most of the experi-
S © 1 mental nonstatistical cross sections. This weak dependence
0 r =
g 10'2L E of the cross section og-ray energy is determined by kine-
=~ _ ] matic factors, the He cluster final-state level density, and the
l’:-‘l?\ B 7 energy dependence of the radial integrals; the latter energy
-4 : . ; ;
~ 107 7 dependence is small and unchanging with optical model.
5 - = The calculated angular distribution is in qualitative agree-
L —1 3 ment with experiment at the highegtray energies, indepen-
[ I dent of the set of optical model parameters u§eid. 14).
Lo ] The calculations suggest that the diré&t andE2 ampli-
= 05| ‘,\7//;\17 - . tudes are approximately equal at the higheshy energies
0.0 e Ve ] for ¥“8Sm(a,y), thus generating a large forward peaking
L | | which agrees with experimental observation.
1.0 [ T T T T // T T ]
05 . C. Semidirect excitation of the target
- I A //\\ ! ]
o OOTTTYIRLEE ] Semidirect radiation arises from single-step excitation of
—0.5r N the GDR in the entrance channel, which then radiates. The
JPre IR W T S 3He projectile has nonzero isospin and hence can excite the
5 15 25 isovector GDR in such a single-step process; this is the
dominant process inp(y) radiative capture ay-ray ener-
Ey (MeV) gies near the GDR. In the naive semidirect model, this is the

GDR in the target nucleus; however, it has been argued that
within the framework of the semidirect approximation, it
does not make sense to distinguish between the target GDR
and the GDR in the combined system. In our heavy nuclei
this is not an important distinction. The semidirect radiation
E2 operators o, the direct radiation calculation is sensi- can be calculated using the same distorted-wave formalism
tive to the interior of the potential; i.ey, rays of these wave- as for direct capture, by modifying the electromagnetic op-
lengths see the whole nucleus. The dashed curve shows feratorr' to include a term involving a form factai(r) for
comparison a calculation using an optical model of Aponikthe GDR excitatior{32—34. We use the Steinwedel-Jensen
et al. [29], which fits scattering of 27.5-32.5 Me¥'s on  (S-) or volume form factor, in whichf(r) has the same
1485m with a Woods-Saxon shape for the real part. Aponikfunctional form as the mass density; we take this to be pro-
et al. make no claims about this potential’s uniqueness, andgportional to the optical potentigB5]. Use of the Steinwedel-
this calculation is included here to show the sensitivity of theJensen model instead of the Goldhaber-Te(&+T) model
magnitude of the calculation to the optical model chosenhas become common in semidirect radiative nucleon capture
Both these potentials have real well volume integrals close tgalculations. This is because the G-T form factor, which is
the values suggested by studies efparticle scattering Pproportional to the derivative of the optical potential, has an
which resolved the problem of discrete ambiguitigs]. imaginary component that is the derivative of a surface-

An additional uncertainty in the absolute magnitude of thepeaked function and hence contributes very little to the cross
cross section comes from the need to artificially bind thesection, in apparent disagreement with the magnitude of ob-
ground state. If we bind the ground state by only an extra 1@erved cross sections for nucleon-induced radiative capture
MeV instead of 20 MeV, the calculategy cross section is in heavy nuclei.
twice as large. In order to include the semidirect radiation, we modify the

The potential we use foPHe is the global potential of radial operator by36,32—34
Hyakutakeet al; it is also a potential derived from an analy-
sis of data which should be free from discrete ambiguities
[31]. It uses a Woods-Saxon for the real part and the first
derivative of the Woods-Saxdsurface form for the imagi-
nary part. We bind the ground state by 10 MeV more than its - .
physical depth of 9.8 MeV so that we can calculate transi—Where the semidirect factdt is given by
tions over the wholey-ray energy range of interest. Thus the
total binding energy used for the ground state in both the r Va(r) 73 poj NZ 342
a-capture andHe-capture calculations is the same, about 20 F(r)=—-7= Ep oA A Im 9
MeV. Here again, if we bind the ground state by 10 MeV less (Fian Ep,afrart pro proton
than this, namely, at its physical depth of 9.8 MeV, the cal-
culatedwy, cross section is twice as large.

Although clearly the absolute magnitude of the calculated V.(r)=4Vu(r)+ileWa

FIG. 14. Direct radiative capture calculations for 27 MeV+
1485m. Solid, potential of Ref[28]; dash, potential of Refl29].
Data are the same as Fig. 6.

F(r)
Ogil —Qgif + m 8

aw(r)
ar |
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Herewv(r) andw(r) are the functional forms of the real NZ (rﬁ)—(rf))
and imaginary parts of the optical potential, normalized to FT”}”)’ (12
unity atr=R, anda, is the diffuseness of the imaginary
potential.

. then we find our finaly-ray cross section from isoscalar
We take the strength of the real coupliig=14.9 MeV  cpp eycitation increases by 25%, and our total direct-plus-

from the isovector term in the optical potential for tﬁble semidirect cross section decreases by 10%. This suggests
[31]. We take the strengthV ~ 7 MeV for the imaginary  yhat properly including the center of mass constraint would
coupling from the imaginary isovector optical potential term, 5,0 only a small effect on the result, so for our purposes we
which comes from {He{) data[30]. Theoretical grounds for ¢4, safely ignore the center of mass constraint and use Eq.
the use of the optical model depth for the coupling strength(ll) for our transition density.
based on folding model considerations, are quite good for the \ne use an ansatz for the differing neutron and proton

real part[35] but not so good for the imaginary pd@5];,  yensities used by SatchlE87];
however, the imaginary part makes only a small contribution

here, as shown below. 1

The results for the semidirect process are small. Figure 6 Pnp(r)= E(lt €x)p
shows the coherent sum of the direct and semidirect pro-
cesses, which is very similar to the direct alone. If one werg, . .. _ (N=2)/A, yx=(3/2)(AR/R), e=1—y, andc is
to arbitrarily boost the coupling strengths in the semidirect, average radius so that the neutron and pr,oton radii are
form factors to match the magnitude of the data just abov‘?elated byc,,, =c(1% yx/3). The+ is for neutron and- is

the GDR centroid, increasing the real or imaginary strength,. o oion Assuming the same ansatz for the mean potentials

. Id d the d he hi X due to the neutrons and protons, this leads in the Steinwedel-
section would exceed the data at the highgsay energies  ;0,qen model to the form factor for isoscalar semidirect ex-
by a factor of 10. Hence the semidirect amplitude does NOLitation. which is given by replacing in E¢9):

have a strong enough dependenceEgnto explain the ex-
perimental spectra in the high-energy nonstatistical region. 3 AR 1 dVy(r)
The T=0 a cannot excite the GDR in a single-step pro- rVa(r) 73 proj— > Fr Vo(r)+ §R ar
cess, except through the Coulomb potential, or by the isos-
calar nuclear interaction if the ratio of neutron to proton den
sities is not proportional to the constant factdt/Z
throughout the target. We have calculated both of these e
fects according to prescriptions of SatcHl85,37. The form
factor for Coulomb semidirect excitatid5] is obtained by
replacing in Eq.(9):

r—c(lt%x)}, (13

(14

‘whereV(r) is the central optical potential arid is its ra-
ius. ForAR, the difference in rms radii between neutrons
and protons, we take results from 1 GeV proton scattering
data[39] as a guide, and choo2eR=0.13 fm.
For 27 MeV a+**%Sm, the Coulomb and isoscalar semi-
direct radiative amplitudes are roughly equal, and equal to
about 1/3 of the amplitude for direct radiative capture.
FV1(F) 73 pro— __2 r=R, (100  ©)- The interference is constructive in the region of the GDR.
However, including the semidirect radiation does not signifi-
cantly alter the qualitative results from the calculation of
—br direct radiation alone. The total direct-plus-semidirect cross
R <R section is still an order of magnitude smaller than the data in
the region of the GDR, and its dependencebgis still too

where b=A,R32Z,,,€%10, andR; is the Coulomb charge flat to explain the data.

radius. We have calculated the cross section from this semi-
direct process and found it to be smaller than but on the same D. Semidirect excitation of the projectile
order as the direct radiation. The results fet-**Sm are  Gjven the assumption that the projectile maintains its in-
shown in Fig. 6 as the dotted curve. For an isoscalar excitapgrity during the capture process, one can consider radiation
tion of the GDR, we make an estimate based on the schgsroduced from the one-step excitation of the GDR in the
matic model. In this model the transition density for isovec-projectile by the isovector nuclear potential of the target.
tor excitation of the GDR is proportional tp(r) (the same  This mechanism is not isospin forbidden for theprojectile
form as is generally taken for the Steinwede_I-Jensen yﬂ_mdeh the target hadN+#Z. We have very crudely estimated the
where p(r)=pn(r) +pp(r). The corresponding transition yield from such a process using a formalism similar to the
density for isoscalar excitation of the GDR is equa[38]  semidirect target excitation. The major complication is that
the target cannot be treated as a point source.

Z N The interaction potential is gi y [ h
N N potential is given bignoring exchange
This transition density does not satisfy the constraint thagU(F):f f 01(r7 1) pro(Mpiadr’ —)dr’dr”  (15)
the center of mass remain fixed for dipole oscillations, which

implies that the integral over all space of the transition den- » ) . )
sity should vanisii37]. If we arbitrarily add to this"(r) a  Where both the transition density and the isovector density

term to make its integral vanish, are proportional to the mass densinF):
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— I By making the crude approximatiof;|r i 1)~ (I ap,
- we can estimate the ratio of the amplitudes for semidirect
o + *sm | excitation of the projectile and the target to be —1 for

2% MeV - %He + 1%8Sm. Thus the amplitude for exciting the GDR of
- the 3He is of the same order as that for semidirect target
- excitation by the®He, and the phase is opposite. Since the
_ centroid of the GDRi.e., the centroid for photoabsorption
A of the 3He is only at~ 15 MeV [40-47, i.e., about the
_ same energy as or lower than the targets used here, the cal-
L culated cross section for radiation from this projectile exci-
tation is about the same as that for target excitation, and thus
is very small.

The isovector potential strengi, (0) for exciting thea
is not known; we take the strength to be the same as that for
exciting the®He, and take the functional form to be the same
as the Dabrowski optical potential far's used above. Since
the GDR centroid of they is at 25 MeV[43—45, and the
experimental cross section for the-induced reactions is
smaller, one might expect the yield to be significant. The
result of our distorted-wavéDW) estimate is shown in Fig.
15; although the yield from excitation of the appears sig-
nificant compared to direct radiative capture, the coherent
sum of the two processes is not much larger than the direct
contribution.

Our assumptions that ther maintains its integrity
throughout the semidirect process, and that it has a GDR
unaffected by the mean field of the target, are rather crude;
nevertheless, our estimate indicates that semidirect projectile
excitation may not be completely negligible.

a.(E,)(mb/MeV)

o.(E,)(mb/MeV)

FIG. 15. Calculated yield from semidirect excitation of the pro-
jectile GDR: dot, projectile GDR excitation; dash, direct; solid, total
direct+projectile GDR excitation. Data are the same as Fig. 6.

tr 7 K i 7
pproj(r")z —/—|r/,|pproj(r”)l
2L+1 E. Other calculations and measurements
- . 1 . Nakayama and Bertscf46] have performed potential
pr(r —r)= Kpta,(r’—r), bremsstrahlung calculations of 27 MeW+'%Sm and
3He+ '%8Sm. In their calculations, a He projectile plane
wave is incident on a one-dimensional step potential with a
8w h? 3 Nz 12 Woods-Saxon shape. Their results are cross sections which
Ap,0j<r§roj> 2Mporon 4 A vary more slowly withE,, than do the data, and magnitudes
that lie below the data except near the end point where they
agree with experiment. TheHe+ **8Sm results are similar

For the purpose of this estimate, crude simplifying as- itud he di lculati d
sumptions have been made; it is assumed that the target h magnitude to tlg Irect capture calculations presente
ere, while thea+ %*Sm results are somewhat larger than

uniform density over the region where the projectile is lo-

H 14 . .
cated, and that the contribution to the radial integral is onlyPUr directa+ “Sm calculations. The potential bremsstrah-

nonzero when the projectile is completely inside the targetlUNd calculations of Nakayama and Bertsch are similar in

Assuming the isovector two-body potential has zero rangeprinciple to the present direct capture calculations, the pri-

mary difference being the manner in which the final state is

K=

proj

one obtains
treated.
V,(0)K A Recently, measurements and calculations of photon pro-
1 T3t i ; .
AU(r) = p arptaKF)Uproj)- (16) duction cross sections for 40 and 50 MeM-nucleus colli

sions have been published by Shaedral. [47]. The experi-
mental results are qualitatively similar to ours, with large
o for exciting nonstatistical yields fory-ray energies above the GDR, and

2L+1 At

Our result for the semidirect form factd§rp

the GDR in the projectile is forward-peaked angular distributions. The nonstatistical
cross-section magnitudes and slopes are larger than our re-
F(r)= sults, as one would expect from the higher bombarding en-
proj ergies. Sharaat al. report both potential bremsstrahlung and
(Fprop Va(r) T3tar (Nz) 372 nucleon-nucleon bremsstrahlung calculations following the
<rsr0j> Ep proj (Aart Apro) s | A o AMroton general methods of Nakayama and Bertsch. At Highthe

sum of the two shows a much flattér, dependence than the
(177  data, and exceeds the data at the highest energies.
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Measurementg5] of the spectral shape of high-energy total energy available in the reaction, and perhaps also on the
rays emitted inSLi+°Mo and SLi+ *¥'Ta collisions show E1 effective charge.
evidence for a nonstatistical enhancement at the highest Our direct-semidirect radiative capture calculations can
y-ray energiesg, = 20 to 25 MeV. The enhancement ap- reproduce the strongly forward-peaked angular distributions
pears similar to that observed in this work farinduced and cross-section magnitudes at the highesay energies.
reactions at lowE,. The properties of these reactions areHowever, such reactions in which the projectile maintains its
included in Table I. integrity during the capture process are all characterized by

Calculations of preequilibriumy emission using a hybrid  gne-body level densities for the composite particle in the
model have been performed by Olitusky [48,49 and by  fina| state. Because these densities vary slowly with excita-
Reffoet al.[50]. In these calculations the projectile d|ssolves.ti0n energy, the resulting calculated spectra vary slowly with

inhthedtabrgethnucleus alnd thel total enﬁrgﬁ/ of the :jea(c:jtiorl} '3-ray energy. Hence the bulk of the nonstatistical, exponen-
shared by the projectile nucleons, which may individually - - - ’

excite the GDR via a semidirect process. When the correct-I?cl)IZ(:i“ng yield for E,>Egpr must be due to some other
tions of Obloinsky [49] are included, the results of the two P ™ .I f the high iold t a final
groups are similar, with a spectrum shape in rough agree- ¢ SIOP€S of Ih€ high-energy yields suggest a final-

ment with experiment, and a magnitude lower than experiStat€ level density which grows with excitation energy,

ment by about a factor of 2. Given the schematic manner ififough not as rapidly as the full level density which enters in
which the preequilibrium semidirect GDR excitation is Statistical decay. This tends to rule out simple direct and
treated, one should probably not expect better than order-ofemidirect capture and favors some sort of preequilibrium

magnitude agreemef81]. Also, although it has been argued Mechanism. Hybrid modelf48-5Q that include excitons
[51,49 that the model treats the-ray emission rate in a Which excite the GDR are able to approximately reproduce

. ) s o 14 15
manner consistent with the equilibrium statistical model,the shape of théHe+ *°Sm anda+ '>‘Sm spectra.

these calculations fail in the equilibrium region by four or- ~Recently a major step forward has been achieved in the
ders of magnitudé4s]. understanding of nucleon radiative capture with an extended

direct-semidirect model which includes, for the first time,
capture into virtual single-particle configurations which then
damp into the compound nucle[&2]. This feature is essen-

We have measured high-energyray yields from3He- tial for reproducing the strength of the nonstatistical GDR
and a-induced reactions. The observed yields cannot be exoump observed in-ray spectra from th&%(p, y) reaction,
plained by a statistical reaction mechanism. The front-backor E,~ Egpg, at bombarding energies where the bump
angular asymmetry of the yields provides model-independentorresponds toy-decay to unbound states. It would be very
evidence that they-ray production is nonstatistical. The interesting to see the results of similar model calculations for
slopes and magnitudes of the yields appear to depend on thi#le- anda-induced reactions.

V. CONCLUSION
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