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The (Heyt) reaction on'?Sn atE(*He)=199 MeV and the subsequent decay by neutron emission at
backward angles were studied in an attempt to distinguish isovector monopole stegigtfiip and non-spin-
flip) at excitation energies above 25 MeV from the nonresonant continuum. The present approach is based on
the assumption that a large fraction of the contributions to the continuum result from quasifree processes and
breakup-pickup processes which leave the nucleus in low-lying excited states below the threshold for neutron
emission. It was found, however, that even at high “apparent” excitation eneftgles/e 30 MeV the
branching ratio for decay by neutrons was as high-&9%, indicating that a large part of the nonresonant
continuum may not be due to quasifree processes involving valence neutrons only. No evidence for monopole
strength at high excitation energies was found, although the experiment had sufficient sensitivity and accuracy
to detect isovector monopole strength based on theoretical predictions calculated in the framework of normal-
mode collective excitations and the distorted-wave Born approximation.

PACS numbes): 24.30.Cz, 25.55.Kr, 27.66]

[. INTRODUCTION however, could not be drawn from the observed shape of the
Isovector giant monopole resonancdVGMR, AL spectralgat 1h3igh excit_ation energies and the derived strgngth.
. . In the (°C,*N) reaction[7], neutron decay was also studied
=0, AS=0, AT=1) can be described macroscopically by . N : T
compressional, out-of-phase, breathing oscillations of prol_n comm_dence with the scattered ejectiles. _However, the
C ’ > ) large anisotropy observed for neutron decay is not compat-
tons arjd n.eutrons in the nucleus. lts spin-flip partner, ISOVEGpje with the excitation of IVGMR. Indications for IVSMR
tor spin-flip monopole resonancdVSMR, AL=0, AS \ a6 first found in the*zr(*He t) reaction at projectile en-
=1, AT=1) is more difficult to describe in this picture. In ergies of 600 and 900 MeYP,10]. Also, in the (,n) reac-
a microscopic approach, both resonances can be describedig, at 795 MeV on®°zr and Pb, strength was observed that
coherent superpositions ofi2» one-particle—one-hol€lp- s consistent with collective states f=1" [11].
1h) excitations, with a change in principal quantum number |t should be noted that neutron decay in coincidence with
by 1 and no change in orbital angular momentum. charge-exchange reactions has been used previously to in-
Isovector monopole resonances have been a subject Qkstigate damping mechanisms of charge-exchange giant
interest for several decades. They are of intrinsic interestesonances including isobaric analog stqfe%13,7.
since they represent fundamental modes of collective nuclear In all the experimental work related to IVGMR and
excitations and play an important role in understandingdVSMR mentioned above, the interpretation is seriously
nuclear-structure and Coulomb effects. In particular, VGMRcomplicated by the presence of a large, nonresonant, con-
mediates isospin mixing via the long-range monopole terntinuum background due to the quasifree knock-on charge-
of the Coulomb interaction between IVGMR and the isobaricexchange process. This process is a charge-exchange reac-
analog statélAS). Monopole resonances are, however, verytion between the projectile and one of the target neutrons in
difficult to study experimentally. Evidence for IVGMR was (p,n)-type reactions or one of the protons im,f)-type re-
found[1-3] in the (7, #°) reaction AT,=+1) on various actions. In addition, processes usually referred to as pickup-
targets, but for the £, 7% reaction AT,=—1) the data breakup and breakup-pickup processes contribute to this con-
are less convincing. Recently, strong indications for IVGMRtinuum in the case of charge-exchange reactions initiated
in %Co was found by Nakayamat al. [4] using the with nuclear projectiles. This continuum, in combination
ONii(’Li, "Be) reaction. Structure at high excitation energieswith the large widths of the resonances under study, hampers
which might possibly be associated with IVGMR, has beenthe interpretation of the spectra. In the preséhig(t) reac-
reported in the®®Zr(n,p) reaction[5] and in the ¢3C,*N)  tion the main contribution of the continuum background
reaction[6—8|. Conclusions with respect to multipolarity, comes from the quasifree knock-on charge-exchange pro-
cess, because the breakup-pickup process peaks at a much
higher “apparent” excitation energyl4—16; see also Sec.
*Permanent address: King Abdulaziz University, Jeddah, Saudill. Furthermore, in case of thé’lde,t) reaction the pickup-
Arabia. breakup process hardly contributes because it results in a
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strongly stable intermediate channel, theparticle. A phe- to probe the surface of the nucleus stron@g]. Emission of
nomenological description, as first used by Ee¢lal.[1] for ~ neutrons is therefore unlikely because of the relatively high
the w-charge-exchange reaction, to describe the quasifre@eutron-separation energyS{=5.95 MeV). The pickup-
knock-on charge-exchange process and its dependence breakup process should not contribute to the continuum in
the “apparent” excitation energy was subsequently usedhe (Hejt) reaction since by picking up a neutron a rela-
also to describe the continuum background in tReeit) tively stable*He particle would be created.
reaction at the present bombarding en€ryy]. IVGMR and IVSMR can decay in various ways. Statisti-
Since the early 1970s various theoretical approaches hawal decay is most likely to happen through emission of neu-
been developed to describe IVGMR and IVSMR. Estimatedrons andy rays since the Coulomb barrier strongly inhibits
for the transition matrix elements of IVGMR were given by statistical proton emission in heavy nuclei. Direct decay,
Auerbach in 197218]. In 1975, calculations in a hydrody- however, is most likely to occur by emission of protons. This
namical framework were performed by Auerbach anddecay mode can be quantitatively understood because
Yeverechyahy19]. In anticipation of the experimental re- IVGMR and IVSMR can each microscopically be described
sults from thew-charge-exchange experiments, microscopicas a coherent superposition of 1p-1h states. Semidirect decay
calculations for IVGMR were performed20-22. For can also occur before full equilibrium is reached. Indepen-
IVSMR, hydrodynamical calculations are difficult because ofdent of the decay mode, decay from IVGMR and IVSMR
the spin degree of freedom. Auerbach and Klein also permust be isotropic because of their monopole character. Thus,
formed calculations for IVSMR in a Hartree-FodkF), by measuring coincidences between tritons aroundtbé
random-phase approximatiofRPA) framework[23], con- monopole cross sections peak strongly at forward angles
cluding that the strength distributions for IVGMR and and neutrons at backward angles thésed possibly other
IVSMR are similar. The relative contributions from the two resonances should be separable from the quasifree and
resonances to the monopole cross section are determined byeakup-pickup processes.
the energy dependence of the effective nucleon-nucleon
(NN) interaction and th&-value dependence of the reaction
mechanism [24,25. At high incoming energies ofE
=100 MeV/nucleon isovector non-spin-flip transitions medi-  The experiment was carried out at the Indiana University
ated through theV/, component of the effective force are Cyclotron Facility (IUCF). A 199-MeV 3He?* beam was
strongly quenched while contributions from spin-flip transi- accelerated in the dual-cyclotron setup and transported to the
tions (mediated through th¥,, andVy, components of the K600 spectrometer. The K600 spectrometer consists of a
effective force¢ dominate. The situation is reversed at ener-hexapole, a quadrupole, and two dipole magnets. In addition,
gies lower than 50 MeV/nucleon. Furthermore, at energieswo dipole pole-face current windings are present which al-
below 50 MeV/nucleon the cross sections of IVSMR andlow “hardware” aberration corrections. The focal-plane de-
IVGMR are expected to decrease strongly as a function ofection system consists of a wire chamber array backed by
excitation energy because of the increasing momentum migwo scintillator detectors. The latter are used to provide par-
match. This is confirmed by the distorted-wave Born ap-ticle identification, the event trigger, and also the stop signal
proximation (DWBA). The experiment described here was for the time-of-flight measurement with respect to the rf fre-
performed at 66 MeV/nucleon, where the expected cross sequency of the cyclotron. The wire-chamber array consists of
tion for IVGMR reaches a maximum, although it is still con- two vertical-drift chambergvDC's) and two horizontal-drift
siderably lower than that expected for IVSMBee below. chambers(HDC's), enabling horizontal and vertical posi-
We used the YHe,t) reaction in an attempt to find the tions and angle measurements at the focal plane. A more
AT,=—1 components of IVGMR and IVSMR. In the detailed discussion of the K600 spectrometer and its compo-
(®He,t) reaction, the charge-exchange and breakup-pickupents can be found in various IUCF annual repf2&-29.
processes all result in a proton particle in the continuum and Measurements with a multihole collimator defining the
a neutron-hole state, and thus result(&®mjdirect proton  spectrometer aperture at 20° were performed using elasti-
emission. Neutron emission from populated giant resonancesally scattered®He?* particles to determine the ray-trace
and/or deeply bound neutron-hole states can only be statistparameters necessary to calculate the scattering angles for
cal as discussed further below. Therefore, the experimerihe particles detected in the focal plane. At the higher mag-
was designed to look at statistical neutron decay with highmetic field needed to bend the tritotfactor of 2, saturation
efficiency. Note that forif,p)-like reactions the situation is effects resulted in distortions in the optics which could only
reversed; i.e., a neutron particle in the continuum and gartly be corrected for. Consequently, the ray-trace param-
proton-hole state are created, thus resultingsiemidirect  eters for the vertical component of the scattering angle could
neutron emission. not be used, leaving only the horizontal component of the
In order to reduce the continuum at higher excitation en-scattering angle for the analysis.
ergies, a coincidence between tritons at forward angles and Details of experimental techniques used to measure triton
neutrons emitted at backward angles was required. The trspectra near 0 ° have been described bef@®17,30,31
tons produced in quasifree and breakup-pickup reactions a@nd will only be briefly reviewed here. In the experiment an
expected in coincidence with high-energy, forward-peakedngle-defining circular aperture with a diameter of 70 mrad
protons. These processes leave the final nucleus in low-lyingzas used. The spectrometer was set-dt0 mrad; i.e., the
excited neutron-hole states since fliée particle is expected beam enters the spectrometer off center, closer to the con-

Il. EXPERIMENTAL SETUP
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est neutrons. Excellent discrimination was, however,
randoms 50 achieved by combining PSD for all neutron enerdisse
NN, Figs. 1@ and Xb)] with TOF for neutron energies below
D A T metnsy approximately 1 MeV[see Fig. 1d)]. Prompt and random
coincidences between neutrons and tritons, the latter corre-
FIG. 1. Procedure for neutropdiscrimination.(a) Pulse shapes sponding to coincidences between particles from different
for the NE213 scintillating materia(b) Scatterplot for events with beam burstsy were measured. The random events were sub-
integrated tail of pulseH,;) divided by integrated total puls&)  tracted from the prompt ones to give the true coincidences.
vs E..(c) Time structure of prompt and random coincidences, andrpe prompt-to-random ratio was 1Q:4ee Fig. 1c)].
likewise (d) for particles with lowE. As the evaporation neutrons have a rather low enéagy
Maxwellian-like distribution with the maximum close to 1
cave edge of the dipole. The beam was stopped in an ele¢deV), a very low threshold for the neutron detectors is
trically insulated graphite beam dump which was placed inneeded to obtain an acceptable detection efficiency. In the
side the first dipole magnet of the spectrometer. The beargxperiment the thresholds were put as low as 30 &eV
current (~1e nA) was read out for absolute cross-section(which corresponds to approximately 350 keV neutron en-
determination. ergy [13,33). The energy calibration was done with the
To cover a sufficiently large range of excitation energies Compton edges of the 0.511 MeV and 1.275 Mg\tays
measurements at two different field settings were performed34] from a ??Na source and the full absorption peak of the
each covering approximately 30 MeV in excitation energy59.5 keV y rays from a?*!Am source. The calibration and
(for the K600, AE/E~16%) and thus overlapping by 10 thresholds were verified in the course of the experiment.
MeV. The target was enriche®7.2% '‘Sn of 7.7 mg/crh Accurate knowledge of the thresholds is important in de-
thickness. termining the efficiency curves for the detectors. For the
The reaction***SnHe,t)'?Sb was chosen because it NE230 detectors, efficiency measurements were available
had been investigated previouslf17] at E(*He) from an earlier similar experimefi3]. For the NE213 de-
=200 MeV, and cross sections for states and resonances atsctors, Monte Carlo simulations were performed using the
known for E,<26 MeV. Furthermore, the branching ratio code NEFF7 [35]. Typical efficiency curves, for a threshold
for neutron decay from the IAS if?*Sb is estimated at ranging from 25 ke\eeto 100 keVee, are shown in Fig. 2
91.1+5.0 %[32]. This IAS can therefore be used as a con-for both types of detectors. The efficiencies are used to cor-
venient calibration for the expected yield of IVGMR and rect the coincidence spectra for the neutron multiplicities.
IVSMR. Compared to the neutron decay from the IAS inDuring the experiment lead foils of 2 mm thickness were
1205k which was studied earli¢i3] with a maximum neu- placed in front of the detectors in order to reduce the count-
tron energy of 3.2 MeV(average energy-850 keV), the ing rate due toy rays.
corresponding energy for the decay frot#fSb is almost a Singles and coincidence data were taken simultaneously.
factor of 2 higher with some increase in the average decayhe singles events were down-scaled by a factor of 10.
energy. This should simplify the detection of decay neutronsEvents due to singly ionizedHe", where the beam particles
Neutrons were detected in four NE213 and four NE230pick up an electron in the target and thus end up in the focal
liguid scintillators(diameter 5 cnx5 cm), which were cho- plane with similar magnetic rigidity as the tritof36], were
sen because of their good neutrgrpulse-shape discrimina- to a large extent removed by putting a metal plate in between
tion (PSD properties. The detectors were mounted at backthe two scintillators of the focal-plane detection system.
ward angles, at~-8 cm from the target. The distance was Most 3He particles were stopped in the metal plate, unlike
kept small in order to cover a relatively large solid anglethe tritons. The small remainder dHe particles was used
(13% of 44r). The procedure for neutrop-discrimination by  for energy and angle calibration, since @svalue and scat-
means of time of flight TOF) and PSD is illustrated in Fig. tering angle are both zero. Further calibrations were per-
1. Because of the short distance neutsorseparation by formed using the?C(®He,t) reaction and theé”**Sn(He.t)
means of TOF, measurement was possible only for the sloweaction itself, where the IAS is a convenient calibration. The
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FIG. 3. Singles excitation-energy spectrum for #&snCHe t)
reaction taken aE(®He)=199 MeV and#,= — 10 mrad.

energy resolution was 300 kg¥ull width at half maximum
(FWHM)] and the resolution in the horizontal scattering
angle 2.6 mr. In the singles spectra some instrumental bac

ground due to reactions in the beam stop was present. Ther
fore, spectra obtained with an empty target frame were, aftet
appropriate normalization, subtracted from the singles specal
tra. The beam stop was well shielded from the neutron de3;
tectors by the dipole magnet, and almost no instrumental

background was present in the coincidence spectra.

The electronics live time was 99% and the focal-plane
detection efficiency was approximately 85%, obtained byeStimate th

comparing accepted events to the trigger from the scintillatof"rough the = :
Junctions projected on a complete 1p-1h basis were calcu-

))_ated in a normal-mode procedur@8,42. In this procedure,

detectors. The XSYS data-acquisition system and graphic

Ill. SINGLES DATA

In Fig. 3 the singles excitation-energy spectrum is shown

for the low and high magnetic-field settings. TQevalue for
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nance (IVSDR, AL=1, AS=1, AT=1) at 22 MeV.
IVSDR itself consists of three components with equal to
07, 17, or 2. IVGDR and the three components of IVSDR
cannot be distinguished since their relatively large widths
make them overlap and their angular distributions are very
similar because of thAL =1 transfer.

Above an excitation energy of 25 MeV the spectrum is
structureless. The excitation energy expected for IVGMR is
calculated byf38]

EYCMR=ELS+ VoA B (To+ 1)V, /A, &)
whereV, andV; depend on the model used, assuming that
only the lowest of the three possible isospin components of
IVGMR is excited. This is to a large extent true for heavy
nuclei with a large neutron excess. For the reaction under
consideration, more than 95% of the transition probability
should go to this component as can be estimated from
isospin-coupling(Clebsch-Gordan coefficients. In the hy-
drodynamical modeV, equals 170 Me\[38] but other ap-

jproacheq 21] suggest a lower value of 155 MeW/; has

Q_een found to be strongly quenched with respect to the
ingle-particle symmetry potential<(100 MeV[38]) and is
approximately 60 Me\{19,21,39,4Q We thus find a rough
estimate of 35 MeV for the excitation energy of VGMR in
“Sh. For the width of IVGMR the situation is very unclear.
redictions vary between 5 and 25 M¢Y,19,21,41
Calculations in the DWBA framework were performed to
e cross sections of IVGMR and IVSMR excited
1245n(He,t)¥?%sb reaction. To this end, wave

=]

the responses of the nucleus to the action of an ope@atsr
expanded over the 1p-1h basis:

|NMT,LSJM>:N71% Ujhujp“p,jﬂl;JM)

ioi-l.
the reaction to the ground state &Sb is —0.636 MeV. X(Jpin " :IM|[Or,5[0). )
The small peak below,=0 MeV stems from singly ionized : enin_fli .
3He particles Q=0). The large peak at an excitation energy For isovector non-spin-flip modes the operator is
of 12.2 MeV corresponds to the IAS. An estimate of the Or—1i00=""Y.1,, 3)

guasifree continuum is drawn in the figure based on the phe-
nomenological description mentioned above. Estimates ofvhere N usually equals the multipolarit. except for
the parameters used are very similar or equal to the ongy¥GMR in which case\ =2, andt, is the isospin operator.
used by Jaeckeet al.[31] in the description of the quasifree For isovector spin-flip modes the operator is
continuum of the same reaction dA°Sn.
Above 40 MeV this curve may slightly underestimate the (4)
data. This could be an indication for breakup-pickup contri-
butions, which are expected to peak at a triton energy of 2/$imilar to the non-spin-flip case, usually equald., except
of the beam energyi.e., at an “apparent’E,~63 MeV)  for IVSMR in which case\ =2. Here,o is the spin operator.
with a width of 1/3 of the beam energg5 MeV) [15,16]. The fact that the last major neutron shell 6fSn is only
The two curves with Lorentzian line shapes, centered apartially filled was taken into account by using the experi-
14 MeV and 22 MeV, are results of a fit to the spectrummentally determined neutron-hole occupation probabilities
assuming the above-mentioned phenomenological descripfullness parameter?(j)] for this nucleug43]. The proton-
tion of the quasifree continuum. They correspond to the mairparticle occupation probablitigemptiness parameter(j)]
component of the Gamow-Teller resonan@@TR) at 14  for orbitals above the Fermi level are assumed to be 0 in the
MeV and a combination of isovector giant dipole resonanceground state of-?*Sn. Generally speakin@,jz+ uj2=1 holds
(IVGDR, AL=1, AS=0, AT=1) and spin-dipole reso- for all j.

Or_1 15=r"o®Y_lst,.
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TABLE |. Transition strengths calculated in a normal-mode pro-

cedure. a) Monopole b) Dipole ¢) Quadrupole
|0§ — IAS ——- IVGMR —— IVGDR i — IVGQR
Mode Strength S| GTR -+ IVSMR | - IVSDR 0
. ——- IVSDR |
20 - IVSDR2
IAS 1.907 = 10 -
IVGMR 755 fm’ g
IVSMR 2266 frf =g
- 105
=
aNote that, when multiplied by # [because of the presence Yf 5, \
with L=0 in the operator definitior{3)], the value for the IAS 1 \
equals 24, which is the Fermi sum rull £ Z) for 2‘sn. sl W
2 i /
2 14 AW

The factorN in Eq. (2) is chosen such that the normal 012

mode exhausts the full multipole strength:

34567890123456789012345678910
. m, (deg) O m. (deg) Oc.m. (deg)

FIG. 4. Results of DWBA calculations for monopai®, dipole
= 2 b), and guadrupoléc) resonances obtained using the normal-mode
St % |<NMT’LSJM| OT’LSJ|O>| \(N;VE funqctions,ﬁ.e., exhausting the NEWSRfor?he respective giant
resonances fot?*SnHe,t) at E(*He)=199 MeV.
=2 v} u? [ip.inllOT 510} (5) . : :
on Jhlp : =20.1 MeV, respectively51]), and isovector giant quadru-
pole resonanc8VGQR, E,=33.0 MeV[52]). The appropri-
In other words, 100% of the non-energy-weighted sum ruleate normal-mode wave functions for each resonance were
(NEWSR) associated with the operatQr s, is exhausted. used. The monopole transitions peak at 0° and have a mini-
For IVGMR and IVSMR, which are 2w, J7=0", and I mum around 3°. IVSMR is dominant over IVGMR by more
transitions, respectively, many p-h configurations contributethan a factor of 3. Combined, the cross section of IVSMR
Calculations were performed using the coderMoD [44].  and IVGMR at 0° is almost 70% of that for the IAS. A
The strengths calculated for IVGMR, IVSMR, and also the| orentzian centered at an excitation energy~e86 MeV,
IAS are listed in Table I. with a width (I') of 10 MeV and a cross section correspond-

The value for IVGMR overestimates the result from theing to this value, is drawn in Fig. 3. As can be seen, it only
HF-RPA calculations by Auerbach and Kl€i@1] by 40%.  accounts for a small fraction of the total cross section con-
[Note that the definition for the monopole operator used byained in the continuum.
the authors differs by a factof8x from Eq. (3). If this is Figure 4 further shows that the dipole resonances peak
taken into account, their number (X10* fm*) for IVGMR  around 2.5°. The 2 component of IVSDR is dominant.
becomes 438 ffh] The reason for this overestimation is IVGQR is more or less flat below 4°. Its cross section at 0°
similar to the difference between HF-RPA and Tamm-being larger than that of the IVGMR but lower than that of
Dancoff (TD) calculations[23], namely, that the HF-RPA |VSMR. It is expected at an excitation energy slightly lower
approach takes ground-state correlations into account, ithan that of IVSMR and IVGMR52], but since all these
contrast to the TD and normal-mode calculations. resonances have large widths, they should overlap.

DWBA calculations were performed using the cangs1 The presence of monopole strength can be ascertained by
[45]. An effective projectile-target interaction is used wherecomparing the excitation-energy spectra of particles with
the interaction is written in terms of Yukawa functioffer  scattering angles around 0° and 2°. Since no vertical-angle
an extensive discussion sg25,46)). Parameters for the in- information was available, the vertical angular slices around
teraction were taken from the preliminary analysis of thehorizontal angles of 0° and 2° actually represent the centers
12131 (3He t) 213N reaction at 200 Me\{47] except for  of distributions of angles withAQ=0.715 msr andAQ
the central isospin strengtlV() which was determined from =0.525 msr, respectively, i.e., only a fraction of the ob-
fitting the cross section of the IAS to the calculation. A valueserved solid anglé4 msp, but with good angle definition. A
for V. of 3.46=0.10 MeV was found, corresponding well to completely independent analysis was performed, making use
previously extracted values fronfHet) experiments at a of the maximum possible solid angle, but reduced angle defi-
similar bombarding energy31,48. The other parameters nition, with essentially identical results.
were taken, V,.=—3.5 MeV, Vi,=-3.0 MeV, while The result is shown in Fig. 5. In Fig.(& the spectra
Vs, was kept zerd25]. The *He optical-model parameters taken at 0°(a) and 2° (b) are subtracted from each other.
were taken from the literaturé’ide on 2°Sn at 217 MeV  Resonances which have a maximum/minimum in the angular
[49]). For the tritons the potential-well depths were takendistribution at 0 ° will have positive/negative residuals. Con-
85% of the depths for théHe particleg50]. tributions from the singly chargedHe particles and from

Results for transitions withL =0, 1, and 2 are displayed tritons due to the IAS and the GTR can be clearly distin-
in Fig. 4. Besides IVGMR and IVSMR, &,=35 MeV (see  guished. Between 2 and 10 MeV the weak positive excess in
above, these include the GTRE=13.25 MeV), IVGDR the difference spectrum stems from Gamow-Teller transi-
(Ex=22.0 MeV), and IVSDR(components with]”=0", tions corresponding to the theoretically predicted core-
17, and Z at E,=23.8 MeV, E,=22.9 MeV, andE, polarization and back-spin-flip strengtine so-called pygmy
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2 IVGDR/IVSDR 1245n(He,t) reaction. The thresholds for decay by neutron emis-
-4 sion are also indicated.
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E, (MeV) dence with a triton were accepted for the spectrum of Fig.
o _ 6(a). Therefore, the spectrum is biased with regard to neutron
FIG. 5. Excitation-energy spectra for tHé'Sn(He.t) reaction multiplicity. This has to be taken into account in order to
at6,=0° (a, 6,=2" (b), and their differencec). obtain corrected neutron-gated triton-energy spectra. This
correction is furthermore complicated by the fact that the
resonanceBS?,]). They have been investigated for e:ssentiallyefﬁciency is energy dependent as described above.
all stable Sn isotopef31,17. The broad trough near the 1o determine the multiplicity as a function of excitation
excitation energy of 21 MeV corresponds to dipole resoenergy, statistical-model calculations were performed in the
nances. Above 27 MeV the difference spectrum is flat anqayser-Feshbach formalisf4], using the computer code
consi_ster_lt with zero. An estimate of the expecteql combineg@ascape [55]. The decay probabilities for decays from ex-
contribution from IVSMR and IVGMR to the difference cijted states in the nucled“Sh into the various channels are
spectrum is also included in Fig(d, obtained by folding cajculated using the statistical weights of the final states and
and subtracting the calculated cross sections in the DWBAne parrier penetrabilities. It is assumed that the excited
for these resonances over the angular slices around horizofgcleus has reached full statistical equilibrium dsemjdi-
tal scattering angles of 0° and 2° and assuming a Lorentziagyct decay is thus neglected.
line shape of widthI’=10 MeV. It is clear from these gjor inputs into the calculations are the level densities
singles data that there is no indication for the presence Ofpr the nuclei involved in the decay cascade. For this pur-
monopole strength at high excitation energies. pose, the total range of excitation energy for each nucleus
involved has been divided into four regions. In the first re-
gion experimentally known levelsng) up to an energy,
(see Table I} are used to calculate the level dengig]. In
Figures 6a) and &b) display the excitation-energy spec- the second region, up to 12 MeVE{), the backshifted
tra gated on coincidences with neutrons gndays, respec- Fermi-gas mod€l57] is used to estimate the level densities.
tively. Below an excitation energy of 6.5 MeV, decay by In Table Il, the corresponding level-density parameter
neutron emission is impossible because of the neutrona, [level density=mass@)/a,] and backshift pairing-
separation energy. When this channel opens)tiay emis-  energy parameteA, [58] are given. In the fourth region
sion drops to almost zero. A similar effect, although lessabove 25 MeV Ej), the level density is calculated based on
strong, can be seen when the threshold for two-neutron emis: liquid-drop model, and the values for the same parameters
sion is reached &E,=15.5 MeV. Thresholds for the emis- as used in the second region are again listed in the [&Ble
sion of three, four, five, and six neutrons lie at 22.3 MeV, In the excitation-energy range between regions 2 and 4, level
31.5 MeV, 38.5 MeV, and 48.1 MeV, respectivebiso in-  densities are smoothly interpolated.
dicated in the figurg but at higher excitation energies the  The result of the statistical-model calculation for the
steps in the spectra get less distinct because of a convolutioreutron-emission spectrum from a certain excitation energy
over the phase spaces for multiple consecutive neutron emigs a Maxwellian-like distribution. The distribution displayed
sion. in Fig. 7(a) is for E,=30 MeV. The integral of this distribu-
Events where at least one neutron was detected in coinction gives the multiplicity. In the same figure, the conse-

IV. COINCIDENCE DATA
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TABLE Il. Level-density parameters used @ascADE calculations.

Nucleus Region 1 Region 2 Region 4
E, n, E, a, A, Ej ay Ay
(MeV) (MeV) (MeV™1) (MeV) (MeV) (MeV™1) (MeV)

124gp 0.40 17 12.0 8.83 -1.39 25.0 8 -3.91
1231 1.10 5 12.0 8.40 -1.30 25.0 8 -3.13
122g) 0.48 26 12.0 8.18 -1.21 25.0 8 -4.30
121G 1.33 10 12.0 8.06 -1.12 25.0 8 -3.44
120572 0.45 17 12.0 8.00 -1.03 25.0 8 -4.56
1957 1.68 22 12.0 7.93 0. 25.0 8 -3.72
1235 1.12 15 12.0 8.82 0.970 25.0 8 -2.43
1225 2.80 20 12.0 8.72 1.210 25.0 8 -1.59

%, andA, are interpolated values.

guence of folding with the detection efficiency is also shownto 16 MeV, including the IAS, a branching ratio 6f90% is
for thresholds ranging between 25 and 100 lee&Mfor the  found. This result indicates that the GTR also strongly de-
NE230 scintillatoy. As one can see, the multiplicity that cays by neutron emission. Decay from the dipole resonances
would be measured decreases strongly with increasingias also observed.
n-detection threshold. In Fig.(B) this effect is shown for Surprisingly, a large nonresonant component is still
excitation energies int?*Sb up to 50 MeV. Also, the steps present in the neutron-gated coincidence spectrum, even at
clearly visible in the uncorrectedascADE calculations, Fig.  high excitation energies. Above 30 MeV the coincidence
7(b), become increasingly less pronounced when correctedross section still accounts for 50% of the singles cross
for detection efficiency. section. This was determined by assuming isotropy of neu-
The efficiency-corrected multiplicity curves were calcu- tron emission. Therefore, the expected contribution from the
lated separately for each detector and for the low- and highmonopole resonances, again indicated by a Lorentzian, is
magnetic-field settings, because the detection thresholdgill small compared to the observed neutron-gated cross sec-
shifted between these measurements. For each detector ttien. The estimate for IVSMR and IVGMR was drawn under
experimentally determined coincidence spectra were then dthe assumption that the branching ratio for decay by neutron
vided by the corresponding calculated curve. Finally, theemission is the same as for the IAS.
corrected spectra from all detectors were added. The result is Again, it was attempted to enhance the possible presence
shown in Fig. 8. of monopole strength by comparing spectra from small and
A branching ratio of 8% 2 % for the decay by neutron large scattering angles. The coincidence spectra taken at 0°
emission from the IAS was extracted from the data. Here, thand 2° are shown in Fig. 9. A binning of 1 MeV has been
error is statistical only. This value is in agreement with thechosen. These coincidence spectra correspond to the singles
predicted value of 91:45.1 % [32]. For the range from 10 spectra of Figs. @ and 8b). In Fig. 1Q@a), the difference
spectrum is displayed. An estimate of the expected IVGMR

25 60 5 and IVSMR monopole strength is again included, following
a)
—— CASCADE calculation —— CASCADE calculation 124 3
-+ Threshold: 25 keVee 50 - threshold: 25 ke Vee Sn("He,tn) E=199 MeV #,=-10 mrad
201 ——— Threshoid: 50 keVee ——— threshold: 50 keVee 20
— - Threshold: 75 keVee - - - threshold: 75 keVee > - o .
S — - Threshold: 100 keVee 40| —- threshold: 100 keVee oy 18 High magnetic-field setting
215 2 p= 16 Low magnetic-field setting
g 3 A —— Expected IVGMR/IVSMR
. §-30 E 1.4
g 10 § =12
= E,=30 MeV 20 1o
el >
w
S 08
0.5 1o e
B 0.6
G 04
00k 0.0 = )
00 10 20 30 40 50 6.0 7.0 80 0 5 10 15 20 25 30 35 40 45 50 S 02 N
Neutron energy (MeV) E, MeV) o 00 : !
o ) ) ' 10 20 30 40 50
FIG. 7. Energy distribution of emitted neutrons from an excita- E, MeV)

tion energy of 30 MeM(a) as calculated using the computer code

cAscADE. The effect of a change in detection threshold is indicated FIG. 8. Excitation-energy spectrum measured in coincidence
by the various curves. Neutron-multiplicity versus excitation- with neutrons, corrected for neutron-detection efficiency and multi-
energy curvesb). Again the influence of the detection threshold is plicity. An estimate for IVGMR and IVSMR is shown with a
indicated. Lorentzian line shape.

054602-7



R. G. T. ZEGERet al. PHYSICAL REVIEW C 61 054602

spectrum at high excitation energies and that the isovector

= F o 0 . . S
%} ' g ). monopole resonances are Lorentzian distributed as indicated
§0-8 - in the figures, it can be calculated that with a certainty of
Eos [ . 95% the cross section for the isovector monopole resonances
ook %o oot is below 20% of the expected cross section on the basis of
) 04 - PS *® %8 i . .

T fee 00000 DWBA calculations with normal-mode wave functions.
g 02 » @ o hd OOOOOOOOOOOOOOO
}Oi,lu,.l‘.;l...U,llA.mw.‘;uuULQ.
"o e BB B ) V. INTERPRETATION AND CONCLUSIONS
< f ] A major conclusion from the present work is the failure to
208 ;—b) ., '0;2% 2 observe monopole strength at high excitation energies. This
Dos | . S, result is in part due to the presence of a nonresonant con-
Eosh ¢ : 08%% tinuum background. While such a background is known to
goz Foo. 9000, 00000, exist in singles mode, the presence of still significant contri-
S Pt ©0%000 butions from events gated on coincidences with neutrons was
corr o ° unexpected. Furthermore, the problems in the ray-tracing
ookt o 1 procedure for the vertical direction made the difference-of-
’ZO 10 ] 20 25 30 35 40 45 50 . .

£, (MeV) spectra method less sensitive than it could have been. Nev-

ertheless, estimates for the expected monopole strength ex-
ceed the data beyond their statistical uncertainties in both
FIG. 9. Corrected neutron-coincident excitation-energy spectrajngles and coincidence modes, but particularly for the latter.

obtained at(@ 6;=0° and(b) 6;=2°. Solid and open circles are  Thjg result may be due to an overestimate of the expected
from the high- and low-magnetic-field runs, respectively. monopole strength. The Lorentzian curves shown in Figs.

5(c), 10(a), and 1@b) are estimates for the combined cross
the same procedure as for the singles data and assuming géction of IVGMR and IVSMR and were calculated under
equal branching ratio for decay by neutron emission fromhe assumption that the widths of these resonanEgsate
IVGMR and IVSMR as for the IAS. The error bars are sta-10 MeV. If the widths are much larger, as suggested by
tistical only. The IAS, GTR, and dipole resonances areauerbach and Klein [21,23 and by results from
clearly visible. There is no indication for monopole strength _charge-exchanggl] data, finding the strength would be-
at higher excitation energies, not even with an increased bigome increasingly difficult. Also, the monopole cross sec-
size of 4 MeV[Fig. 1Qb)] to account for the increased line- tions decrease strongly with increasing momentum transfer
width or fragmentation. The data are clearly consistent withand thus increasin@ value. Therefore, if the resonances are
zero. Under the assumptions that contributions with multipotcentered around a higher excitation energy than the values
larities larger than zero do not contribute to the differenceassumed heré36 MeV), the estimates drawn in this paper
are too high. Performing the strength calculations for
IVGMR and IVSMR in the framework of normal modes, as

S os b a_ ool ( \ _

P Z: ;_O) 0°=2") was done in the present work, might lead to an overestima-
@ 3 | tion of the strengthgup to 40% with respect to HF-RPA

. 0.4 \

2 : ! calculation$ and thus the cross section.

£ 03 i : . .

o o2k L Furthermore, the assumption that the branching ratios for
& o 2 ‘ : statistical decay by neutron emission from IVSMR and
c::’ 0 f e e IVGMR are similar to that from the IAS could be wrong. It
A= s w R e 51(*) can be argued that the Coulomb barrier is relatively less im-
s E, (MeV) portant than at lower excitation energies and thus direct de-
- cay by proton emission becomes more likely.

3 o004 [b) The large cross section measured for the continuum at
“i. 00z b /\ high excitation energies in coincidence with neutrons in the
> ( . | — backward direction, essentially 50% of the singles cross sec-
E o —— e —— tion (assuming isotropic decgayis not understood. It appears

5 002 | Bin size 4 MeV that there are several possible explanations. First, the quasi-
§,_0,04 _ free knock-on charge-exchange and breakup-pickup pro-
3 os B — | L cesses, discussed earlier, could lead to neutron emission.
L T T T S0 s 20 45 ESCEMev) Second, other processes may result in the emission of neu-

trons. Finally, considerations related to the data reduction

FIG. 10. (@) The difference spectrum obtained by subtractingMay affect the resultésee below.

spectra of Figs. @ and 9b). (b) is similar to(a) but for the high-

The quasifree processes are believed to lead to single-

excitation-energy range only and with a binning of 4 MeV. Esti- neutron-hole states in the nucled&Sn at excitation ener-
mates for IVGMR and IVSMR are shown with Lorentzian line gies predominantly below the threshold for neutron emis-
shapes.

sion. This was the primary argument for performing the
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experiment described here. The final nucleus would, theredy approximately 10%. This can only be circumvented by
fore, not emit neutrons and the quasifree nonresonant backaeasuring neutron energig§OF), thereby losing solid
ground at higher excitation energies could therefore be sugangle. An error in the correction procedure can, however, not
pressed or at least reduced considerably using coincidengxplain the failure in finding monopole strength at higher
measurements. However, it was also known that a presun@Xcitation energies, since a cross section that is consistent
ably small fraction will excite deep-hole states. Therefore With zero in the difference spectrum will remain zero, even if
the remaining nucleus could be in a rather highly excitedhe correction changes. _ _
neutron-hole state and thus decay statistically by neutron !t IS implausible that the above conjectures can explain
emission. However, a strong excitation of these deep-holf€ OPServed strong cross section in the continuum region at
states relative to valence-shell excitations is very unlikely. [t"19N €xcitation energies for events gated on coincidences

must also be noted that if statistical decay happens from yith neutrons in the backward direction. Therefore, it is con-

nucleus excited in a quasifree process, it cannot be deducé&tded that, contrary to expectations, there is still a signifi-

from the singles measurements or coincidence measuremerfant p_robz_ability for emission of neu;rqr(50% if Isotropic
with neutrons detected at backward angles what the excit£1iSSion is assumgadf unknown origin. This makes the

tion energy of such a nucleus is. This influences the multiOPServation of the expected broad isovector spin-flip and

plicity calculations. Also, more complicated, two- or more- non-spirj-flip resonances in thi's region of expiFation energies
step processes that result in the emission of neutrons 4 coincidence experiments with neutrons difficult.
backward angles could be more important than expected.

If the high-excitation-energy region also contains contri-
butions from other broad resonandether than IVGMR and The authors wish to thank the cyclotron crew and techni-
IVSMR), these can decay by neutron emission and accourdal staff at IUCF for their support. The research was sup-
for part of the measured coincidence cross section at baclported by the U.S. National Science Foundation and is part
ward angles. To investigate this, one has to calculate strengtsf the research program of the Dutch “Stichting voor Fun-
distributions and differential cross sections for such resodamenteel Onderzoek der MaterigFOM) with financial
nances. This has not been attempted in the present work. support from the “Nederlandse Organisatie voor Weten-

The efficiency and multiplicity corrections may give rise schappelijk Onderzoek’(NWO). Support by the Scientific
to systematic errors. It is estimated that the determination offfairs Division of the North Atlantic Treaty Organization
the neutron detection threshold could be off by 10 k&Y (NATO), Research Grant No. 900 219, and the Office of the
For an excitation energy of 30 Mejthe example shown in Vice-President for Research, University of Michigan, is
Fig. 7(a)] this changes the efficiency-corrected multiplicity gratefully acknowledged.
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