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Search for oscillations in evaporationa-particle spectra from hot compound nuclei
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The inclusivea-particle spectra from0-+8%, 2C+%Nb, and %0+ %Nb reactions around 6—7 MeV/
nucleon incident energylaboratory have been studied. These spectra have been fitted very well using an
algebraic expression for the statistical emission of particles from the compound nucleus and subsequent
daughter nuclei. We do not find any statistically significant oscillations in the remaining spectra after subtract-
ing out the contributions due to initial and sequential emissions from the compound nuclei, thus showing no
direct evidence for the existence efparticles as independent particles in the nuclei.
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. INTRODUCTION p—2x
P(x)ocexq—x/T)erfc( 2\pT) , (1)

The search for the existence of complex particles as inde-
pendent particles inside a nucleus is still an ongoing effortvherex=E_ ,,— V. HereV, is the Coulomb barrier energy,
[1-3]. If a complex particle such asa particle can indeed E_, the center of mass energy, apds a parameter called
exist as an independent particle inside a compound nucleughe amplification factor and it measures the change of Cou-
then because af particle resonances in the nuclear potentiallomb barrier due to the shape fluctuation of the compound
well, the transmission coefficient af particles(from the  nucleus.T is the temperature of the compound nucleus.
potential wel) should show oscillations as a function of  Morettoet al.[1] and Jing[2] measuredr spectra from a
a-particle energy for each partial wave. Since several sucRHe+ natural Ag reaction with very high statistics. They fit-
partial waves contribute, so the oscillations will tend to beted such spectra with a statistical evaporation formula as
washed out in the spectrum af particles emitted from the given by Eq.(1) and obtained a very good fit in each case.
compound nucleus. However, complete cancellation of suclfter subtracting out the fitted spectrum from the experimen-
oscillations is not expected and so there should be tiny osal one, they found oscillations in the remaining spectrum at
cillations left in the spectrum of particles emitted from the the (1-2% level and speculatgd,,2] that these oscillations
compound nucleus. Morettt al.[1] and Jing[2] suggested could be the signature of the existenceaoparticles as in-
that such oscillations might be observable in evaporatiomiependent particles inside the potential well of the com-
spectra of very high statistical quality. pound nucleus. If these oscillations are real and cannot be

It is well known that a highly excited compound nucleus understood in terms of well-known physical processes such
deexcites by emitting predominantly neutrons, protoms, as sequential decay from daughter nuclei, then they most
particles, andy-ray photons or it may undergo a fission pro- likely point towards the existence of particles as indepen-
cess. The statistical properties of the compound nucleus suetent particles inside the nuclei. So it is important to confirm
as its temperature, deformation, etc., can be deduced fromhe existence of such oscillations in the evaporatiospec-
the observed particle spectra. Earlier wofKs-6] showed tra and find out if any well-known physical process can ac-
that standard statistical model codes suctcascADE and  count for them. In order to find out if these oscillations might
PACE can usually give a reasonably gowithin 10%—-15%  be related to any kind of entrance channel effect, the same
and in some cases only a qualitative description of evaporazompound nucleus®Ag was produced at the same excita-
tion spectra from compound nuclei. But these codes are nafon energy and with a similar spin distribution by using
really suitable to fit evaporation spectra with very high pre-10+ 8% and 2C+ ®Nb reactions at suitable energies and
cision (within ~1%). Thereason is that these are very large spectra from the nucleus were studied.
and complex codes with a large number of parameters. So
they are not suitable to be put inside a fitting routine and Il. EXPERIMENTAL PROCEDURE
search for the best fit parameters. In order to obtain high
precision fits to high statistics evaporation spectra, it would We undertook a study of spectra at back angles from
be very convenient to use an algebraic representation of std>"Ag nucleus at an excitation energy of 76 MeV using
tistical evaporation spectrum using only a few parameters'®0+8Y and *2C+%Nb reactions. A 10 pnA 95.9 MeV
Moretto[7] derived such an algebraic expression to represertteam of %0 from BARC-TIFR pelletron macinéocated at
the statistical emission of particles from a hot compoundTata Institute of Fundamental Research, Mumbai, Inias
nucleus. According to Moretto’s formula, the statistical used to bombard a 1 mg/énthick %Y target. FourAE
evaporation spectrum from a compound nucleus can be de- E telescopes were placed at different angles between 140°
scribed[1,2,7] by the following formula: and 170° to record alpha spectra. Similarly, a 10 pnA 85.5
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*0+%Y at E('°0)=95.9 MeV "?C + *Nb at E(*°C)=85.6 MeV
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FIG. 2. Lower panels: experimentally measuredspectra at
: 01.,=143.3° and 151.7° from thé&*C+ **Nb reaction have been
10 15 20 25 fitted with Eq.(1). Upper panels: percentage difference between the
E.m(MeV) experimental data and the fits.
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FIG. 1. Lower panels: experimentally measuredspectra at
flap=150°, 160°, 170° from the'®0+%Y reaction have been of the °4n compound nucleusHy= 96 MeV) is around 3.5
fitted with Eq.(1). Upper panels: percentage difference between thavie\. After subtracting out fitted alpha spectra from the cor-
experimental data and the fits. responding experimental spectra, we find oscillations at the
level of 5%—7% in each remaining spectrum as shown in
MeV '2C beam from pelletron machine at Nuclear ScienceFigs. 1, 2, and Jupper panels
Center, New Delhi, India was used to bombard a 1 md/cm  In order to check if the observed oscillations are produced
thick ®*Nb target and alpha spectra were recorded at backy any instrumental effect, we took high statistics data from
angles. Monitor detectors were kept at forward angles (25°) pulser with a 0—4 V ramp through the same instrumental
for beam monitoring and normalization purposes. setup. The spectrum thus obtained does not show any sign of
We also studiedr emission from*%n nucleus at an ex- oscillation, thus confirming that the observed oscillations are
citation energy of 96 MeV by bombarding a notdue to any type of instrumental effect.
1.2-mg/cni-thick ®3Nb target with a 5 pnA 116 Me\*%0 Although the magnitudes of these oscillations are consid-
beam from Variable Energy Cyclotron Centre, Kolkata, In-erably higher than those segat the level of 1%—2%in
dia. Alpha spectra were recorded from 100° to 150° using &efs.[1,2], the widths and shapes of these oscillations are
AE-E telescope. At each angle, counting was performed fovery similar to earlier result$1,2]. The likely reason for
at least 24 hours to obtain a high statisticspectrum. En-  Seeing bigger oscillations in our work is because of the pro-
ergy calibrations ofa spectra were done by using well- duction of compound nuclei with much higher angular mo-
known «a lines from a??°Th source and elastic peaks from menta which lead to a comparatively larger mean energy
forward angle scattering of"C and 10 by a gold target. shift of the sequentially emitted particles.
Moretto et al. [1] and Jing[2] attempted to interpret this
type of oscillations(first seen in the evaporatiom spectra
Il. ANALYSIS AND RESULTS from the 3He+ natural Ag reactiopas the modulations asso-

The « spectrum obtained at each angle was converted t§iated with the optical potential felt by the particle inside
the center of mass frame assuming two-body kinematics. If1€ nucleus. However, since particles are emitted sequen-
Fig. 1 and 2lower panel§ we showa spectrain the center tially from a hot nuclleus, the effect of seqqentlal decays frpm
of mass framp taken at 6,,,=150°, 160°, 170° from a the daughter nuclei should also be considered. So we fitted
160+ 8% reaction and those taken &f,,=143.7°, 151.7°
from a *C+9*Nb reaction, respectively. The spectrum taken 0 + ®Nb at E("*0)=116 MeV
at 6,,,=130° from %0+ 3Nb reaction is shown in Fig. 3
(lower panel. These are our cleanest spectra with very good s T
statistics& 10* counts per 0.3 Me) These spectra were fit- & 0 — e S
ted with a statistical evaporation formula as given by #&g. -5
considering only the statistical uncertainties of the data 3 7 130
points. The uncertainty in our absolute energy calibration is ®

w

around= 0.5 MeV, but this uncertainty has not been consid- 10 15 E (MeV) 20 2
ered in the fitting procedure. Excellent fit was obtained in o
each case. So the algebraic expresgin (1)] can describe FIG. 3. Lower panel: experimentally measuredspectra at

the experimental spectra with very high precision. From suchy,,, =130° from %0+ 9Nb reaction have been fitted with E.).
fits, we obtained that the temperature of themitting *°°Ag  Upper panel: percentage difference between the experimental data
compound nucleusHy=76 MeV) is around 3 MeV and that and the fits.
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0 + ®Y at E("°0)=95.9 MeV 0 + ®Nb at E('°0)=116 MeV
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some remaining oscillations at the level of 1.5% @,
=170° « spectrum for 0+8% (Fig. 4 and at 6,y
_ . =130° « spectrum for %0+ *Nb (Fig. 6) reactions. We
FIG. 4. Lower panels: experimentally measuredspectra at . -

R X N a . . have the highest statistics data at these angles and can learn
01a=150°, 160°, 170° from thé®0+ &Y reaction have been fit- bout Il effects from th tra. So th t
ted with statistical emissions from two compound nuclear source more ? Olé Smﬁ etiects Tom €s€ spectra. 5o fese Sﬁec ra
Upper panels: percentage difference between the experimental dafiere fitted with statistica evaporaFlon spectra rom .t ree
and the fits. compound nuclear sources by adding two terms similar to
Eq. (1). The quality of fit further improves as a result of such

. . . . a three-source fitting, and as shown in Figupper panels
experimentala spectra with statistical evaporation spectra . . e -
there remains essentially no oscillation in the remaining

from two compound nuclear sources by adding another term f b . he fitted f h
similar to Eq.(1). The second term will have different values spectra alter subtracting out the fitted spectra from the ex-
of temperature T), Coulomb barrier ¥.), and parameter perimental spectra,

(p) corresponding to those of daughter nuclei. It was founq Compared to single-source fitting, the quality of fit is cer-
that by adding a second term to B, the quality of fit ainly expected to improve for multisource fitting because of

improves and, in each case, as the fitted spectrum is Sutr_1e increage in the number of free parameters. However, as
’ N ! o we shall discuss below, the parameters obtained from such
tracted out, the oscillations in the remainiagspectrum are
reduced substantially. In Figs. 4, 5, andl@ver panely we
show a two-source fitting to the spectra from*0+ 8%,
12C+93Nb, and®0+ %*Nb reactions. The oscillatiorisipper
panel$ in the residualx spectra(after subtracting out fitted
two-source evaporation spedtaxe very much reduced com-
pared to those in Figs. 1, 2, and@per panels We do not
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find any indication of oscillations in most of the spectra 9 | ‘U“ il
shown in Figs. 4, 5, and @pper panels However, we find T“ H H ”‘m‘
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C + "Nb at E( "C)=85.6 MeV ‘ ‘ "
3 ; o 3 T g Total 1%
L o }'P YT TN TS TL N —— '“frH' " . ‘Tj‘. M " I C N " e = —_datighter(1)
- -3 : } I o /- / .daughter(1) — . i, ST .
W | ] Z .0 L daughter2) =™y 2 | - gaugnterz)—=>
10 . L/ - v ghter(2) ="
§ 151.7° - 10" ’«— parent-like - ° parent-like —
'Y ; — ; + 70 . 130°
g 0 H H' Aty ot i T 49 Iy .”.”“; +.' } ?" .-HH‘.,' ‘ﬂ 103 . L - | | 101
-3 ; 10 15 20 25 10 15 20 25
8 10° E,, (MeV) E,, (MeV)
Z 4
© e FIG. 7. Lower panel: experimentally measuredspectra from

the 1%0+8% reaction at#f,,=170° and ®*0O+*Nb reaction at
0,.b=130° have been fitted with statistical emissions from three

FIG. 5. Lower panels: experimentally measuredspectra at compound nuclear sourc¢parentlike, daughte¢l), and daughter
01.5=143.3° and 151.7° from thé*C+?Nb reaction have been (2) source$ Contribution from each source is shown separately.
fitted with statistical emissions from two compound nuclearUpper panel: percentage difference between the experimental data
sources. Upper panels: percentage difference between the expeaind the fits. The residual spectra are fitted with Legendre polyno-
mental data and the fits. mials P,, (E; ) for n=37.
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TABLE |. Temperature and Coulomb barrier considering two compound nuclear sources.

Reactions Parameters of Parameters of
studied first sourcéparentlike second sourcédaughterlike
Angle (lab) T, (MeV) V; (MeV) T, (MeV) V, (MeV)
150° 2.92+0.15 12.05-0.20 2.38:0.10 13.470.20
160+ 8%y 160° 2.84-0.15 11.77-0.20 2.28-0.10 13.44-0.20
170° 2.92-0.15 11.930.20 2.22£0.10 13.56:0.20
12C+9Nb 143.3° 3.2%0.20 12.17-0.25 2.39-0.20 13.510.30
151.7° 3.14-0.15 12.32:0.20 2.73-0.10 12.95-0.20
160+ %Nb 130° 3.430.25 12.510.30 3.0:0.20 14.87-1.0

multisource fitting are consistent with the physics of sequenactions forming the same compound nucle§8Ag at the
tial emission from daughter nuclei. The actual number ofsame excitation energy.

daughter nuclei contributing significantly to the observed al- e also find from Tables | and I1 that the Coulomb barrier
pha spectra is not_jus_t 1 or 2, but that numbe_r is more Iikely(vc) experienced bya particles coming from the initial
15-20 for the excitation energy we are dealing with. HOw-n5rentiike source is lowest and. increases for subsequent

ever, we find from our analysis that the effect of parent an missions. FoA~ 100 nuclei, aE, =76 MeV and 96 MeV,

2gu?2:gfiq:ienr nlﬁ:g;giﬂrgz ;Brri:néi?nvﬁgﬁ ngrle%”izrz(afge most important evaporation channel is the neutron chan-
{ng. : b P ngl. Neutron emission rather than charged particle emission
daughterlike sources representing averages over hotter an e .
would precedea emission most of the time. Hence the

colder sets of nuclei, respectively. The parentlike or daugh-t ; b f t and daught lei Id .
terlike source does not necessarily represent individuaf 0MIC NUMDETS of pareént and daugnter nuciel would remain

nucleus, but generally represents the average effect of margPoUt the same. So the observed difference between the Cou-
nuclei. The temperature of the parentlike source should blomb barriers experienced by particles coming from
higher than that of the daughterlike source. For prolate deparentlike and daughterlike sources is most likely due to the
formation, we expect the Coulomb barrier of the parentlikeeXpected change of shape of the nucleus from prolate to near
source to be lower than that of the more spherical daughtespherical. We think that initially the original parent com-
like source. pound nucleus is formed in a deformed prolate shdgee

We tabulate below the temperatures and Coulomb barriergause of its high angular momentuand then gradually it
of different sources forr emissions as obtained from our becomes less deformed and approaches a spherical shape by
best fit to the data. The tabulated uncertainties of these pdesing excitation energy and angular momentum due to the
rameters were estimated from the variation of these paransequential emission of particles. As the deformation of a pro-
eters that can increase the chi square value of the fit ttate nucleus is reduced, its Coulomb barriér would in-
double its lowest obtained value. In Table | we show thecrease and we think that this effect is seen in Tables I and II.
results of two-source fitting and in Table Il those of three-So the parameters we get from multisource fitting are con-
source fitting. In each case, we find that the temperature dafistent with the physics of sequential emission from daughter
the initial parentlike source is highest and it gets reduced fonuclei.
subsequent daughterlike sources. This is because of the re- It is possible to determine the deformation of the excited
duction of the excitation energy of the compound nucleugparentlike source from such an observed change in the Cou-
due to sequential emission of particles. Since the same conlemb barrier ofa particles. From Tables | and I, we find a
pound nucleus'®Ag was formed at the same excitation en- more than 10% change in the value of the Coulomb barrier
ergy (Ex=76 MeV) by %0+ and *2C+%Nb reactions, between the excited parentlike source and its less excited
so we obtain approximately the same temperat@rMeV)  daughterlike sources. Assuming that the shape of the excited
by fitting « spectra from both reactions. The observed oscilnucleus is prolate and that of the daughter nucleus is spheri-
lations are clearly not related to any kind of entrance channatal, we find the deformation paramet# 0.2 for the excited
effect, because their behavior has been found to be identicplarentlike source in the case of a 10% reduction in the value
(Figs. 1, 2, 4, and 5for both %0+ 8% and C+%Nb re-  of the Coulomb barrier of the parentlike source compared to

TABLE Il. Temperature and Coulomb barrier considering three compound nuclear sources.

Reactions Parameters of Parameters of Parameters of
studied first sourcéparentlike second sourcfdaughtefl)] third sourceldaughtef2)]

Angle (lab) T, (MeV) V; (MeV) T, (MeV) V, (MeV) T3 (MeV) V3 (MeV)
160+ 8% 170° 2.96£0.10 11.580.15 2.5%-0.15 12.280.20 2.3%0.15 13.74-0.20
160+ 9Nb 130° 3.6720.10 12.320.15 3.22-0.15 13.580.20 2.67-0.15 13.610.20
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that of the daughterlike source. perimental spectra. There is certainly no broad oscillation
In Fig. 7 (lower panely we show contributions to statis- left as was seen in Figs. 1, 2, andupper panelsand also in
tical evaporationa spectra from parentlike and susequentRefs.[1,2]. If any oscillation is left, it is much higher fre-
two daughterlike sources denoted as daugtiieand daugh- quency oscillations contrary to the low frequency oscillations
ter (2). The temperature of the parent nucleus is higher thaseen in Figs. 1, 2, and @pper panelsand Refs[1,2]. The
that of any daughter nucleus. On the other hand, the Couesidual spectra in Fig. 7 are fitted with Legendre polynomi-
lomb barrier of the parent nucleus is lower than that of anyalsP (E, ) and we find that very high values 6=37) are
daughter nucleus. So the parent nucleus should have signifiequired to fit the residual spectra. The Legendre polynomial
cantly higher a-emission probability compared to any fjt shows that the upper limit on the amplitude of such high
daughter nucleus. However, we find from the fits shown infrequency oscillation is less than 0.5%. A straight line pass-

Fig. 7 that the contribution from the parentlike source isjng through the mean value of data points also gives a similar
much less than the yields from the daughterlike sources. p; square value like the high (n=37) Legendre polyno-

AS. dis_cussed l_)_efore, the actual number of daughter nuc_lerhial fit. So we conclude that there is no statistically signifi-
contributing significantly to the observed alpha spectra is

about 15-20 for the excitation energies we are dealing withcam oscillation seen in our study ef spectra. We find that

The sum total ofx-emission probabilities from all the daugh- iTZtiztiigleCtgm?:;oae f;/oer;y t\r/]v:”oﬁnidn?tcﬂ gﬁncdoﬁgﬁe r:;g
ter nuclei is significantly higher than the-emission prob- @ 9 P

ability of the initial parent compound nucleus. In Fig. 7, the and its daughters. Since no statistically significgnt oscillatory
curves labeled as “daughtdd)” and “daughter (2)" are structure has been sgenanspgctra, so from th|s- work, we
daughterlike sources representing the total effect of mangonclude that there is no evidence for the existencer of
daughter nuclei. Similarly, the curve labeled as “parentlike” particles as independent particles inside compound nuclei.
does not necessarily always represent the effect of initial

parent compound nucleus only, but can in general represent

the effect of several comparatively hotter nuclei. So in Fig. 7, IV. CONCLUSION

for our three-source fit, the contribution from the parentlike | K sh hat the ob q
source is always much less than the total contributions from, ' Summary, our work shows that the observed evapora-

all daughter nuclei, although the contribution from any indi- 10N @ spectra can be described very well using the algebraic
vidual daughter nucleus is certainly less than that from par€xPression of Eq(1) representing the statistical emission of
ent compound nucleus. particles from a compound nucleus. The quality of fit im-
The number of nuclei contributing to parentlike or daugh-Proves considerably as the sequential decays from the daugh-
terlike sources may changeus changing the realtive yields ter nuclei are also considered. After subtracting out fitted
from those sourcésfor different fitting procedures. In the statistical spectréincluding the effect of sequential decays
case of three-source fit of the spectrum from thel®O from the experimental spectra, we do not find any statisti-
+8% reaction(Fig. 7), we find that the contribution from the cally significant oscillatory structure in the remaining spec-
parentlike source is less than 20% that of the tatalield.  tra. So there is no evidence for the existence g@farticles as
But a two-source fit of the same data shows that the contriindependent particles in the compound nuclei. These oscilla-
bution from the parentlike source is about half of that of thetions are also clearly not related to any kind of entrance
total « yield. In the case of a three-source fit of thespec- channel effect.
trum from *°0+9*Nb datd Fig. 7), we find that the contri- In earlier works[1,2], oscillatory structures were seen in
bution from the parentlike source is about one-third of that Of’[he residual spectra apparenﬂy because of ignoring sequen-
the total « y|e|d AC.COI'ding to Statis.tilcal model codeas- tial decays_ Recenﬂy, in their Annual Rep@&], the same
CADE, the contribution from the initial parent compound group has also concluded that the oscillations seen in the
nucleus is about 28% that of the totalyield for the *°O  gyaporationa spectra from the’He+Ag reaction can be
+%%Y reaction atEsp(*°0)=95.9 MeV and for the'®O  ynderstood in terms of sequential emission from daughter
+9Nb reaction atE,,(*%0)=116 MeV; the contribution pyclei.
from the |n|t|a| parent Compound nucleus iS about 22% that From our Studiesy we also get information about the tem-
of the totale yield. We find from our fits that irrespective of perature and Coulomb barrier of excited parentlike and
the different fitting procedures used, the contribution fromgaughterlike sources and so can estimate the average defor-
the parentlike source is never more than half of the totamation of excited nuclei from the change in the Coulomb

contributions from daughter nuclei for the reactions studietharrier between parentlike and daughterlike sources.
in this work. The temperature of the parentlike source has

always been found to be higher than that of any correspond-
ing daughterlike source. The Coulomb barrier of the parent-
like source has always been found to be lower than that of
any corresponding daughterlike source. All these observa- We acknowledge S. K. Ratl{Bhabha Atomic Research
tions are consistent with the expectations of statistical modeCenter, Mumbai, Indigfor doing statistical modetASCADE
calculations. code calculations for us. We also acknowledge useful discus-

In Fig. 7 (upper panels we show the residuat spectra  sions with L. W. Phair, L. G. Moretto, and G. J. Wozniak
after subtracting out three-source fitted spectra from the exlawrence Berkeley Laboratory
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