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The formaelisms describing the evaporation of complex
frégménts on the basis of the final state phase space are
shown to be seriously inaccurate. The relevance of shape
polarization is discussed and new expressions for the decay

widths and the kinetic energy distributions are derived.
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The neutron evaporation is well described by the expreSs;on introduced
byAWeisskopf;’2 on the basis of the detailed balancé'equation:

| v ' o L
M'(elde = ———=———o0, (€) € p"(E-B
€ jde N n2h2p(E) lan . Ny

where E is the .compound nucleus excitation energy, Bn«is the neutron binding

N

-~

-€) de T ¢ Y

energy, Efaﬁd_m-are=the neutron kinetic energy and mésg respeétivély, Giﬁ&
is the cross section for the inverse process, p(E) and p*(E—BN—E) are the
level densities for the coﬁpound‘and‘residual_nucleus;respeCtively.'
In‘a;mOre accurate-  treatment, the inverse crbssbseétion is exp1icitiy
written down in terms of the penetrability coefficients Tj associated with
specific £ waves and the level density is considered angular mémentum
dependent. |
‘ Completely similar expressions are frequenﬁly‘used to deséribe'the
,evapqration of complex particles like alpha particles and larger frégments;3
In such cases, the inverse cross section is calculated from -an optical model
which fits the experimental particle;induced reaction cross section. The
significance of Ginﬁ in eq. (1), or ofvthe'penetréﬁility coefficients‘in more
vsophisticated formilae, arises from a'ver& simplified'expréssion for the
probability of the inverse transition: |
Ginvx velocity

Piny ° THormalization volume_'ff?' o . _ (2)

The use of eq. (1) or of similar ones is proper only if Oinv-contains all the

physical information concerning the-reversible,reaction path. In the case of

A

neutron emission, the physical meaning of @he opticgl potential may justify the

use of Oinve Furthermore, the collective degrees of freedom seem to play a

very minor role. In the case of the emission of a complex charged particle,

—




the shape polarization effects become very relevant. The shapes assumed by,the
system during the formation and aftef the separation of the two fragments are
guite different from those involved in the éollision of the same two fragments.
Therefore the uée of an experimental éross section or of equivalent quantitieé
givén by an optical model, may grossly misrepresent the number and the releyance
of theidegrees of freedom (espécially the collective ones) involved in the
process.

In order to describe the evaporation process more in detail, we

assume that.the decay rate is determined not by the final state but by a

transition state, similar to that of fission. If avhighly asymmetric mass-

splitting is considered, the critical shape corresponding to a fission saddle
. : ' : L

point is highly necked-in and the mass asymmetry degree of freedom can be

considered frozen because of the very large inertial mass.

i Furthermore, the

critical point is very close to the splitting point, so that the distributions
of the dynamical quantities af the two poinﬁs are either the same or are very
strongly correlated.

The critical point can be called the "ridge point" in analogy to the

" "saddle point" because it is located on a ridge of the potential energy surface

plotted versus the mass asymmetry coordinate (Fig. 1A).

As an illustration, the following simple pafameterization for the_
ridge point shapes can be chosen: a sphere (the small.fragment) in contact
with the polé of a spheroid (the residual nucleus). The ridge point can be
found by minimizing the ﬁotential energy of the system with respect to a
parameter {,describing the deformation of +the Spheroid. If the small fragment
is charged, the large fragment becomes deformed, thus méking the ridge point

height lower than the nominal coulomb Barrier. The potential energy versus



the deformaﬁlcnﬁparameter.1r;has a'mlnimum at fne'ridge,pOlnt:"in.the'\

quadratic approximation one can'write: _ ‘ -
vVT({y). - B‘{:Kfr?_ o S 'bfﬂ’J'v . o { (3)

where B is the helght of the rldge p01nt L‘e;n11551y the CoulomnAlnferactlon

energy, which decreases monotonlcally with deformatlon, can be expanded to

flrstvorder in Jb/at the~r1dge~p01nt:

VC_'. =_'. v C.?‘a/ . o | R (h)

:*wnere Vo'is the'Coulomb iﬁferacflon‘of thejtwo particles'at the ridge poinﬁ.
Tnolebservatione can,be nade;l .

(l) Since the ridge point configuration is characterized by 8 deformed
large fragment the llght fragments can be emltted below the nomlnal Coulomb
‘barrler (Coulomb 1nteract10n of two touchlng spheres) ‘

(i1) The statistical fluctuatien in the coordinate.?linvolves an
energy oflthe order of the»teﬁperatpre T. The fluctuation in the Coulomb
interactlen energy depends uﬁon thefvalue of ¢ and can be much larger than T
(Fig. lE)._ In fact the amﬁllflcatlon in the klnetlc ‘energy. dlstrlbutlon is

2
malnly dependent upon the quantlty D =£%— which can be called ampllflcatlon

parameter because cf‘the,relation:

vV : . o _ i
N S
This seems tc:provide a partial'explanatiOn'to;some ekperimental dats which

do. indicate eubstantial emission below the Coulomb barrier and large kinetic

h?5?6 A eimilarveffect oceurs
7.

in the fission process and has been described by Nix. . The kineficﬂenergy

. energy widths aelcompared with the_tempefature.

distribution can be .evaluated in more detail. The'total'kinetic energy can be

taken as the sum of two contributions: the first contributibn is due to the



"

statistical kinetic energy € at the ridge point associated with the fission~

like degree of freedom, which is of the order,gf the temperature; the second

contribution arises from the Coulomb interaction energy of the two fragments

in the viecinity of the ridge point.

The differential decay width can be written as:

I‘da&dp{j de = %&I’-ﬁ p* (E - B - %- K?2—€> de dg‘b' - (6)

where B is the height of the ridge point, p is the conjugate momentum of_ir,

]

m is the inertia along the same coordinate, p(E) is the compound nucleus

0!

level density and p* is the level density at the ridge point. The canonical

expansion of eq. (L) is:

radpap, a = ﬁ%&ﬁ p*(E-B) exp (—:—;—(e + %2/21“‘6 + K.f)) dplo_ de.

By integration over p one obtains:

] ‘ _

I‘dJJ de = m'p“(E—B) /mé_ Tl/2 exp—:% (e + |<72) ae . (8)
By further integratiop over € and J% and by re-incorporating the contribution
of the colleétive méde into the level density, one obﬁains the total decay
width: .

, E-B : .

r =’ﬁE—) .O/ o* (x)dx='2‘1%(ﬁy0*(E—B)T . o (9)
This decay Vidth is completely analogous to the fission decay width and
differs from the neutron decay width given in eq. (1). 'The reason. for this

difference is the following: 1In the case of neutron emission one considers

the phase space associated with the motion of the neutron in a three dimensional
cartesian space. In the charged particle emission, as in fission, one has only

one ﬁnbound mode in the'transition state instead of three. Therefore the phase

(7)



space is correspondingly reduced.

The final kinetic energy distribution. can now be. calculated. By

lahad

empleying'the Ceﬁlomb interactionvehergy'given by‘ee. (ﬁ)ttﬁe.totalikinetiC'

energy"‘CaniBe assumed to besds e e T SRR AR - .
Bt oerVotosq o o

In this;ex;reesion, the contfibutionvto fﬁe finai kinetic energ}:of.the modes

normal tobthe fiesion-like coordinate is assumed to cdme from the“potenéiel"

energy”alone;~;Sﬁbstitu;ing'eq}”ﬂ(lO) into e§: (8), and infegfegieg over.all

the pessible eembinations yielding.the same ki;etic:energy one,obtains:-

P(x) ax « erfc (2 pT) exp —<T>dx - S

where x = EK - VO._v?his formalism falls short in reproducing the simplest
‘case of neutron evaporation. For p = O (emission of a neutral particle) the

kinetic energy distribution becomes:

K - : . .
'_P(EK)"“_exp <— —T-) - : | . ST . (12)‘
- which ié.net a MaiWellian;' Tﬁis is to be,expected because some relevant col-

lective degrees of freedom have been left out. The introduction of two degenerate

- degree of ffeedom which may be taken to be oscillations of the small sPhericai
fragment about the tip of the large epheroidal fragment , yie;ds a more realis-

tic picture.
. L R Lo C . . _
- Let us assume that the potential energy'associated with the two new \/

degrees of fission is: _ ' s

v(w) = av” S S N € k)

:and that thie‘potential eneréy-is’e3sentiaily of eleqtrostatic nature. The



differential decay width is: L S ‘

| | P, P,y
T = .%g_ﬂw_g‘i p* (E-B-—E—a.w2-l<472- E;I'li - -2—:;—-> ETpr dpW dp, de (14)
2mp(E)h 5 w’ v

After expansion to the canonical form and integration over the momenta one

obtains:

3/2 1

. 28

1 2
. T(€+K“¢T +38)

I = Kp_z(% o* (2-B) /21Tm*o, m T . dddjde (15)

where § = aw2._
Assuming as in eq. (10) that the final kinetic energy is given by
= o+ + 8 + ' '
E, VVO cay S +¢ | , (16)

and integrating over all the possible modes corresponding to the same kinetic

energy, the final kinetic energy distribution is obtained:

2., 2\
'P(x)dx « (2x-p) exp (- %0 erfc (2‘§¥> + 2\/%? exp - (%E%%£-> . (17

Quite remarkably, this expression does depend oﬁly on the existence. of
the doubly degenerate normal mode of eq. (13), and hét-on its inertia or
stiffness. This formulg does indeed reproduce the néutfon evapofation spec-
trum. For é neutron x = E'.< and p = 0. The second term of eq. (15) vanishes

and the first term becomes:
' - B ) aE | (18
P(E) dE_ « E_exp =) B N | )

which is the expected Maxwellian distribution.

In Figs. 2, 3, 4, and 5 the calculated kinetic energy distributions

9 lz2, 20

are plotted for the emission of hHe¢_ Be, C, Ne from the compound nucleus

2 ‘ v
36U at various temperatures.

It can be observed that for small p values, (corresponding for instance

to the emission of an alpha particle) the kinetic energy distribution is qﬁite



asymmetrical_and'strongly resembles a Maxwellian, whilevfor'large values

of p the distribution for the_same temperature is auch broader. and more{nearly
symmetrlcal .In this calculation, the p values have been determined by uslng 8
.the llquld drop model and the parameterlzatlon descrlbed above: It-is_to be | Q

t

stressed that, tozavlargewextent,reql (lT)_ls independent of: the parametérization
insofar as tne éuantityvp.canvbe defined unequivocally}' -

. ‘As the.small'fragment becomes more compleg,:the above.parameterization
may become insufficientf The addition of ajdeformatlon,coordinate for the

small fragment as well'as of other collective normal.modes becomes very important .
Furthermore the 1ncrea51ng spec1flc heat of the small fragmentvmakes necessary
.to account also for 1ts level den81ty However for spec1f1c fragments like
v perhaps 6O the shell effects may 1mpose stlll a spherlcal,shape'and minimize
the relevance of the 1ntr1ns1c degrees of freedom 4ln-such cases it is

posslble that tne descrrptlon presented above‘;s still.?easonablyivalid.

At present tnere are no suitable experinental data to test the predlétions of

3,k the effectsjare

our_theory unequivocally. For the.case of hﬁe em1851on
rather,small.'.The data presented in ref. 5 and 6 concern_the eniSSion-of_
more.complex fragments and seem to be consistent'with our predictions.r How-
ever the reactions have been induced by 5.5 GeV protons;'and'the resulting
complex distribution of compound nuclei and excitationvenergies is wvery
difficult tovanalyze.v In order to overcome such difflculties we have started v
to study the'emission of complex particles from'moderately excited_compound
nuclei obtained by means of heavy ion reactions.

It is a.pleasure to thank Drs. A. M. Poskanzer, ﬁ; K. Hyde,

W. J. Swiatecki -and S. G. Thompson for their éontinuous interest and for

their valuable suggestions.
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_Fig, 1..

Fig. 2.
Fig. 3
Fig. h?
Fig. 5.

_ point. V

. Predicted kinetic energy spectra for

- =10-

FIGURE CAPTIONS

a) Schematic illustration of the ridge points. The‘potential energy

of a nucleus is plotted as a'funéﬁion of a fission-liké coofdihate and

" of a mass asymmetry tdordinafé:”ﬂTWO paths leading to the emission

of twévdifferent fragmenﬁé‘are indicated.

b) Illpétféfion ofltﬁé amplification effects oCcﬁrriﬁg at the.ridge
T is thertoﬁéijboteﬂtiai energy as avfpnctioﬁ of the,déf§rma-
tion coqrdinate .Jr, agé Ve is the Coulomb intefaétion'énergy-of the
two fragments. A flugtﬁatibn in the shape invbl&ing an energy of the
order of the temperature T leaés to a 1éfge fluctuétion.in thé

§-

Coulomb interéction energy AVc and thus in the final kiﬁetic enérgy.
Predicted kinetic energy spectra for hHe emitted from 236U,compound
nucleus'at different ridge'point'temperétures, i

9Be‘emitted from 2-36U‘compound
nucleus at different ridge point temperatﬁfes,
T T S, 236, .
Predicted kinetic. energy spectra for C emitted from U compound
nucleus at different ridge point temperatures.

' . : o ) L 2 ‘
Predicted kinetic energy spectra for 20Ne emitted for 36chompound

nucleus at different ridge point'temperatures.
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