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Abstract
We discuss the effect of statistical fluctuations oﬁ the first and second
moments of both the 1ntrins}c rotational energy and the sum of spin magnitudes
in deep-inelastic fragments. as extracted from measurements of the total y-ray
energy and the y-ray multiplicity, respectively. The calculations were done
in the framework of a model that considers the thermal excitation of rotational
modes in the jntermediate dinuctear complex, accounting exactly for the

correlations between the angular momenta generated in both nuclei.
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1. Introduction

" The simple relation between the spin and the energy is a_we]] known
‘property of the rotationa1.states in hut]ei; From én exberimenta] standpoint,
this fact provides the rationale for:the use of -total Y-ray energy detectors "
("sum spectrometers") to investigate high-spin states of evaporation residues

]'3). It has been - *

following compound-nucleus and deep~iné1astic reactions
shown that by gating on different regions of the sum-energy spectrum one can
se1ect subsets of the total population having different values of the average
spinz), and in this regard the technique has proven very useful in the study
of rotational structuress). | ) l '

" Whereas sum spectrometers can be used effective]y as spin-selecting
devfces, the extraction of more dﬁantitative information based bn the meésured'
total energy is hindered by several uncertainties of experimental and theoret}
i¢a1_nature. In the case of deep-inelastic reactions a fundamental sodrce'of |
uncertainties is associated wifh fluctuations, Statistical or otherwise,
introduced by the reaction mechanism. The most significant problem in this
regard is the distribution in both magnitude and orientation of the spins of
the emitting popu]ation4']0).

The purpose of the present paper is to evaluate the contribution of spin
f]uctuatibns to the distributions of_sum energy and Y-ray multiplicities. Our
“analysis will be restricted to the case of binary reactions between heavy ions
in which the detection of one of the twovfragments determines a reaction plane
with the orbital angular momehtum perpendicu]a; to it. We shall base our

~calculation on a statistical mode]g’J]).

The effects of the spin fluctua- ¢
tions on the first and second moments of the_tota]—energy distribution wil] be

calculated as a function of the temperature, total angular momentum, and ‘mass

asymmetry of the system assuming that the collective modes of the dinuclear

complex are in thermal equilibrium with the internal degkees of'freedom.



2. Theory and Calculations

The equilibrium statistical model utilized in this calculation has been

9) and 11)

described in detail in ref. : thus only a brief sketch will-be .
given here. |
The intermediate dinuclear system formed during the reaction is described

by means of two touching rigid spheres with all the associated degrees of

freedom. Removing the motion of the center of mass and taking into account the

conservation of the total angular momentum I, the most general configuration
of the system is defined by six normal modes (one tilting. one twisting, two
wriggling, and two bending).' The angular momenta associated with these modes

are given by:

wa(z) ) wH(EH B fH)x(z) * wL(f B fL)x(z)
ng(z) = By(sy - fH)x(z) * BLFfL - 'Ux(2)
, | (1)
by = (sy - EH)y =-ls -1 y
ETI N l)y i

where §H(§L) is the spin.of the heavy (light) fraqment; EH([L) is the spin of
the heavy (light) fragment arising froﬁ rigid rotation, and the cartesian
directiens (x,y,2) are'chosen so that the y axis coincides with the line
between centers of the complex. A1l the var1ab1es E can 1ndependent1y take
any value from - to o (from -1I] to |I| in the case of ETW) without violating
the conservation of the total angular momentum in the system. - In terms of
these normal coordinates the total rotat1ona1 energy of the system reads
EJﬂi Zka.-' - (2)

(six
modes)
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The coefficients wH, wL, BH, and BL as well as the stiffness
coefficienté A; may be expressed as a function of two variables, the total mass
and the mass asymmetry of the'cbmp]ex1]). At symmetry, these coefficiéﬁts

take the following values:
' 1
L™ T

-1 a1 ' 5 1
>\N "‘p ’ AB "‘psym ATw sym }\TI - —4
Here, qum is the moment of inertia of a sphere having half the mass of the
complex.
If one considers a system with temperature T = 0, the average intrinsic
rotational energy is given by the simple expression

o
L R ”

<E,, + E, > = -
HoOoLwm Ay W Elf

where<JH and d{ are the moments of inertia of the two spheres,
m% ='Jh +J ;=ﬂ_=‘J”v+ udz, and d is the distance between centers. If

T #?0, the following integral must be evaluated:
<E f[E {£}+E{£}]P{s}da, | (5)

where P({e}) is the normalized probability distribution function

- | T
2 .2 . donES
Aw g ATI AT - ~ ik

P({E}) = e | (6).

(2nT) - erf;| I |\/_ f

Note that by working with the set of normal variables {E} one automatically
accounts for the conservation of the vector I, and therefore all the correla-

tions between the spins induced in both nuclei are properly included.

o~
T
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It is convehiént to express the analytical result of the integral (5) in

units of the intrinsic rotational energy at T = 0 (eq. 4).

2\ -1 :
<EH + EL> =1+ al” . . - (7)
¥ The variable Z depends on the total mass, temperature, and total angular

momentum of the system:

T
=V__3ym :
2= o (8)
The constant o is a function of the mass asymmetry only
2a 2a ar.F a ' ' :
aqu (AM*'AB*'JI +xm , _ (9)
sym\ "W B T "W

where

' A
_ 2 exp(-t) . _ 1 [Msym °TI
F=1- 7%'t orf(D) ° with t N T
With the aid of egs. 3 and 10, and recalling that at symmetry-J” = ZJEym and
'QL = Z4sym’ one obtains the simplified expression
. 21 .
Sif =1+ 140 2% | 1
m— <EH + EL> = ] z . ( )
- J_ & . .

S
LA

valid for mass-symmetric reactions and small values of Z (F - 1). The exact

expression is plotted as a function of Z in fig. 1 (dark solid line). As an

165, , 165

example, let us consider the system Ho at 8.5 MeV/u. We estimate a
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total‘angu1ar momentum |£| = 350 h and assume a temperature T = 2.5 MeV,
therefore, Z ~ 0.038. From the figure we see that the statistical fluctuations
introduce a 20% increase of the average internal rotational energy, over the
rigid rotation predictibn. Figure 1 also illustrates the individual contribu-
tions from the normal modes (dash-dot, long-dash, and short-dash curves). The
dependence of the average reduced rotational energy on mass asymmetry, at
constant Z, is shown in fig. 2. As 1arger~asymmetries are considered, the
effect of the fluctuations decreases due to fhe progressive suppkession of
some of the modes. | | | |

So far we have examined the ré]atjon between the average internal
rotational energy and the zero-temperature limit. Let‘us now turn to the
connection between the rotational energy and the sum of the spin magnitudes.
The qﬁestion is relevant td any experiment in which, for example, the total
. Y-ray energy and the y-ray mu]tib]icity are measured in coinéidence with
deep-inelastic fragments. The rotational energy (extracted from the sum
energy) and the‘sum.of the spin magnitudes (extracted from the multiplicity)
are not’re1ated by eq. 7 as might at first appear. This is so because the
average spins are also affected by the fluctuations. As shown in ref. )
the following relation holds:

< -] L NN E.
1] syl + sy 1> =1+ 5] —+ 2+ 2+ 2425, (12)

which is also plotted in fig. 1 (light so]id,curve).
Unlike the exact expression for the rotational energy, eq. 12 is valid
9 ‘ L | o
only for I << J[W/X¢sym although this is not a severe restriction in general.
Let us again consider the previous example of a mass-symmetric system with
Z =0.038. If we estimate the avera?e rotatﬁona] energy from the average sum

. <|5Hl+ SL|>2 :
.of spins using the expression ZJ” » the "true" value (as given by (7))

would be underpredicted by approximately 5%.

Y
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Finally, it is also interesting to consider the variances of the distri-
butions of both rotational energies and sum of spin magnitudes. The reduced
_ variance of the intrinsic rotational energy can be evaluated exactly..
2 Hit
o B, 2" + B,Z . : (13)
_(EH+EL) < >(2 4 ) : | )

24

¥
In this equation

2 2

| | 2 2
PR ¢ O 6 S I SRS e SR B A I
2 Ny Mg 4032 52 2 MM g
W8 TI
L 2w, 2% (1)
2. Mg |
™

where

3T ZT“"(”H - W) (15)
24,
!
Wi T3y (By - B)

- Figure 3 (solid curve) shows the ratio oip ,p y/<|Ey [+ |> as a function
: H L ’ o
of Z for a mass-symmetric system. For comparison, the dashed 1ine in the same

figure represents the ratio o The variance associated

Clsyl+Is DN/<lsyl* s >
with the sum of spin magnitudes, o has been calcuated using the

expression derived in ref. 11):

Cleyl*1g, )

<

L'H, L™H 2

L., 120w
ols NT 3 ¢, (16)
(| wltls D" 4ﬁl AW B
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& '
which again 1s valid for Z << 1/ It is remarkab]e that v-ra
g JJ. Y y

multiplicity measurements in severa] systems have y1e1ded anomalously large

widths of the distribution, which cannot be explained from a triangular

]2']4). For example, the relative width

predicted by the statistical calculation for the 86Kr + 144Sm using the

distribution of the incoming %2-waves

values IMAX =~ 190 h and a temperature corresponding to an average total

Ysul*lsl) _ o,y

ZTEET:WEET;._ When added in quadraturg

excitation energy of ~100 MeV, is
to the variance arising from the tr1angu1ar fL-wave d1str1but1on (=0.35) one
obta1ns a tota] rat1o of 0.41, wh1ch compares reasonab]y w1th an experimental

value of approximately 0. 512)

3. Summary and Conclusions

The existence of fluctuations in the spins imparted to the nuclei in a
deep-inelastic reaction represents a substantial contributioﬁ to the observed
average values of physical quantities having an angular-momentum dependence.

We have focused our attention on the intrinsic rotational energy and on the sum
of spin magnitudes, which, in‘pﬁincip]e, may be experimentally obtained from
measurements of the total y-ray energy and y-ray multiplicity. The calcula-
tions have been performed in the framework of an equilibrium statistical model
that considers the thermal excitation of angu]ar-moméntum-bearing modes of the .
dinuclear complex. Understhese assumptions, it has been shown that the average
rotational énergy may be, typically, 20% or 30% higher than the rigid-rotation
prediction for a system with zero temperatﬁre. The magnitude of the effect
decreases with increasing mass asymmetry as a consequence of the increasing 'y
stiffness of some of the rotational modes. A similar, although not so strong,
effect is predicted for the average suhs of the magnitudes bf the spins.

Second moments of the distributions have also been calculated, and the results
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indicate that the thermal excitation of the rotational modes of the complex may
contribute significantly to the observed widths. Finally, it is important to

notice that in the calculations presented here, the correlations between the

‘spins in both fragments have been fully taken into account, in such a way that

the conservation of the total angular momentum is guaranteed.

This work was supported by the Diréctor, Office of Energy Research,
Diviéion of Nuc]ear‘Physics of the Office of High Energy and Nuclear Physics
and by Nué]ear Sciences of the Basic Energy Sciences Program of the U.S.

Department of Energy under Contract W-7405-ENG-48.
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~Figure Céptions"

1. .~ Reduced average intrinsic rotational energy (dark solid cque) and
average sum of the spin magnitudes (1ight sb]id cUrve) as a.function
of the parameter Z, for a mass-symmetric reaction. The three Towest
curves illustrate the contribution to the rotational energy from the
individual modes. a

2. Reduced average intrinsic rotational energy as a function‘of mass

asymmetry for a fixed value of the parametér Z.

Fig. 3. Width-to-average ratios as a function of the parameter Z for a

mass-symmetric reaction.
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