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ABSTRACT |

Light charged particles produced at O deg in the’interaction of
167-4ev 0% tons with AL, Ni, Ag, and Au thick targets have been
analyzed magnetiéallvaith nuclear emulsion as a detector. The spectra
obtained are compared with statistical-model calculations, which includg
the effects of ahgular mOmentﬁm and multiple emission. The.spectra froﬁ\
light targets are seen to bé sensitive to the équilibrium shape of the
compound nucleus, -since rotational effects that depend on this shapé
6

are large for these nuclei.‘ For Ol on Au tﬁe de-excitation of the
coﬁpound nFcleus is found to be dominated by neutron emission, and a
comparison of the calculations with neutron spectra seems to show tha§
the nucleus fissioné with highest probability after‘about 5 £ 1 stages

of neutron emission.

"Owing to the increased competition of neutron emission, the charged-

particle yields for the heavier elements decrease until they are

dominated by direct reaction products. These products, particularly the

16

Li isotopes, are seen to arise from a breakup of the incident 0™, and

the energetics of this prbcessvare considered.

Lo
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I. INTRODUCTION

16

When a 167-MeV 07 ion strikes a target nucleus m%&aprocesses can

- teke place.l In a distant or grazing collision nucleons may be exchanged '

between target and projectile, or more generally 1nitiate‘the breakup

"*,of the projectile whose fragments continue in the general direction of -

V the beam or are captured by the target nucleus.2’3 As the collision
distance is decreased it becomes possible for the target and projectile
'to ‘amalgamate into a compound system in which the identity of the

constituents is lost as the energy is shared among the participating

nucleons. ; 1Yz'

These compound nuclei, formed by. heavy ions, are unique in that
they can be produced in states of high angular momentum. In their

- subsequent de-excitation, the distributions in angle and energy of the

emitted particleé are modified by the rotation to an extent that depends

upon the pfoperties of the rotating nuclei themselves. For heavy
elements considerable effort has been devoted to the measurement of -
‘angular distributions of fission fragments, f?om which one may infer .
properties of the fissioning sjstém.u | |

. Much of our undefstanding of the properties of highly excited

. compound systems is based on the liquid-drop model, in which the analogy 

is made to a charged drop df liquid whose surface tension corresponds to '

the nuclear force. This classical model found its first success in the

5

‘exploration of many aspects of nuclear fission, and more recently has
been applied the fission of rotating systems.6-8 Using the liquid-drop

model,;dhe can calculate the equiliBrium\éhape_qf_a compound system and.
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an assoclated moment of inertia that influences the en;fgétics of the
' @ecay processes. For a fissioning system it is also possible to
calculate the nuclear shape at the point of scission, which influences
* the fragment angular distributioﬁ and the energy dependence of the . o  ;if;'
fission cross section. Particle spectra, on the othe; hand, depend |
only on the nuclear shape at equilibfium and, in prineciple, allow an
investigation.of this shépe for nuclei fhroughout the periodic table.

The dynamics of the de-excitation of higﬁly excited nuclei have
been understood for some time on the basis of statistical theory first

9 and later examined at length by Bethe.lo Nucleaxr

éuggested by Bohr ”
‘ properties‘enter this theory primarily through their influence on enefgf~,
vlevel_densities. Although.the dependence of these energy level densitieé:ﬁ
on angular momentum was anslyzed in detail by Bethe, the effect of this |
"dependence on the particle angular distributions and spectra was not
- considered until recently, when highly rotating states‘became expérimentQ
ally.acceé;ible. ( » '

An interest in the possibility of gaining some insight into nucleér i
;.equilibrium shapes and inﬁo the mechaﬁism of direét reactions hes led to
‘the measurement_feported here of the farficie spectra in the forward “

direction, where the effects of both are ekpected tb.be greatest and.

where data were previously unavailable.




>in-front,of the quadrupole magnet (see Fig. l), and fell on a 59.90-mg/cm -
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II. EXPERIMENTAL PROCEDURE

1

3

- A, Experimental Arrangement and Exposure

The experimental arrangement is shown in Fig. 1. The 016 beam

- from the Berkeley Hilac was focused through the collimation system onto -

- the target,'which formed the rear of‘a Faraday cup. This target was .

sufficiently thick to stop the beam butraliowed the lighter secondary

particles to continue forward through a 0.25-inch tungsten slit and into

the spectrometer magnet, where they fell on the nuclear emulsion detectors

placed around its periphery.

For the shorter-rénge particles the emulsion used consisted of iy

;\

1 X 3-in. X 600-p Ilford .2 and K.5 glass-backed plates whose surfaces .
were inclined at 10 deg to the particle direction. Longer-range
particles were detected in small stacks, each composed of ten 1 X 3-in. X i
600=-u pellicles, with the particles incident parallel to the surface

through the 3-in. edge. Typical measurements of range vs deflection
l )

are shown in Fig. 2. The spread of these points indicates the experimental

resolution.

The thicknesses of the Al, Ni, Ag, and Au targets were-T1.19, 93.k3,

© 108.53, and 111.8l mg/cm? respectively for the bombardments with the

~ 167-MeV beam (10.4 * 0.2 MeV/nucleon). - For the lower-energy bombardment

of Al the beam was degraded to 142 MeV by‘an ll.62-mg/cm? Al foil placed
2.

target. The sum of these thicknesses closely approximates the target

~thickness bf the high-energy run so that differences between the yields

from these two runs represent the numbers of beam interactions in the

Vi .
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"Fig. 1. Experimental arrangement.
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region from'167 to 142 MeV. The two runs were made fo#fAl to examine
'-vthe energy depeﬁdence of thé cross section, since this target.allows B
reactions to occur over the largest range of energies, i.e., from 167 MéV_.
"to the Cowlomb barrier st 30 MeV. | |

Collimators and slits used in this experiment weré sufficiently
.thick to stbp all but the very highest-energy particlgs observed, and
'their jaws were tapered a few degrees 1o minimize slit scattering. To
estimate the contamination from the 3/8-in. collimator (made of 1/4-in.
brass)-in fronf of the tafget we may ask what fraction of the beam would
strike the jaws of a similar‘square-jawéd collimator if it were uniformly
.illuminated by a beam.at the maximum allowed angular divergence of 1.5 deg.v
We find this contamination to be about 4%, and would expect the actual ’
figure to be much less than 1%.

' The foil used to degrade the beam for the lh2-MeV bombardment of Al
was sufficiently'far upstream that contamination from this foil would be
reduced ba ﬁwo orders of magnitude by the decrease in subtended.solid
-angle factor. Also, secondaries from thié degrader would be separated
‘by the bending magnet so that onlyl35-MeV>al§has and 18-MeV protons,. for

example, from this source could be observed. No enhancement was observed

at tﬁese energies.\

B. BEmulsion Scanning and Analysis

All energies measured in this experiment are based on ranges in the .
emulsion rather than the magnetic deflecﬁion. Where the particle
densities,wére sufflciently great, however, the following simplifylng

procedure was adopted:




T

- (a) At several points X, on & plate the mean range‘(qqd hence Bp) of a

i

o - particular kind of particle was measured. -

(b) The values at the differeﬁt yoihts were used to form a curve of
a Bp/dx‘vs Bp. This curve is universél for all particles and all targets, |
since it'depends only on properﬁies of the magnet, whiéh were‘constant -
.thrbdghout the experiment. | | - " | |

(c¢) Measurement of the differentiai yield of a particle was therefore
reduced to counting the number of.pafticles N in an interval, Ax, and
E measuring the mean range aﬁ the center of the interval. Thus if a particle»l

kinetic energy T' is found from the range measurements, we have

By 1w (e oam Ny
AT T n M \TB ax - -

-in this rel&tion dT'/d Bp can be found from first principles, and d Bp/dx 
‘-1 is found from the curve described in step (b). The quantity n_ isnihe N

, number of oxygen ions, which is found from the charge collected during
ithe exposure on the Faraday gup (whose entrance was shielded by a
permanent magnet to prevent the escape of secondary electrdns). If we
let W be the slit width; t the target-to-slit disténce, Oz the vertical
(normal to Fig. l).disﬁance'over which particles are scanned,vand S the
leng£h of the particle trajectory from target to emulsion, we find the
element of solid angle to-be a0 = (W/L)(az/s).

In practice, of course, the experimental points themselves were used .

to detérmine the dBp/dx points of step (b), which were then plotted Qgrsus;'
(Bp)2 and fitted by a 1¢ast-squares proceduréltO'a gtraight line whiéﬁjis

the theoretical form for this function for a constant magnetic field. ‘No

systematic deviations from the curve were detected, and the fitted curvé ;




E ;as would be given by other techniques.

-8

probably gavevat least as accurate'a determination of the energy,intervaiA
When the number of particles varied rapidly with deflection, aﬁ
entire region of the plate was scanned to find all particles in-a given
range interval and the yield found was ascribed ﬁo the energy corresponding'&
to the medién range in the interval.. | o
The emulsion range-~energy relation used was taken frdm the work of
Barkas,ll which differs by less than l%‘in fhe region of interest ffom ‘
more recent work by the same author.12 These ranges in standard emulsion

- were corrected (slightly) for the emulsion density of this experiment.

It is well known that certain particles, such as deuterons and He3{s,

4
i

have nearly the same range at a given magnetic deflection and hence are
not resolveble by range measurements .alone. This coincidence can occur
énly for particles of different charge, and in this experiﬁent thesé
- particles could usually be distihgﬁished visually by their tréck
structure.l | | | .

The results were checked occasionally by standard emulsion teéhniques
such és integral gap length measureéent and d-ray counting. Table I
shows results of the application of these techniques in the-separation'of _
deutérons and He3's. The first part of this table lists the tdtal lgﬁgth
of the track in C.2 emulsion, from its terminuslto the indicated residual‘  
Vrange,‘that consists of gaps. The "error" indicatea is the standard.
xdeviation of a single measurement. The second part of the table is a
similar presentation'of thg integral‘numbér of S'rays in X.5 emulsion.

Delta-ray counting is somewhat less sensitive; and was used only on the

longer tracks. Here we have relaxed the definition of a 8 ray to include
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any feature of the track that protrudes by at least °Q§ grain diqmeter._i
. The tabulated 8-réy counts are based on the number actﬁally seen and

- have not been corrected for random grain background.

Table I. Integral gap length and d-ray measurements for deuterons and

He3's as a function of residual range.

T

R Integral gap length ' R Iﬁtegral number of

(n) = in €..2 {(u) B (n) B ® rays in X.5
- a He _a . __m
60.5 8. .% 3. 3. = 1. 132.2 0.6 £0.8 1.6 0.8
120.9 . 19. % 3. 6. £ 2. 264.5 2.0 1.3 12 £ 2
181.4 3%.+3.,  1l.£2.  '39.8 52 26 %3
C2h1.9 52. £ 5. 17. £ 2. 529.0 9% 3 k2 £ L |,
302.4 69. £ 5. 23. £ 3. © 661.2 13. £ 5 59 £ 4 v

— e ———_—n
—— e ——

The ranges.in Table I correspond to successive fields'of view at
2500 X and 1000 X for the gap and d-ray measurements, respectively, and
show that the tracks are resolved in about two fields of view at these
vmagnificaﬁiong. Loﬁger tracks can be distinguished without measurement.

Measurements were restricted to the spectra of isotopes of H, He,
and Li, and no conciusions should 5e drawn about tﬁe production 6f a
particle or isotope because it has not been included. Be isotopes were
observed, for exampie, with cross sections comparable to those of Li.
~ More highly charged prbducts, in particular the easily identifiable 38,'.
 are expected to ﬂave been stopped.by the target. Particles such as He6
might abound in regions of deflection covered only by stacks in whose
blackéned edges they would go undetected owing to their short range. The
pfiméry'interest of this experiﬁent was in‘the more common nuclear épecies,=

and further scanning for the more elusive particles could not be justified,
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3

“because‘of.the difficulty.involved in distinguishing-tﬁgm or, in fac£?
in observing'them at all in the experimental axrangemenﬁ used here.

The experimental data are shown in Figs. 3 through 7. The error
bars  shown include errors in the energ& measursments and experimental'
geometry &s weil és statistical.errors. Thé pavticléslunder observation
entexred theJSurface or edge of a piate in a beéntthat:wasvparallel to
within a few degrees, and were easily distipguished<fi§m recoil proténs

roduced by neutron interactions in the emulsionf Cohtamination of this
type is expected to be less than‘the experimental error by_sevéral'ordefs

of magnitude.
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. Particle energy on leaving target (MeV)
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Charged-particle yields at 0° from 167-MeV O'16
Curves are the theoretical spectra, after
the complete evaporation from the rotating nuclei, produced
for the cases of spherical nuclei {(dot-dashed curves) and no
Symbols at the bottom of the
graphs indicate the energy at which direct products would

appear under various assumptions (see text).
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IIT. PARTICLE EVAPORATION

A. Statistical Theory

In order to develop.the statistical theory of particle emission to
¢
be used here, we follow closely the work of Ericson aqd Strutinskil3 and
Ericsonv,lu which we .then generalize to include multiplje enission.
.‘According to the principle of detailed balance, ﬁﬁhe probability per

unit time, P, , for a transition from state a.to state b is given by

p * - .
ab Pa = Pba Py : : (2)

. . .
where Py and P, are the densities of states a and b. Pba, denotes the
f
probability of the time-reversed or inverse process. H

We consider. the state a to be an excited compound nuéleus of spin- |
.f, and the state b to consist of an emifted particle, v, of kinetic_ |
(channel) energy T, moving in a direction 1 from a residual nucleus, R,
which has excitation energy U and spin T. We also make the classical
api:roxixhatiion that the angular momenta T and 7 and the orbital angulax’
. momentum _f) are continuou§ variables and that the direction of particle
‘ émission, H), is perpendicular to 1 (particle spin being considered only
in the statistical weight factor, g, = QSV + 1, so that f = ?+ ?)
If T (T ) is the probability for the particle to penetrate the

potentlal barrler of the nucleus with angular momentum 2, we may 1ntegra.te ‘

over J and I and use Eq. (2) to write

a3
p.(T) B(T,,, B) atT,, aa, = 3" gy vy K
« [o@D 1,2, % [BX+7-DpuN ¥ @)
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In this‘expréssion P and pg are the level deﬁsitieS'éflthe compéund énd‘:

residual nuclei, p and v are the particle (channel) gomentum and .

velocity, and X = ‘h/pv - | '

' Equation (3) can be understood from the following considerations.l

. The.inner integral is the level density of the re51dual nucleus of |

excitation ﬁ, for a given particle angular momentum, Ti This integral

" runs over all residual nuclear spins consistent with;the conservation of

angular momentunm, which is insured by the & function. If we temporarily '

assume that pR has no J dependence, write d3 =} dz dﬂ and recall that
fa(ﬁ’-?) an, = en/4, o ‘ F‘u)

 we can write the remaining integral as

a, =xx2fale(ch)dz, S (5)

inv

.which is just the classical analog of the more familiarvqpantal form
2 o . : :
= 7K 21(2‘, + 1) TZ(TCV). | (6)

From the féregoing it can be seen that the treatment of angular momentum
is entirely classical and, in particular; the coupling of the particle
aspin}is ignored, since 5(3273 insures that particles'are emitted‘in a
directioh perpendicular to their orbital angular momentum.

To continue oux consideratibn of (3) when pR has no J dependence,

we write
.  - v | Vy9iny '
. 7P, P(;*cv) a T, dn, = (——-———- g, VX——\;-——> e(U), | (7)

where & normalization volume V has been included so that the first
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quantity on the right side of (7) is the number of states available to

§

the particle, the second 1s the probability per unit ﬁime for occurrence

of the inverse process of particle capture by the residual nucleus, and
the last term is the level density of the residual nucleus.

The total prébability of compound nuclear décay can bé found by
integrating‘?(ch,Eb over T, 8nd 8, and ve may thgréfore write the
cross section for p?oduction of & particle v as the product of thé
cross secﬁion‘fcr compound nucleus production times a.normalized

probability of'decay.' Thus, using (5) for an incident channel of energy

2
(o

Ec’ we have

R T

P(T

dﬂvch

f[Pm ")d'r dQ

B. Level Densities

The level density of rotating nuclei has been considered in some

detail in khe literaturelo’lu

and is treated only briefly here. Nuclear
densities of states differ from those considered in thermodynemics in
-that fewer particles participate. This is usually teken into account by

allowing the nuclear level densities to differ from their thermodynemic

counterpart by a function that varies slowly with energy. This function .

-1s then found by approximation methods.
A heuristic way to include the effect of rotation is to consider the

. rotational energy to be unavailable for excitation, so that

’ o(U,7) = po(U = ). o R

g Meym) otz —}) = n?foIT(E )[ | v } - (8)
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[
A

- Thus if the level density for no rotation has the foim'exp(2V/ ), we

. ,* ~‘ .
now have '

i
.‘;,

o(U,7) « ex 2la(U - UR)ll/e} : (o) -

vhich may be expanded for small Ug to give

. - p(U’33 « exp[2(aU)l/2 (G/U)l/au 1

« exp[2(aU)l/2- U /t] . i (11)

vhere t = (U’/a)l/2 is the nuclear (or rigorously the thermodynamic)

‘temperature. The rotational energy may be written

2.0 . o ‘
-_UR—hJ/’a‘% , . (13)

where S 1s the nuclear moment of inertia.
Substituting (12) into the actual form of the level density used in

the current caﬂ.cula:t'.ions,l)1L we have

L U « 1/2 |42 2po], (13)

expl2(aU)

1
2
VA
where AR is the atomic weight of the residual nucleus.

15,16

The level density parameter & has been shown to have the

general form @ = A/a; For high excitation, deviations from this form due

to shell effects are expected to disappear. 'In this work we have taken B

the temperature constant, a, to be 10 MeV unless otherwise noted.
Substituting (13) into (3), one finds that it is possible to do many

of the integrations.l3 Combining the result with (8), we have the final
14 | |

form, s




DO

2

d U(S,T -
: cv’ = 2
- K~ [21 ‘.I‘I(Ec) ar
v ¢V

2=
e PR e 2t >expfe<ARu/a)1/2 T NN T
N |

Lvaﬁmw(g /UzAR) 217, (T )emoLa(Al_.(U/e»)l/2 J%Zéj (iId)dz

. : -

Tn (14),

.uv(lﬁ)i

(15)

CH!—’

L
=
ct N

and

wu(e,ch)_ L ( ) (uk+1) L( )2 ,jQKC ) (cose) (15“)

 Here jn and Pn are the spherical Bessel. function and Legendre polynomial
of order n; 0 is the angle between the directions of the emitted particle
and the béam. We remark that our definition differs slightly from that.

of references 13 and 14 ih}that WIE is not normalized to 1, thus
o : .

fw“(e,ch) a, = JO< > , | | an

C. Multiple Emission

The high excitation energy produced in the capture of a 167-MeV 016

ion is rarely dissipated by the emission of & single particle and, in
fact, the evaporation process may éontinue’until as many as 8 or 10 :
particles are emitted. To account for this multiple emission in a
rigoxrous w§y'it would be necessary to write the particle emission

probability, PT(ch’e)’ as & sum of terms, which we write symbolicaliy as




CNORECINERY

L ‘ : . _n , .. ,
. +Lﬂfﬁ(ch;91 U1+Qp Tcu) P(Tcp,e H .Ul)chp,dg'

+ oeen, ‘ | ' 3 : | (18)’

'where thg dependence of the partial probaﬁilities on the excitation of

the emitting nucleus has been inciuded explicitly. Here U is initial
excitation and Qu is the Q value for emission of the pérticle uQ Details
of the coupling of angular momentum have been omitted.

Thus -for each stdgé that contributés one would be forced to integrate

over the ehérgy spectra of all particles that could be emitted on each
_previoﬁs stage . qu_thé'largé number of particles and stages to be
considered here, this précéss obviously becomes prohibitive even without
the inclusion of ahéu;ar'momentum. |

An alternatiye,prbcedure ﬁould'be to use the particle emission
probabilities in Monte Carlo calculations. Such calculations have been
made by Dostrovsky et‘al.17 for spinless nuclei. In such caiculatioﬁs,
- however, it is very difficult to determine the shape of the high-eneréy
' part of the speétra,'since one must accumulate statistics in much the
same way as in the experhmental measurements themselves. Thus an |
accurate calculatipn of yields that Qary over six orders of magnitude or
of the yield of raré particles is coﬁsidered to be beyond the capabilities
of this technique.
| Owing to the difficulties of the other methods we have arrived at

an averége-value procedure for following thevcou:se of the,evaforation.

In this method: the eﬁergy, mass, and charge removed by the particles are,ri
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averaged over the energy spectrum of & particle and over the particles.

The results are then used to compute the properties of the residual

nucleus which, in turn, emits more particles. Since the denominator in ‘

Eq. (lh) is just such an integral over the particle spectrum and sum-
over the particles of the partlcle emission prdbability [see Eq. (8)],
it may be treated as a weighting function (or operator), s0 that the

mean value of a quantity X is

.}jvsv\/Ach/ZX)QZTI(T;V) Uzi? LQ(ARU/a) 12;£2J (lIa)dz

. (19)

' - 1 .2 |
gVUWAch\/;iTz(TCV) ;ézi ethz(ARU/a)? 12;£ JJ (lIl)dz

The spin of the residual nucleus and the associated coupling of T
and T*to form this spin were‘eliminated in the integration leading to .
Eq. (14). In order to compute the average spin of the residusl nucleus

(actually I% vas averaged) we return to the level density in Eq. (13)

and write | .
1 Iz COSGIZ
o | \Z%OSQIE exp( ——g—== ) a cos@r, |
v (cosGIz) = — : ' . (20)
' 11 COSGIE I
exp( —— ) a coseI
-1
 This éqpation may be integrated explicitly to give
_ {a-1) + (g+1) exp(-2q) . .
(eosbr)) = sl 7 | (21)

where we have let g = 12/02 for éimplicity. From this average we compute

-

(Jg) =12 4 42 . EIZ(coseIz);' ' . (22)
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which is then averaged as X in Eq. (19). "

i

To find the contribution of a particular stage to the cross section,

the properties of that stage are used to calculate the'ﬁérticle eﬁission ,fv"

probebility (expression in square brackets) in Eq. (lhi. The complete
cross section is the sum over such stages. In practice an array of
incident enérgies'E and spins I was formed. For each energy and spin
the average-value evaporatioﬁ was carried outvuntil no further particle
emission was possible. For each I, E, and stgge k were tabulated the:
normalization dénominator; the average mass, charge, and spin of the
residual'nucleus; and the average energy removed up to ﬁhat'point. The
center-of-mass cross section for a given pérticle at a given energy an&ﬂi
- angle could then be found by using (1%) and summing over k.- |

The evaporation procedure used here suffers from the disadvantage

~that it does not correctly represent the increasingly wide spread of

emitting nuclear species that occur on successive stages. It is possible, ..

for exampl?, to produce nuclel that in the last stage are constrained
~energetically to emit only one type of particle. -This effect can produce'
an anomelously large contribution of these particles to the low-energy
end of their spectrum. Examples of this behavior can be seen in Figs. 3
throﬁgh T. In truth this final stage should be represented by ﬁany |

- different species, some of which emit other particles. Also, as k

}increases, an increasingly large number of nuclel emit particles whose

energy is higher than average and hence never reach the stage in question..

In spite of these limitations meny general features of this evaporation
are faithfully reproduced and, as stated previously, it is perhaps the

only préctical technique available to us.
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D. Momenis of Inertia

If a nucleus could be treated as a spherical rigid body, its moment B

of inertia could be written §1
2 :
2 1 _ .
8y = 2 @A A3) , (23)

wher; ﬁOA is the mass, and.roA;/3 the radius of the npéleus. Aﬁcording
to the liquid drop model the shape of the nucleus is histdrted from
sphericity beéause of its rotation and charge, so that the sum of the
rotational, Coulomb, and surface energies is minimum.

When the rotational enefgy (referfed t0 the surface energy of the -
sphere) is small the nucléus assumes an oblate spheroidal shape about %
the spin axis,.as shown by Hiskes.18 vWith increased rotatiénal_energyﬂ
the nuclei undergo a transition to the pfolate ellipsoidal shapes (rotating

'about.an axis perpendicular to the symmetry axis) discussedvby Beringer
and. Khox.l9 The change of these shapes with rotation has been studiedi

7 and the

throughbut*the pe;iodic table by Cohen, Plasil, and Swiatecki,
moments of inertia based on these calculaxionseo are used in this work.
Theée moments of inertia are tabulated as a function of the fissility _'
parsmeter, x = (ZQ/A)/50.13,vand rotational parameter, defined as
y'=f(ﬁeJe/Q%o)/l7.81A?/3, for axes parallel and perpendicular to the
symmetry axis. From these it is possible to calculate the moment aboﬁt
any axis. We have assumed that the particievemission is "sudden" in
that the nucleus does not deform to adapt to iﬁs new spin j’ﬁntil aftei |
the particle is emitted. Under this assumption the symmetry axis to

which the moments of inertia are referred lies parallel (for Hiskes

shapes) or perpendicular (for Beringer-Knox shapes) to the initiel spin
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. : N |
TZ but fhe moment of inertia eboutIE’depends on the anéie between j’and ]ﬁ°7 :
f’and hence on GI Conversely the angle 6 depends on the moment of | .
" inertia through Eq. (20), so that we have had to iterate Eq. (20) and

the determination of % to find the correct values of both cos@ and §.

1
If the "eudden" assumption were incorrect we would 53 ﬁnderestimating.e
the moment ef'inertia.' |

A further dynamical assumption we have made is @hat a nucleus
initially in a high-epin Beringer-Knox shape will transform into the
low-spip Hiskee“shape when the appropriate value of angular momentum is
reached during the course of the evaporation.

T

Above a certain value of Y, & nucleus is no longer stable. Thls‘L

value of y was used to place a limit on the initial spln with which the
compound nucleus could be formed.

Landau and Lifshitz21 have shown that the only macroscopic motions
possible for a.gas in statistical equilibrium are uniform translation
and rotatipn of the gas as a whole. In the preceding development we have,
therefore, considered only rigid-body moments of inertia.22 It is well
known that for very low excifations, nuclear moments of inertia become
smailer than those of rigid bodies,23 but at such exeitations one is
dealing with more detailed properties of nuclear structure than are
described by the statistical theory used here. One might expect that
ae the excitation energy is increased to ﬁhe values of inﬁerest in this
experiment, detailed properties--including shell and pairing structure--
become lost and only the more gross properties remain. In the light of

these considerations we have also neglected shell and pairing energies in

calculating the masses of those highly excited nuclei, and have used the




. "peference" mass formula given by Cemeron.2¥

residual nucleus and r
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E. Barrier Penetration

The escape of particles from the nucleus in the presence of Céulbmb

and centrifugal barriers is treated in any text on Nuclear Physics. The"v

shape of the nuclear potential has been studied in electron scattering

experiments25 and by opticalfmodél ahalysis of particle scattering

"experiments in terms of the Wbods-Saxon26 and Igo27 potentials.

Hill and Wheeler have discussed penetration through inverted
parabolic barriers and have related the penetration coefficient Tl to

the height and curvature of the ba.rrie’r.5 We have used the potential
. ' 1

V(i‘)—gzl—'?-+£ﬁ-2--50ex(-r-R)l-'.v‘ (21;)
A - PO ,

.

In thié.expression mis the reduced mass of the emlitted or incident

vparticleiand ze its charge. The radius R was taken to be

- ' R =1.17 A;/3.+vrl (25)

expressed in fexrmls, where A is the atomic weight of the farget or

| the radius of the indident or emitted perticle.

Values of Ty used are given in Table II. These radii are based, in most.

cases, on the experimental values from Hofstadter,25 and are felt to be

.Table II. Particle radii used in the calculation of barrier penetration

" (Fermi).

Particle . n p 4 £ red  me* . 1® 17 1

-

8

Radius (fermis) O O 2.11 2.11 1.61 1.77 2.2 2.2 2.2

—

i

—— ——— ——
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“slightly moreereallstic than the 1. 17 /3 form for these light particles.' 
u'This latter form was used for the radius of the 016
By using the potential from (2L4) it is possible to ecalculate the

barrier penetration coefficient,s-

ﬁ(B -
1+ exp(%  %>

15 the height of the potential at its meximum and fiw, is related

7,(E) = (26)

_ where B

2 L

to0 the curvature at the same point by

2 d2V

R, o
fw, = | S — - , (27)

! ~ar
.This'procedure'of replacing the true potential by an inverted
' parabola of the samélheight has been found to compare quite well with
optical-model calculations.28 -

. We should point out that this is the only part of our calculation
where the diffuseness‘of the nuclear potential has bgen taken into |
account. Other farts of the calculation are based on a square well with
a radiusvparameter of 1.5 fermis. Attempts to include nuclear diffuseness
in the level density, foxr example, have been made by Beard,29 but we
have_feltkthat the inclusion of»sﬁch refinements was unjustified in this
: case. Barrier penétration is perhaps more sensitive to the nuclear
potential shape than other factors and, in fact, the procedure used-here“

is considerably simpler than an optical-model analysis with a square well.

F. Thick Target Yield

For:reasons stated preQiously we have stopped the 016 beam in the
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targets'and measured the yieids of'parficles rather than eross sections
B at a partlcular beam energy. To calculate such yield; from the theoret-
:1cal cross sections we first establish a relation between the energy with -
 wh1ch a particle leaves the target and the particle and beam energy at
J the point of interaction. Using this relation, it is ;hen possible to
integrate o&er the beam energy and find the yield of ?articles at a
particular observed energy. .

Suppose an 016 ion of initial laboratory-system energy Eo moves
into the target and interacts at a depth at which its energy has been
reduced ﬁo the vaiue E. From this interaction a particle of'léboratory-

i

systenm energy Tv is-emitted in the beam direction and is degraded in s

\
i

energy to the value T% by the remaining thickness of target. The relation

between the ranges that correspond to these energies can be written -
R(Tv) - R(‘I‘\'}) =D - [R(Eo)' - R(B)], (28)

where D is‘the target thickness.
The number of particles per beam particle per unit solid angle
appearing with energy greater than T& may be related to the cross section

for their production (in the laboratory system)by

‘ oy - R(E )
ar (> T, 0°) . 20 ao(> T (T, E), 0% E)
aq ) . ) dR. ,(29>
3

~In (29) ho is the number of terget atoms per cm” if the cross section is
expressed in cn® and the range R in cm, and TV(T&’ E) is found from Eq. (28).

We then wrife the integrand in (29) as
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do(> T\;(T\",.E), 0°; E) —f“" dzo(‘l‘v, 0°; E) | -
aa T (),8) AT ar, (30)

B
\

and take the derivative of the resvlting expreésion with réspect to TL.

to find , o ;
'ae Y(T\'}, 0°) R(Ecz.) d.zc(Tv, 0°) dTV.
Ty 4o oJ g dT, af d'r@ -

In (31) we bhave dropped the explicit dependence on the beam energy and

consider all quantites in the integrand to be expressed in terms of T&

~and E.

We now express the laboratory-system cross section in terms of thﬁ{

1o
1
[

center-of-mass cross section, which depends on the center-of-mass
(channel) energy T;v° If we also change the varisble of integration

from R to E, we have

& (', 0°) By e 1 \1/2 a%6(T_, 0°)- a7 :
vy _ f L T, v v dR(E) (32)

. 1 1 ] .
ar; de. o) o T, aT_an, Ty T ¢E

»

where the differential cross section is calculatzd from (14) (summed over

the evaporation). The quantity dTv/dTQ can be foind from (28), and the

channel energy is found from the laboratory-system energy by

- AA E 2 :
r o R T (L - 2t = |
VTR

cV AE

..In (33), the subscripts R, E, I, and 7 refer to the residual, emitting,;iv

initiél-compound, and target nuclei, respectively, and o and Vv refer'to
the oxygen and emitted particle, respectively. The incident .channel.

enexrgy is Ec = ATE/AI' The .various atomic weights have been carefully '

T B (33)
v : -
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: distinguisheé to illustrate the changes, though smallf?@ﬁring the cascade,

_ but it should be noticed that the recoil of a residual’nucleus during &' = . .~

" particular evaporation has not been considered to affeéﬁ thé subSeqpent:.
gtages. ‘ ‘ ‘
All quantities under the integral in (32) are undérstood to be
B expressed in terms of T, and E through relations (28);and (33).
» The range-energy relations for all charged‘part;cleé in the different

30

targets were taken from the work of Barkas and Berger-  and were cofrected
for range extéﬂsiqn and the effect of scattering on the range by the

téchniqpes described therein.

G. Results of the Calculation

Before comparing the theoretical calculations with theidata, we
first“discuss some facets of the calculations themselves. figure 8.
shows the spin of the residual nucleus_and the alpha-emission prdbabiiityv
as a function of the stage of evaporétion for 016 on Al at the highest
enefgy and‘angular momentum calculated. 'Since the liquid drop moments
. of inertia used are larger, on the average, than that of a'sPhere, the
rotational energy is smaller and hence the effects of angular momentum
are smaller. As a result the angular momentum is nét removed as rapidl&
for this case and the'residual‘nucleus is ieft with an excessivly iarge
41 units of angular momentum. Thevfact that Wé do not require the'
removal of this angular momentum (gnd thus do not really conserve energy)
'might have been anticipatea when we expanded the level density exponent
in (11). ﬁy'using only the first term in this expansion, we undérestimate

the effect of rotation when-UR'becomes comparable to U. If the correct

density were used the integrations leading tob(lh) could not be done




-31-

O on Al
,_8 E=167 MeV, [=48.2 F  —
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MU-33866

Fig. 8. Spin of the residual nucleus and probability of alpha-
particle emission as a function of evaporation stage for
evaporation from the compound nucleus produced with an
initial spin of 48.2+ by 167-MeV 016 on Al,
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vvexplicitly ahd the numerical.calculationé would have gecéﬁe prohibitive.
We would expect intuitiyely that where the effects of;gétationbare large,.
they should be larger and where they are small; they sﬁould become large
on the latter stages of the"evaporation. It should be noted thgt'errors
made near the end of the evaporation, such as those discussed here a;d |
in Section C, affeét only the low-energy parts of thejspectra of thé

dominant particles.

Referring again to Fig. 8, we see that the alpha-emission probability

is considerably enhanced by thé larger rotational energy. This 6ccurs
becauselthg alphas are capable of removing more angular momentum for a'f,'
given amouht of energy than the iighter'particles. Still heavier | H
particles are inhibited too étrongly by the energetics. It can also be‘v
seen that the stronger rotatibnél coupling enhances the emission of
higher-eneréy particles, which penetrate the angular momentum barrier
more easily. Since more energy is removed at a‘given stage, the nucleus
evaporates{for fewer stages.

The calculated yields are compared with the experimental results in
‘Fig. 3 through 7. Calculations have been made with the liquid drop and
spherical momentsvof inertial and for no rotation (infinite moment of
inerfia). For the heavier elements, for.which rotational effeéts arel
small;.the liquid drop calculations were omitted. The general trend of
@isagreement with. increasing target mass may be interpreted as a relative .
incresase in direct reactions, which are known. (from the énguiar |
distribution measﬁrements by Britt and QuintOn.3l) to dominate the spectra

16 | |

for 0~ om Au. We would emphasize that this effect is relative and is

due to the decrease in the evaporation of charged particles over neutrons
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.

rather than an increase in the direct component._

The higher-energy products from oxygen on aluminum (Figs 3 and h)

are seen to be fairly well descrlbed by the liquid drop calculation.
Though these calculatlons overestimate the yields of lithlum isotOpes,

:
these are strongly 1nfluenced by the form of barrier penetratlon used, -
and the curves are almost an order of magnitude greater here than in our
previous calculations,l for which classical theory was used.-

Celculations for the Ni target are compared witﬁ the results of this
experiment in Fig. 5 and with the experiment of Knox, Quinton, and |
 Anderson in Figs. 9 and 10. It .is.inmediately seen that the aﬁgula:
distributions of 16-MeV alpﬁas in the backward hemisphere (Fig. 9) areiL
not explained by the present calculations. Whether this is due to ‘
inadequacies of the assumptions uéed in the calculation, as mentioned
previously, or is due to some mechanism in which all nucleons do no£
. participate islnot clear. The data do suggest én effect that is pfimarily‘
rotational( owing to the approximate symmetry about 90 deg in the center:
of-mass and the large peaking fore and aft.32 | |
' The alpha spectrum at 90 deg in the cénter of mass is compared with
~.the data of reference 32 in Fig. lO. For this comparison we have
decreased the calculgted curves to about 2/3.their value. We éee that a
small shift in the peak eneréy still e#ists and we would not ?ule.out‘a
barrier lowering due to nuclear distortion suggested in that reference.
-The fact that we predict 5 larger cross section at éO deg is not
-surprising, since it is primarily the anisotropy which wé expect to be ,
incorrect rather than the total emiésion probabilit&z |

Though the charged particles emitted from oxygen on gold are controlled

by direct mechanisms, we point out the calculated enhancement of low-energy
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Fig. 9. Center-of-mass angular distributions of protons and alpha
particles from 167-MeV 016 on Ni for spherical compound nuclei
with temperature constants of 8 (dashed curves) and 10 MeV
(solid curves) and for compound nuclei with shapes predicted
from liquid drop theory (dot-dashed curves). Data are from
reference 28.
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Alpha particles ot 90°c.m. from 167-MeV 0" on Ni
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Fig, 10, Alpha-particle spectra at 90 deg in the center of mass
from 167-MeV O16 on Ni. The solid curve is taken from
reference 28 and is compared with the normalized theoretical
spectra for liquid drop nuclei (dot-dashed curves) and
spherical nuclei (dashed curve),
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. alpha pafticles in the cése in'whiéh.rotation is incluéed; This increase
reflects an attempt of the nucleus to rid of its‘angulg; momentﬁm in the N,v
- later étages of evaporation by favoring the alpha part%dies over neutrons..
.Though this effect is of;a§AAemic interesf in this case, it is exactly ”
 this same effect which causes the nucleus to fission instead of emitting
‘neutrons.
To investigate the comﬁetition of neutron'emiss;bn and fission, we

33

have compared Simon's neutron cross sections™~ with the evaporation
calculations for spherical nuclei (the rotation has little effect on the -
neutron spectra here). In Fig. 1l these cross sections are presented

after each stage has made its contribution to the evaporation at 90 deé} ”

'
1

in the center of mass. The calculated anisotropy ié 1.08, and varies
litfle with neutron energy and evaporation stage. This value is to be
compared with the observed values listed in Table ITI. Simon argueé |
v-‘that, contrary té the observations, the anisotropy of neutrons emitted
from fissi?n fragments would be expected to increase with neutron energy.
The higher-energy neutrons (which are characteristic of the earlier stages
of eVaporation) agree in cross section and aﬂisotropy with evéporation
before fission. Simon argues from the mean energy of the observed
neutfons that the assumptions leading to'an anisotropy of about.l.56 fqr‘.
. 8-MeV postfission néutrons should be correct. if we assume that the
compound nucleus evaporateé three stages of 8-M¢V neutrons at an
aniéotropy of 1.08, and that the rest of the‘observed cross section at
this energy comes from postfission neutrons of anisotropy_l.56, we find
vthat the o%gefved anisotrdpy should be 1.29. NA'similar calculation fofl

four stages of prefission neutrons gives an anisotropy of 1.22. This
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Fig. 11. Neutron cross sections at 90 deg in the center of mass
from 167-MeV O16 on Au after each successive stage of
evaporation. Data are from reference 29.
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latter value is within one standard deviation of the Q%served value, so

%

that we would expect at least four stages of neutron e§ission, on the aver-

- age, before fission. Since the low-energy part of the{épectrum has a
greater anisotropy than expected (possibly due to the spin of the
fragments) we have probably underestimated the postfission neutron

anisotropy.

i

Table III. ©Neutron spectrum at 90 deg c .m. and anisotropy (from Slmon,
reference 33).

Energy ' Cross section at 90° Anisotropy, .
(MeV) ' (mb/MeV - sr) - 5(0°)/a(90°)
1.5 183 = 39  2.05%0.32
2.0 - ' 176 £ 37 1.81 + o.32[ﬁ
4.0 | 119 + b 1.16 + 0.19
6.0 ‘ 53.8 + 4.5 ~ 1.047 + 0.145
8.0 ' 21.9 £ 2.1 : ' 1.099 = 0.158

Though most of the'lowfenergy }postfission neutrons are not emitted
at 90 deg,‘but are to be seen in the forward and backward directions; we
 would estimate conservatively from the lower-energy portion of Fig. 1l

and the associated anisotropies that not more than six neutrons, on the

average, are evaporated before fission.

The calculated spectra for protons agree with the lqw-energ&
. experimental values on about the fifth stage, and thus support the above
arguments. We should further point out that any incorrect assumptiéns,
made about the éngular momentum effects or multiple emission will
probably not'influence thése results significantlf, since the rotationél'
energy is éﬁéll and we are concerned only with the first few stages of -

emission.
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Most of ﬁhe integrals in the calculations were com;ﬁted by Gaussian
‘quadratures, which are considerably more efficient than‘other standard
methods but lend themselves less readily to analysis of calculational :
errors. In order .to determine these errors typical calculations were
compared with a Simpson's rule routine which increased the numbers of |

34

points célcﬁlated to achieve a desired accuracy. Frgm this comparison,, 
the .order of the Gaﬁssian'integration was'chosen and a scheme was |

| determined so-that the limits of integration could be adjusted to

encompass only the region of maximum contribﬁtion. Errors in the calculated
cross se;tions, due to ﬁhe calculational.méthods, alone, are nevef. |
‘expecﬁed té exceed 10%, and are usually considerably more aééurate. ’Tﬂg
lcalculated yields could be in.error by up to 15% where the yields them-%

selves are small, but in most cases are well within a few percent.

-
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'IV. DIRECT PROCESSES . *.

The large number of competing mechanisms that we éetegorize'as

35

primarily direct processes™” makes any sort of quantitetive analysis of

their spectra very difficult. When single-nucleon transfer is known ,f
to occur or-when the transfered nucleons may be treated as a single

36 It has beeh

'particle, analysis of the reaction hes been successful.
pointed out, however, that reactions that appear to be single-particle
transfer can be strongly influenced by competing processes and by
initial-’and final-state interactions.37 ‘

Owing to this inherent complexity we have subjected the direct :
products observed here to anianalysis based only on the ene?getics and t
the gross features ofvthe séectra. in this spirit the triangle at the
bottom of the graphs for hydrogen and helium isotopes indicates the-energy
.at which these particles would appear if tﬁey were stripped from the
oxygen at the same velocity it had as it entered the target at 167 MeV.
None oflthese isotopes produced from the heavier targets is inconsistentv
with this interpretation.

The spectra of the hydrogen isotopes from 016 on Ni seem to show.
an infiection (which cannotAbe explained by the errors) in the‘region.
where they begin to depart from the caleulated curve. This inflection
suggests the presence of a competing mechanism which is eitber direct

in nature of is a type of reaction characterized by a higher temperature,
as suggested in the pfevieus section. |

Lithium isotopes have been treated on the basis of two assumptions.

In either case they are presumed td be produced by the division of the
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full-energy Or§ into a lithium and the equivalent of a boron nucleus,

&

each of which gets a proportion of the availablefenerggubased on its mass.

We then assume

-

(a). The remaining boron is captured by the target nucleus.

(b). The boron exists, as such, and is left free to continue into,thei_

:
f

targeé.material. |
The energy at which the lithium would appear under thé first assumption
is indicated by a diamond in Figs. 3, 5, 6, and T; tﬁé lithium energy:
under the second assumption is indicated by a square. |
A striking feature of'the lithium spectra is that where the direct
‘reactions are resolved they oceur with roughly equal yield independent Sf '
the target nucleus. This would indicated that they do indeed result froﬁ
a breakup of the oxygen. Further, their production must depena strqngly
on beam energy, as can be Seén by comparing the higher-energy Li |
production from thg Al target at the two different beam energies. The
low-energy portion of these spectra varies in pfoportion to the calculéted.
evaporation curves. o
Further theoretical and experimental investigation of these direct
interaction processes would be of considerable interest, since one might
ﬁopé £o learn more of the detaiis of the particle subétructure of nuciei |

- from them.
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