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DISCLAIMER
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University of California. '
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- —re._._ Much of our understanding of the properties of highly excited_”con'i#

e . nuclei throughout the periodic tablo

. , -understood for some time on the basis of statistical theory first suggested

-1« . UCRL=11349 Rev.
"7 L INTRODUCTION
R

o ‘When a.“i67 -MeV O*° ion strike‘s a target nucleus rna;ny processes

" can take pla.ce; In a distant or grazing collision nucleons may be exe Tl
. changed between -ta.r.get and projectile. or more generally initiate the ot
breakup of the projectile whose fragments continue in the general direc-'_,_

tion of the beam or are .ca.ptured by the target nucleus.1 2 As the collision

»

distance is decreased it becomes possible for the ta:rget and projectile to .

.. amalgamate into a compouncl gystem ‘in which the idcntity of the constituents. ,'
| is lost as the energy is shared among the participating nucleons. Thelse N ’

- compound nuclei. formed by heavy ions, are unique in tha.t they can be

- produced in states of high angular momentum, In their subsequent de-

excita.tion. the distributions in angle' and‘energy of the emitted particles .

are modified by the rotation to an extent that depends upon the properties B R

- of the rotating nuclei themselves,

.
R T
v

pound systems is based on the liquid-drop model, Using this model, one = °

~can calculate3°6

the equilibrium shape of a compound system and an
associated moment of inertia that inﬂuenceo tlie energetics‘ of thc de_caf LR
processes. For a fissioning system it is also possible_l' to calculate the

" nuclear shape at the point of scission, which_inﬂuences the fragment. 1'
angulayr distribution and the energy dependence of the fiss’ion cross section. ,
- Particle spectra, on the other hand, depend only on the nuclear shape a.t', I'.‘:‘ib R

equilibrium and, in principle. allow an inveatigation of thia shape for -

The dynamics of the de-excitation of highly excited nuclei have been

.. by Bohr and later examined at length by Bethe. 8 Although the dependenco

t
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of energy level densities on angular momentum was analyzed in detail by
Bethe, the effect of this dependence on the particle angular distributions N

and spectra was not considered until recently, 9,10

when highly rotating
states became experimentally accessible.v | |

The expec;éxtion of gaining some insight into nuclear eqﬁilibrium
shapes and into the mechanism of direct reactions has led to the meé.s-
urement“ reported here of the particle spactra in the forward direction,

where the effects of both are expected to be greatest and where data were

previously unavailable,

. EXPERIMENTAL PROCEDURE

A, Experimental Arrangement and Exposure
| 6

The experimental arrangement iz shown in Fig. 1. The 0!® peam
from the Hilac at Lawrence Radia.tion Laﬁoratory was foc}med through the -
collimation system onto the target, which formed the rear of a Faraday cup,
This target was sufficiently thick to stop the beam but allowed the l’ighter
secondary particles to continue forward through a 0.25-in, slit into the
. spectrometer magnet, where they fell on the nuclear emulsion detectors
placed around its periphery. | |

¥or the shorter-range particles the emulsion used c.onsisted of
1X3-in, X600-n ilford C.2 and K,5 glass~backed plates whose surfaces A
were inclined at 10 deg to the pstrticle direction, Longer~range particles
were detected in small stacks, each composed of ten 1X3-in, X600-p
' pellicles, .with the Particles incident parallel to the surface through the 3-1#.‘ ‘
édge. Typic‘ai' measurements of range vs deflection are shown in Fig. 2,

The target thicknesses were Al, 71.19 mg/cmz; Ni, 93.43; Ag, 108,53;
and Au, 111,84 for bombardments with the 167-MeV beam (10.5%0,2 MeV/nucleon).
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:‘. Al was also bombarded at lower energy with a beam degraded to 142 MeV
‘by an ii.62-mg/ em? Al foil placed in front of t.hé quadrupole magﬁet (see -
Fig. 1) and falling on a 59.90-mg/ cm2 target. The two runs were made
for Al to examine the eriergy &ependence of the &ields. since this targdt
‘allows reacﬂons to occur over the largest range of energles, i.e., from
167 MeV to the Coulomb barrier at 30 MeV, | | | |
Collimators and slits used in this experiment were sufficiently thick\
to stop all but the very highest-energy particles observed, and -their jaws :

wers tapered a few dcgrees to minimize slit scattering. C.onta.mination from !

the collimation system is calculated to be less than 1%.

‘B. Emulsic;n Scanning and Analysis'

"7""All energles measured in this experiment are based on ranges in the |
emulsion rather than the magnetic deflection. Where the particle densities | .
were sufficiently great, however, -the folldwing simplifying proce&ure was
adopted: | )

(a) At several points ."xi ona plate the mean rangé (and hence Bp) ofa
particular kind of particle was measured.v ' | |

(b) The values at the different points were uéed to form a‘. cur;e of «.

d Bp/dx vs Bp. This curve is universal for all particles and all targets,
gince it depends oniy on properties of the magnet, which were constant
throughout the ekperiment. o . ‘ ‘ |

(¢} Measurement of the differential yleld of a particle was therefore . .
reduced to counting the numbeyr of particles N in an Mtezvall Ax, and |
measuring the mean range at the center of the interval. Thus if a particle -

“

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

Ay(y 1 N (d'f' dBp »Ax)‘i L (i)

= - "
AR AT n,, 42 \dBp dx



| ~ the theoretica.l form for this £unction for a constant magnetic field. No

- Barkas,
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In this relation dBp/dx is found from the curve described in step (b) . L i
. The quantity n s, the number of oxygen 1ons conected on the Faraday . L
.I cup, and the solid angle, AQ, s determined_by the slit width and th'e vertical _
‘distance scanned.. .' | ' B RN

| In practice, of c.ours.e, the experimental points themselveg wer e use dl
- to determine the_dBp/dx points_ of step‘ (b), which were then plotted versus. YREEEN

| (Bp)z and ﬁttéd by a lea"’t"’"‘m&:"eﬂ.Pl"oc:edure to a etraight line which is e |

-~ systematie deviations from thia form were detected, and the ﬁtted curve .
‘ probably gave a.t J.ea.st as accurate a determination of the energy 1nterva.1 A
as would be given by other techniques. |

When the munber of particles va.ried rapidly with deflection. an. entire

; ' region of the plate was scanned to find all particles in a given range 1nterva1. B N
. and the yield found was ascribed to the energy corresponding to the median |

| range in the intexval. . - - T I

ot ey S

The emulsion range;energy_ relation used was takezi from the work of

12'whichu differs by less than 1% in the region of interest from more

13

L recent work by the same author. These ranges in standard omulsion were -

) corrected (slightly) for the emulsion density of this experiment, _
It {s well known that certain particlee. such as deuterons and He3'a, :

e e e et e e pear vt et -y =

have nearly the same range at a given magnetic deflection and hence are - L
not resolvable by range measurements a.lone.' This coinc;dence can occur '}j )

. only for particles of different charge, and in this experiment these particles - . .
" could usually be distinguished Vis“auf by their _trackjstrﬁcture. :The cl’_‘arge RORERY

assignment was checked by standard etnulsio:x techxﬂquee such as. 1ntegre1":"§ ‘,

‘gap length measurement and 6~ray counting. Integra.l gap length meas-. B )
urementa in C. 2 emulsion distinguished deutorons and Hes‘s by more tha.n
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two sta.ndard deviations in approximately 100p. of track length,  Counting . -
© 6 rays in K.’ 5 emulsion gave an equal reeolution with about 250 . of track.
V ,Measurements were restricted to the spectra. of iaotopes of H, He, -'

.. and Li, and ne cenclueiens should be dre.wn about the producfiou ofa
particie o.r: isotope because it has not been included.. Be isotopes were .
observed, for e:eainple. v_'with cross sections comparable to those of Li.-
| More highly chafged produets , in ‘partigular the easily iden@:iﬁa.ble B",

would have been stopped by the target. The primary: inte_reet of this ex-

periment was in the mege common nuclear s’éecies, and further ‘acanning' o
£or-the more elusive pa'rticlee could not be justified because of the 'difﬁculty S ._

" involved in distlnguishing them (or in observing them at all) in the experi- o |

mental arrangement used here. :

The experimental da.ta. are Bhown in Figs. 3 through 7. The errox L

" bars shown include errors in the energy measurements and experimental

geometry as well as sta.tistical errors, The particles under observation

entered the surface or edge of a plate in. a beam that was parallel to within - -
. a few degfees. and were easﬂf diatinguished frem recoil protons produced. '

by neutron interactions in the emulsion, Contamination of this type is ex-

' pected to be completely negligible.

R

. HL- PARTICLE EVAPORATION -

-+ A, Statistical Theory

In order to develoP the statistical tixeoi‘y'bf parﬂcle einia‘sion to be’ “_ .f_:'- N

; used here, we state the results of Ericson and Strutinald9 and Ericson. 10 '

which we then genera.lize to include multiple emission,

According to the principle of detailed ba.lance. the probabuity per unit ,v L

ap' fOT & transition from state a to state b is given by

T g s P a8 o

8.

TN g ——_ = o S oy A e TR s

vv‘."'




| ~ of decay, thus.
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- ,v'rherc pa and pbva‘.re the densities of states a and b, »’Pza denotes .

the probability of the 'time-reversed or inverse process.

We. considerﬁie stete a to be an excited compound nucleus of‘spin T
1, and the state b to consist of both an emitted particle. v, of Kinetic ~ |
(channel) energy T moving ina direction a and a residual nucleus, R.,
which has excitation energy U and spin J, We _a.lso make the classical |
approxima.tion that the angular momenta. I and J and the orbital angular

. .' ‘momentum 1 are continuous variablee and that thc direction of particle

emission, n. is perpendict.la.r to 1 (particle epin being considered only
in the statistical weight Iactor. g, = 2 yt 1 80 that 1=J+1).

I 'I‘l(T ) is the probability for the particle to penetrate the potential
barrier of t}ie nucleus with angular momentum. ‘1__. ‘we may integra.teover '

J and 1 and use Eq. (2) to write R ' BN

-

o d3

‘pé(‘l.;)]?('r .n)dT e --%-—gvv S

j&(n-l)'rl('rcv)dsl f&’(HJ I)pR(U.J)d J. 3)

The total proba.bility of cornpound nuclear decay can be found by .

o integrating P(ch.g) over ch and Qe and we may therefore write the

cross section for production of a particle v as the product of the cross

section for cornpound nucleus production times a normalized probability

. .

Feprs ="}2-‘f21'r(z)[ P(Tcy,B) }u @

a2 4T, Z ffp('r v.n)dT de

_ where this result is presumed to have been averaged over: éy..

H
i



o deta.ll in the literature

- B. ”Level Densities.

The level denaity of rota.ting nuclei has been considered in some .

& 10 . and is treated only brieﬁy here to illustrate n

. the approximatioms made, A heuristic way to include the effect of rotation, =~ =

“is to consider the rotationnl 'energ'y to be unavailable forlexcvitation. 80 that

| | | (U L po(u UR) | : (5).
. Thus if the level density for no rota.tion“ha.e the form exp [Z(uU)U 2] , We
" now ‘have - L ' _ N .
. iz C
- P(U. J)°= exp Zlc(U UR)] (6) -
which may be expanded for eman UR to give
L pw. i) & exp[2<aU) /2 -UR/cl N

o where t =(U/<:.)1/2 19 the nuclear (or, rigorouely. the thermodynamic)

temperature. “The rotational energy may. be written -

Y . ,k ri

L Up = a2y /z:g . o ] (8)

- -where 9 '1e the nueleer moment‘ ot 1nertia.

Substituting (8) into the actual form of the level deneity used in the

current ¢:a.1<:ulat1.one.10 we ha.ve S ‘ _ ‘ T

U & gy oxpl2e0) 2o 0223, 0
v'UAR : C : L e

. :'~"f_where Ap is the atomic mass of the reeidua.l nucleus, v '- B :

14,15

The level density parameter ¢ has been shown to have the o

general form a = A/ a. - For high excitation, deviations from this formA

-

- due to shell effects are expeeted to disappear. In our caleulatione we have -

taken the tempereture constant. a, to be 10 MeV unleee otherwiee noted.

o Subatituting (9) into (3), one finds that it is poesible to do many of the , _;; : '
o 'mte'gratione'. ? Combining the result with (4), we have the final form, 10 .
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G part of the spectra, since one must accumulate statistics in much the sarue -

: - particles of the particle emission probability [aee Eq_. (4)], it may be

= ‘.”.';:‘.:';‘.VXS y
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An alternative procedure would be to use the particle emission
3 probabilities in Monte Carlo ca.lculationa. Such calculations have been

16

- ’made by Dostroveky et al, £or apinlese nuclei In such calculations. '

. -however. it s very difficult to determine the shape of the high-energy

. way as in the experimental measuremerits tbemeelres. 'l‘hua an accurate
‘-:f':,icalcula.tion of yields that vary over six ordera of magnitude or of the yield
of rare particles appears to be impractical. o e
"""" Owihg to the difficulties of the Other m‘ethode we have arrived at an
average-value procedure for following the course of the evaporation, In L

.. this method the energy, mass. and charge removed by the particlea are

o averaged over the energy spectrum of a particle and over the particles.

R "The reeults are then used to compute the properties of the residual nucleus

e : :which, in turn, emits more particlea. Since the denominator in Eq. (10)

o 'v‘_;'-"ie just such an integral over the particle spectrum and sum over thc

3

b - | treated as-a'weig‘hting £unction'(or operator). so that the mean value of a - S

~

N P .;' quantity X ic

T

8] 4t Sy 1/0P% expl2(a U/a) 22 41)/20 %) g1t/ 0 et

(14)

l to form this spin were eliminated in the integration leading to Eq. (10).

L I_.n‘ordcr to compute the average spin of th_e residual nucleus (actually J 2 N

was averaged) we return to the level density in Eq. (9) and write

g, [ 4T (021 (T M1/U2A% ) expl2(Ag U/a) Y/ 21248y /202) s an/ 0 Byat

* -
g

. The apin of the residual nucleus and the aseociated coupling of 1 and
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1
‘ fcosén exp(Il cosen/az) d cosby | S |
. (eosty ) = : ' —, . (15)

fexp'.(n,cosen/az) d cosfy;
4 )

= which may be integrated explicitly. From this average we compute

 (3F) =12 41 -2n (costy ), (16)
which is then averaged as X in Eq. (14). ”
| To find the contribution of a particular .stage to the cross séction.
the properties of that stage are used to cp.lcuiate the p.article emission
probability (éxpreééion in square brackets) in Eq (10). The complete
cross section is the sum over such stages. |
.The evaporatién procedlﬁre used here has the disadvantage that it
does not correctly r;presént‘ the increasingly wide spread of emitting
‘nuclear spe-cies that occur on successive stages. It is possible, for ex- ’
ample, to produce nuclei that in the last stage are cohatrained energetically
to emit only one type of particle., This 'effect can produce an anomalou;].y
large contribution of these particles to the low=-energy end of their spectrum,
Examples of this behavioxr can be seen in Figs. 3 through 7, In truth, this
final stage ahou.ld be represented sy many different species, some of whicix
emit other particles, Also, as k increases, an h'\creaaingly large number
of nuclei, emitt'ing‘ particles whose énergy is higher than 'avera.ge..' never
reach the stage in question. In gpite of these limitations many general
features of this evaporation are faithfully reproduced and, as stated pre=:

viously, it is perhaps the only practical technique available to us,



L of inertia could be written - :

71 icity because of its rotation and charge, 8o tha.t the sum of the rotational,
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fo st D, Moments of Inertia

If"a. nucieﬁs_couid be freated as a spheriéal rigid bod_y‘. its' moment

| where myA is the mass, and T Ai/3 the radius of the nucleus. According

. to the 1iquid-drop model the shape of the nucleus is distorted from spher-.}l’,;-f

LR Coulomb,’ and surface energies is minimum,

7 Knox.

When th§ rot;tioﬁal energy (referred to the: surface energy of ‘the . ‘.
' sphere)is small the nucleus assumes an oblate spheroidal shape about the
...spin axis, as shown by Hiekes. A7, With increaeed rotational energy the
nuclei undergo a transition to the prolate ellipsoida.l shpp 8 (rotating about :
an axis perpendicula.r to the symmetry axis) discussed by Beringer and

18 The change of these shapes with’ rotation has been studied throughs |
* out the periodic table by Cohen, Plasil, and Swiateck, 5 and the moments

19

of inertia based on these calcuiationa are used in this work,

These moments of inertia are tabula;ged as a function of the fissility
parameter, x = (ZZ/A)/50.13. and rétatio‘nal parameter, defined as
y = (thz/Z‘:g o)/i7.81A2/3.. for axes paran‘el and perpendicular to the ..

symmetry axis, - f‘rom these it is p'os.sible to calculate the moment about ct

>

any axis, We have assumed that the particle emission is "'sudden" in that L

... the nucleus does not deform to adapt to its new spin J until after the particle :

is emitted, Under this assumption the symmetry axis to which the moments

of inertia are referred lies paiallel (for Hiskes shapes) or. perpendiculér

(for Beringer-Knox shapes) to the initial spin 1, but the moment of in-

ertia about J depends on the angle between J and I. and hence on 6, n
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Corwersely the angle 6 depends on the mOment of inerua through Eq. (15),
- - 80 tha.t we have had to iterate Eq (15) and the determination of 3 to imd -

-,'the correct values of both cos@n and g . 1{ the "sudden" eseumption were RS

o incorrect we would be underestima.tmg the moment of inertia.
A further dynamma}. as sumptxon we have made is that a nucleus #
R mitially in a high-spm Beringer—Knox shape transforma into the low-spin

. e

Hiskes shape when the appropriate value of angular momentum is reached

during the course of the evaporation.

o 'Abové a certain vaiue of y, a nucleus ts 'no longer stable, _5 ’This

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

20

: Landa.u and Lifshitz® ha.ve shown that the only macroscopic motions

possible for a gas in statist1c31 equilibrium are uniforrn translation and -

21 In the foregoing development we have

rotation of the gas as a whole,
" therefore considered only rigid-body moments of inertia, 122_ It is well
known that for very low excita.tiona, nuclear moments of inertia become

23 but at such excitations one is dealing ..

smaller than those of rigid bodies,
with more detailed properties of nuclear etructure than are described by
the statistical theory ueed here. One might expect that as the excitation
o '.':'venergy is increased to the values of interest in this experiment, detailved _'
| properties--including shelll é;nd pairing structure--become lost and only .
the more gross properties remain, In the light of these .considerations .
we have also neglected shell and pairing energi‘es in éaiéma%m%g the r'na.ssesr | |

of those highly excited nuclei, and have used the ""reference' mass formula . .. L J

. :given by Cameron. 24




-13- . ' UCRL-11349 Rev.

'

‘ | E." Barrier Penetration .
The escape of particles £rom the nucleus in the presence of Coulomb

and centrifugal barriers is treated in any text on nuclear physics. . The

o shape of the nuclear potential has been studied in electron scattering ex-,

experimental values from Hofstadter,

' .vperimente25 and by optical-model analysis of particle scattering experi- . :
_ments in terms of the Woods -Saxon26 and Ig027 potentials. ;

- Hill and Wheeler have discussed penetration through inverted parabolic |
. barriers and have related the penetration coefficient Tl to the height and

N “curvature of the barrier. > We have used the potential
Vl(r) = zZe /r 1 f\z/znnrz; - 50 exp['(r'R)/°'574] Rt

In thie expreesion m is the reduced mass of the emitted or incident

: particle and ze its charge. The radius R .was taken to be.

. R =117 A1/3 tx | (19')

VLT . -~

: expreesed in fermis. where A is the atomic weight of the ta.rget or
residual nucleus and r 1 the radius of the incident or emitted particle.

" The particle radii (in fermis) used in the calculatiOn of barrier penetration

3 6

are, for n, 0; for p, 0; d, 2.41; t, 2.11; He , 1.61; He ¥, 177 LiC, 2.2;

K

Li, 2.2; and Lis, 2.2, These radii are based, in most cases, on the

25

and are felt to be slightly more

' realistic than the 1 17 A 1/3 form for these 1ight particles. This latter form -

‘. was used for the radius of the o

16

g
By using the potential from (18) it ia possible to calculate the barrier o

'-j penetration coefficient, - 3.

Y Pp— <2°>f <

. 1+ exp [Zﬂ(Bl-E) /‘hwl]

SR I where B1 is the height of the potential at its maximum and ‘hwl is related s
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to the curvature at the same point by

2 qv, |Y2 . | |
e, = | 1 3 ' .21
u'>1 m ‘drz , ' -

This procedure of replacing the true potential by an inverted parabola

of the same height has been found to compare quﬁ:e well with optical-model
28 _ ' .

calculations.
We ;houlgl pointv.qut that this is the only part of our ca.lculgtion in

- which the diffuseness of tk;e' nuclear potential has been taken into account.
Other parts of the calculation are based on a square well with a radius
parameter of 1.5 fermis, Attempts to include nuclear diffuseness in the level
1density for example, have be';'en made by Beard, 29 but we fxave felt that the
inclusion of such refinements was unjustified in this case. Barrier pene~
tratiqn is perhaps more sensitive to the nuclear potential shape than other
factéra and, in faét, .the procedure used here is considerably ain\aplér than

_an optical-model analysis with a square well.

F. Thick Target Yield

In order to investigate the particle spectra at 0 deg we have stopped

the 016

beam in the targets and measured the ylelds of particles rather
than cross sections at a particular beam énergy. To calculafe .a_uch yields -
from the theoretical cross 'sect‘ions we:.first .write the relation.between the

' energy with which:a barticle leaves the targe.t and the particle and beam
energy at the point of interaction. B'y use of this relation, it is then possible
to integrate over t.he' b§am energy and find the yield of particles at g' pare
ticular observed energy. |

16

Suppose an O™~ ion of 1niti§l laboratory-system energy E, moves

into the target and interacts at a depth at which its energy has been reduced
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to. the value E From this interaction a particle of laboratory-system
‘energy T, 1is emitted in the beam direction and is degraded in energy
to the value T v by the remaining thickness of target. The relation;be-

tween the ranges that correspond to these energies can be written

R(T,) - R(T,) = D - [R(E,) - R(E)], (22)
\v\vl}g?e D is the target thickness. |

We have previously shown!?! that the observed yi'eld of particl_es

~ may then Se related té .center-of-ma.ss cross section for their production

‘at the center-of-mass (channel) energy Tc\; By

a®y (1), 0y - o /e, \/2 g20(T_,, 04} 4T, dR(E) .
= no ———— . - s - dEo (23) )
Jo \\Tey) = arae, laT,' 4B .

'
dTv dQ cv .

where M, is the number of target atoms pef c¢m?> and the differential
cross section {s calculated from (10) (summed over the evaporation).
The quantity dTv/dTv' can be found from (22),. and the channel eneigy is

* found from the laboratory-system energy by .

A AA, E. z

R '
cv v s -
Ap Al Ty :

In (24), the agbscripts R,.E;x, and T refer to the reaiduﬂ. emitting,

. initial-compound, and target nuclei, respéctivcly. and o and v réfeét'

to the oxygen and emitted pa:tigle,, respectively, The incident channel

. energy is Ec = ATE/AI. The various atomic masses have .been distin-
guished to illustrate the chb.nges. though small, during the caevcade. but
'it should be noticed that the recoll of a residual nucleus during a particular
evaporation has not been consi&ered to affect the subsequent 'ata.gea. .

All quantitlee under the integral in (23) are understood to be expressed

in terma of 'I’ and E through relations (22) and (24).
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"‘The range-energy relations for all charged particles in the different
'-_'1 f.g e targets were taken from the work of Barkas and Berger30 and were cor- E
rected for range extension owing to charge pickup. and for the effeet of
: . scattering on the range by the techniques described therein,

Ce Moat of the integrala in the ca.lculatlons were computed by Gauseian ':,» -

-3' quadraturee. which are conaiderably more efficient than other standard

o  In order to determine these errors typical calcula.tions were compared
- ."with a Simpeon's rule routine which increaaed the numbers of points calcu-

i lated to achieve a deeired accuracy. 3 From this comparison, the order of

" the Gaussian integration was chosen and a scheme was determined so that

" the limits of lntegra.tion cOuld be adjusted to encompass only the region of

. maximum contribution, Errore in the calculated cross sections, due to the
= ;b' :‘.'_.calculatlonal methods alone. are never expected to exceed 10%, and are
usually considerably leae.: The c‘alculatedN ylelde could be in error ’by up

" to 15% where the ylelds themselves are small, but in most cases are well

' - within a fow percent, .
. : . ‘ ’.. .

: S L _ d. Results of the Calculation -

. Before comparing the theoretical calculatione with the data, we ﬁrat ‘
_' dieeuae some facete of the calculations themselvee. Figure 8 shows the

R spln of the resldual nucleus and the alpha-emission probab,llity as a funetlou

16

ot :, ke - of the stage of evaporation for O"" on Al at the highest e¢nergy and angular

f'::.g, larger, on the average, than that of a sphere, the rotational energy ‘1_8
smaller and hence the effects of angular momenturn are smaller. Asa A

s y result the angular momentum is not removed as rapidly for this case, and

i

... the residual nucleus is left with an excessively large 41 units of angular

e .methods but lend themselves less readily to analysis- of calculational errore.'i B

v ‘momentum calculated. Since the liquid-drop moments of inertia used are . - e
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L momentum. ' The fact that we do not require the removal of this angular
ST '
L momentum (and thus do not really conserve energy) might have been

;;'. ' anticipated when we expanded the level density exponent in (7). By using .

;' when UR

SHN integrations leading to (10) could not be done explicitly and the numerica.l

/ -'_ tion. It should be noted that errore made near the end of the evaporation,;
such as those discussed here and in Section C, affect only the low-energy

. ‘; ';' regione of the spectra of the dominant particles, ' |

| ,‘,,_.-N\\M“ Referring again to Fig, 8, we see thzit the elpha-emiesion probability

.:.*A’.;'-' . is considerably enhanced ‘by the larger rotational eneréy. This occurs -

| because the e.l.pli'aa are capable of removix:ig more e.ngular momen\tum for

- a given amount of energy than the lighter particles, Still heavier pa.rti‘cies

,v-;" o . are inhibited too atfongly by the energetics. "It can also be seen that the -

' R . cles, which penetrate the engula.r momentum barrier more easily. Since

o stages. E _ , .
| ‘The calculated yielde are.compared with the experimental results in

B " Fig. 3 through 7, Calculations have beeh made with the liquid drop and -

: -.. spherical moments of inertia and for no rotation (infinite moment of

- inertia), For the heavier elements, for which rotational effects are small,

L ment with increasing te.rget mass may be interpreted as a relative increase

in direct reactions, which are known from the angular die_tribution :

i

 only the first term in this expa.naion. we underestimate the effect of rotationv' b

becomes comparable to U. If the correct density were used the ;

calculations would have become prohibitive. We would expect intuitively

N .

tha.t where the effects o! rotation are large they should be larger. and where

they are small they shouid become large on the latter stages of the evapora- .

[ S

- stronger rotational coupling enhances the emission of higher-energy partie

~,.more energy is removed at a given stage»."the nucleus evaporates for fewer .

the liquid drop calculations were omitted. The general trend of disagree- _ |

e - - - ok res
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to dominate the charged-particle
.tvspectra for 016 on Au. K We would emphasizethat'this effect is relative and

is due to the decrease in the evapora.tion of charged particles over neutrons o

E 'ratber than an increase in the direct component.

c o E ‘The higher-energy products from oxygen on aluminum (Figs. 3 and 4)
are seen to be fairIy well described by the liquid drop calculation Thoug_h _
' . ' these calculatioos overestimate the yields of lithium isotopes. these are .

: , 51 9 strongly influenced by the form of barrier penetration used, and the curves

““are almost an order of _nriagnitude greater here than in our previous calcula- |

“ tions, 1

_ for which classical theory was used. '
S “ - . Calculations for the Ni;target are compared with the results of this
e experiment in Fig. 5 and with the experiment of Knox, Quinton, and Anderson33

g in Figs "9:and’10. It is immediately seen that the angular distributions of -

- 16- MeV alphas in the backward hemisphere (Fig. 9) are not explained by the e
present calculations. Whether this is due to inadequacies of the as'sumptions"
used in the calculation. as mentioned previously. or is due to some mechanism
" in which all nucleons do not participa.te is not clear.  The data do suggest '
o _ an effect thatis primarily rotational. owing to the approximate symmetry
_V ‘about 90 deg in the center of mass and the large peaking fore and aft. 33
| | A The alpha spectrum at 90 deg in the center of mass is compared with the
¥ N data of reference 33 in Fig. 10, For this comparison we have decreased the :

; "t-i::" " “calculated curves to about 2/3 their value, We see thata small shift in the ..

- peak energy still exists and we would not i-ule out a barrisr lowering due

'~_ _to nuclear distortion’ suggested in that ref_eren‘ce'.-. The fact that we predict. .'
e a larger cross section at 90 deg is not surprising, since it is primarily the ' ‘-,_'“

4

e v':'vprobability. - _ - !

- anisotropy which we expect to be incorrect rather than“‘the, total emission . k B
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.»;'1,;;-‘: ; Though the charged particles emitted from oxygen on gold are con=

‘ R trolled by direct mechanisms. we point out the calculated enhancement of
low-energy alpha particles in the case in which rotation is included This ,
increase reﬂects an attempt of the nucleus to get rld of lts angular momentum

"in the later stages of evapora.tion by favorlng the alpha particles over

| neutrons.' Though this effect ls of academic interest ln a.lpha-partlcle

B emission. it ia exactly this same effect which causes the nucleus to flsslon

o

“instead of emitting neutrons. o
.. To investigate the competition of neutron.emission and fisslon.vwe ST :

: _have compared Simon' s' neutron cross sections34

with the evaporation calcu- ) _‘.' =

- lations £or spherical nuclei (the rotation has little effect on the neutron

¢ spectra here) ln Fig. i1 these cross gections are presented after each o 'V.'
L f.f;"_ stage has made its contributlon to the evaporatlon at 90 deg in the center of .

Y ."f;'f-_-; mass. 'rhe calculated anisotropy is 1,08, and varies little with neutron °

'1 -.. energy a.nd evaporatlon stage. This value ;ls to be compared with the ob-

: : served values listed in Table 1. Simon argues that, contrary to the observa-.

e ';; tlons. the anlsotropy of neutrons emitted £rom fission fragments would be |
SR expected to increase with neutron energy. The hlgher-energy neutrons
(which are characteristic of the earlier sta.ges of evaporation) agree in
cross section and anisotropy wlth evaporatlon before fission. | |
_ Simon argues from the mean energy of the observed neutrons that the * e
o assumptions leading to an anlsotropy of about 1. 56 for 8-MeV postfission |
: '. neutrons should be correct. If we assume that the compound nucleus evapo. - _'
K - rates three stages of. 8-MeV xreutrons at an anlsotropy of 1. 08. and that the .!'-;? ~
- rest of the observed cross section at this energy comes from postfission

neutrons of anisotropy 1.56, we find that the observed Lnisotropy should be B o

T, 29 A similar calculation for four stages of prefisslop neutrons gives an
a.nlsotropy of 1.22. This latter value is within one standard deviation of the .
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| observed value, so that we would expect at least four sta.gee of neutron

,, omission, on the average. before fission. Since the iow-energy part of -
. the spectrum has a greater a.nisotropy than expected (possibiy because of

L the spin of the fragmenta) we have probably \mderestimated the postfiseion", i

Though most of the low-energy poetiiesion neutrons are not omitted o

' at 90 deg, but are to be seen in the forward and backward directione. we -7 ¢ o

“would estimate conaervatively from the lower-energy portion of Fig. 11 and the .

- '”aeeociated anisotropies that not moreé than six neutron, on the average, are - - = -

evapora.ted before fission.

- The calculated spectra ior protons egree ‘with the iow-energy experi- .

\

mental values on about the fifth stage, and thus support the above arguments, .-

| We should further poiht out that any incorrect as sumptions made about the

e angular momentum effeets or multipie emiseion wiu probabiy not influence .

these results signiﬁcantly. eince the rotational energy is emall ‘and we a.re

. concerned only with the first few stages of emiseiou. ' o

IV. DIRECT PROCESSES o
" The la.rge number of competing mechanieme that we categorize as
'_"f'"primarily direct proceese335 makes a.ny eort of quantitative analysis of -
- their spectra very diificult. ‘When eingle -nucleon transfer is known to -
- .oecur or when the tranaferred nucleons may be treated as a eingle particle.

36

anaiysie of the reaction has been eucceseful. It ha.s been pointed out.

“77. however, that reactions that appear to be eingie-pa.rticle tra.nsfer can be - .‘_';f'. 3

; etrongly inﬂuenced by competing procesaes and by initia.i- and finai-state '»f .

.. interactions, 7

Owing to this inherent compiexity we have subjected the direct products

- obeerved here to an analveis based only on the energetics and the. groes

-

e v e e
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" foatures of the spectra.. In this spirit the triangle at the bottom of the .
, graphe for hydrogen a.nd helium isotOpes indicates the energy at which L ’

RO " these particles would a.ppear if they were atripped frOm the oxygen a.t the R
o 'v same velocity it had as it en_tered the target at 167 MeV. None of these g
X f isotopee produced from the'h'cavier targets is incousiéteut with this inter-

pretation.

F —.,

f‘\ o ' 16

The spectra of the hydrOgen isotopea from O~ on Ni seem to show o

a etatisticany valid 1n.£1ection in the region where they begln to depart {rom _~7 c

the calculated curve, 'I‘his inflection suggests the presence of a competing ’
'."-_: f'i‘ﬁ - mechanism which is either direct in nature or, at least, is a type of reactionl B
A cha.racterized by a higher temperature (broader epectrum) suggeating that
) not all the nucleons participate. | ‘ |
Lithium isotopes have been trea.ted on the basis of two assumptions, .
In either case they are presumed to be produced by the division of therfull.-.

% i__).energy olé

into a lithium and the- equivalent of a boron nucleus, each of
which gets a proportion of the available energy based on its mass. -We then ‘
: assume . | | | | '. .
| (2) The remaining ‘boron is captured by the target nucleus,
; . B (b) The boron existe as such, and is left free to continue 1nto the
Lt target materia! A ' _ | o
The energy at which the lithium would appea.r under the firet aeeumption ie
indicated by & dia.mond in Fige. 3, 5,6, and 7; the lithium energy under the _
. second assumption is indicated by a square.

CA striking feature of the lithium spectra is that where the direct

. ‘.-~ reactions are resolved they occur with roughly equal yield 1ndependent of the
| target nucleus; This would indicate that they do indecd\ result from a breakup

" of the oxygen/ Further, their production must depend atrongly on beam energy,' v .
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as can be seen by comparing the higher-energy Lis production from

. the Al ta.rget at the two different beam energies. The low-energy portion”

of these spectra varies in proportion to the calculated evaporation curves.
~ Further theore_tical'and.experimental investigation of these direct

interaction processes would be of considerable interest, since one might

hope to learn more of the details of the pa.rficle substructure of nuclei

from them.
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LR o i:'-",..FIGUR.E CAPTIONS
S | Fig. 1, Experimenta.l arrangement
B 'Fig. 2.:" Ranges of particles as'a function of ma.gnetic deflection for |

167 MeV ol6

on aluminum } ' . |
Fig. 3 Charged-particle Ylelds at 0° £rom 167-MeV O16 on an a'lumine.m.:., '
. * thick ,ta.rget Curves are the theoretical apectra. after the complete -
. e\}aporet;ion from.f.he_rotating nuclei. produced in spherical nuclei -

: (‘dot-dashed curves), l.iquiu'd‘drop shapes (solid curves), and with no
.rota‘tiox'n (deahed cerves) Symbois at the bottom of the graphs in-

| dicate the energy at which direct products would appear under various '
aeeu.mptions (see text) )

Ll Fig. 4 Charged-particle yields at 0° from 142-MeV 016 en' an aiuminum
- thick target. Curves are the theoretical spectra. after the complete
_ evaperation‘frem. thel rotating .nuclel.;{produced in the cases of liquid -

drop shapes (solid curves) and no rotation (dashed c'urves).

L

" f‘fg? Charged-particle yields at 0° from 167-MeV C)16 on a nickel

| -thick ta.rge't; Curves are the theoretical 'spectra. after the complete -
' evaﬁ.or_a.uon‘from the rotating nuclei, produced in spherical nucleiv

- (dot-dashed curves), 1iquid'drop eha.pes (solid curves). a.nd with no

| ."-__;,v:.rotation (da.shed curves) Symbols at the bottom of the graphs indicate

g the energy at which direct products would appear under various
_ .: assumptions (see text), * l R
~ Fig, 6, Charged-particle yields at 0°. from ib?eMeV 'O"’6 one silverll
" thick target, Curree are the theoretical spectra, after the complete
| evaporation frornlth;e rotati'ng' nuclei, produced irx spherical nuclei |
: (dot-dashed curvee) and with no rotation (dashed cixr‘ves) Symbols

: D at the bottom of the graphs indica.te the energy at which direct

products would appear under various assumptions (see text).
. . . . . M . ‘ :
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Fig. 7. Charged-particle yields at 0* from 167-MeV 01

on a gold
thick target. Curves are the theqreiical spectra, after the
c;omplete evaporatién ffom the rotating nuclei, produced for -
spherical nuci.ei (dot-dashed curves) and with no rota.fion (dashéd
curves). Symbols at the bottom of the graphs indicate the energy
at which dixect-products. would é.ppear under various as sumptions

| (see text).

Fig. 8, Spin'éf the residual nucleus a.r.xd probability of al;;ha-pa.rticle
emission as a function of evaporation stage for evaporation from
the compound nucleus produced with an initial spin of 48.2*h by

16

167+MeV O’ " on Al

Fig. 9. Center-of-maﬁs angullar distributions of (upper) 10-MeV protons

16 on Ni for

and (lower) 16-MeV alpha particles from 167-MeV O
spherical compoimd nuclei with temperature constants of 8 (dashed
curvei) and 10 MeV (solid curves) and fér'compom}d m;.clei with
shapes predfcted from liquid drop theory with a = 40 MeV (dot- *

dashed curves), Data are from reference 33,

Fig. 10. Alpha-particle spectra at 90 deg in the center of mass from
16 '

167«MeV O" " on Ni. The solid curve is the data of reference 33
and is compared with the normalized theoretical spectra for liquid
" drop nuclei (dot-dashed curve) and spherical nuclet (daghéd curve),
Fig. 11, Neutron cross s‘ectiona at 90 deg in the center of mass from

16 *

167-MeV O~ on Au after each successive stage of evaporation,

Data are from reference 34,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

, As used. in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, .disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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