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. ' ' .. ;.' ..... I. INTRODUCTI0~ 

. . ". '. '. 16" . . . .' . ,.'. , r ," " 

When a 167-MeV 0 ion strikes a target nucleus many processes ~ . 

. can take place. In a distant or grazing colliSion nucleons may be ex-
... ' . 

,"I 

.' t.' 

. changed betwe'~ntarget and projectile, or more generally initiate the ........ ,' ..... -. ~. ':.: ' :. 

" ' 

brelakup of the projectile whose fragments continue in the general direc-.: 
:'. ~.r'. ' .. :. I 

'. 1. Z ," .,'" .. 
tion of the beam or .arecaptured by the target nucleus.' As the collision .. <~>, .. ~·:.i<;'::' 

~ .. '" 
distance is decreased it becomes possible for the target and projectile to '.'.'. '.' 

amalgamate into a compound system. in which the identity of the constituents 

~s lost as the energy is shared among the participating nucleons. These 

compoUnd nuclei, formed by heavy ions, are unique in that they can be 

pr()duced in states of high angular momentum. In their subsequent de-

e'tcitation, the distributions in angle and energy of the emitted particles 

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

of the rotating nuclei themselves. .' . , .:"""" '. . 

, , 
" 

'. ' 

-""_. Much of our understanding of the properties of highly exCited coni- ,J, . _ .... -. . .. ' . ,'~ .: ',' 

pound systems is baaed on the liquid-drop model. Using this model, one 

at ul 
3 ... 6 '. 

ce.n c c ate the equilibrium shape of a compound system and an 

associated moment of inertia that influences the energetics of the decay ':,' 

processes. For a fissioning system it is also possible to c$.lculate th~ 

nuclear shape at the point of scission, which influences the fragment. 

angular distribution and the energy dependence of the fission cross section • 
• 

Pa.rticle spectra. on the other hand, depend only on the nuclear shape at , 

equilibrium and, in principle, allow an investigation of tpie shape .for . 

nuclei throughout the peri~die table . 

. ,:"" 
" ",' 

:'-, 

. '.' 

to· ~. 

The dynamics of the de-excitation of highly exCited nucleii have been ':-~ .':"",: :';-.-. ." ~" , ': .,' , 

, . understood for some time on the basis of statistical theory first suggested' :>,:,'.~ ::~ :', ::~ .. / 
. .- . --: ". ~,\,:' . .'';'' 

by Bohr 7 anc1. later examined a.t length by Bethe. 8 Although the dependenee.:,::.);~·.:\:·· .. :·.·'·~; 
. ':"\ .,,". " 

.1 
j. 
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of energy level densities on angular momentum was analyzed in detail by 

Bethe, the e!lect of this dependence on the particle angular distributions 
. 9 10 
and spectra was not considered until recently,' when highly rotating 

states became experimentally accessible. 

The expectation of gaining some insight into nuclear equilibrium ". 

shapes and into the mechanism of direct reactions has led to the meas .. 

urement 11 reported he re of the particle spectra in the forward direction, 

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

previously unavailable. 

n. EXPERIMENTAL PROCEDURE 

A. E?'Perimentci.l Arrangement and Exposure 

The experimental arrangement is shown in Fig. i. The 0 16 beam 

from the Hilac at Lawrence Radiation Laboratory was focused through the . . 

~ , . 

collimation system onto the target, which formed the rear of a Faraday cup. 

This target was sufficiently tl1:1.ck to stop the beam but allowed the lighter 

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. 
," 

For the sborter-range particles the emulsion used consisted of 

1X3-in. X600"jJ.llford C.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 iX3-in. X600-jJ. 
" . 

pellicles, with the particles incident parallel to the surface through the 3-in~ 

edge. Typical mea.surements of range vs deflection are shown in Fig. Z. 

The target thicknesses were Al. 71.19 mg/crn2; Ni, 93.43; AS, 108,53: 

and Au, 111.84 lor bombardments with the 167-MeV beam (10.5:1:0.Z MeV/nucleon). 
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'Al was also bombarded at lower energy with a beam degraded to 142 MeV 
• t. 

( / by an 11.62-mg/cm2 Ai foU placed in front of the quadrupole magnet (see 

Fig. 1) and falling on a 59.90-mgfcm2 ~rget. The two runs were made 

• for Al to examine the energy dependence of the yields, since this tar.,gGt 

allows reactions to occur over the largest range of energies, 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 

were tapered a few degrees to minimize slit scattering •. Contamination from I'. 

the collimation system is calculated to be les8 than 10/0. 

B. Emulsion Scanning and Analysis 

----------AU energies measured in this experiment are based on ranges in the 

emulsion rather than the mag':letic defiection. Where the particle densities 

were sufficiently great, however, ·the following simplifying procedure was 

adopted: 

(a) At several points",! on a plate the mean range (and hence Bp) of a 

particular kind of particle was measured. 

(b) The values at the different points were used to form a curve of .::, 

d Bp/dx vs Bp. This curve is universal fOr all part~cles and all target,s, 

aince it depends only on properties of the m.agnet~ which were constant 

throughout the experiment. • 
(c) Measurement of the cU!ferential yield 01. a particle was therefore" .', 

reduced to counting the number of particles N 1n an intezval .6.x. and 

measuring the mean. range at the center of the interval. Thus if a particle 

kinetic energy T' is found from the range measu1"ementa.we have 

A2Y(TI) :I'L .!L ( .. dT' , dBp Ax)-t (i) 
AnAT'nox . .6.0 dBp ax 

" 
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In this relatio,n dBp/~x is found from the curve described in step (b) • 
. _t,: ',' .. 

! 
( " 

, The quantity 'n:, ,,1s:the number ~f oxygen ions collected on the Faraday ,,~,,:, oX . , , . 

\. 

cup, and the 'solid angle, -: M,' is determined. by the slit width and the vertical 
, '. ' 

, :. distance scanned. " .:-,:;. ., : 

In practice, ,of course, the eXperimental points themselves were .used 
. . . .' '. 

to determine the dBp/dx points of step (b), whieh were then plotted versus' . 
. .' 2 ...... '. . 

(Bp) and fitted by a least-squares procedure to a straight line which is 
, a 

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

systematic deviations from this form were detected,. and the fitted curve 

probably gave at least as accurate a determination of the energy interval 

as would be given by other techniques. 
, . 
When the number of particles varied rapidly with deflection, a.ri<.'entire 

region of the plate was scanned to find all particles in a given range in~erval, . 

and the yield 'found waS ascri~ed to the energ~ corresponding to the median 

range in the interVal. 

The emulsion range~energy relation used was taken from the work of, 
. 12 ! . 
B,arkas, which differs by less than 10/0 in the region 01 interest from' more 

.' ..' 1.3 
recent work by the same author~ These ranges in standard em~eion were 

corrected (sUghUy) for the emulsion density of, this ·experiment. 
. . , . 3 

It is well known that certain particles, such as deuterons and He. 's, 

have nearly the same ran~e at a given magnetic deflection and hence are 

not resolvable by range measurements alone~ Thls coincidence can occur . ., . 

t , , 

..... l: 
t 

-, t 
I 

/' I . ...... I 
· ..' t 
· .. ..,. .• 1'., 

0' ;. 

i. 

~ 
!. 

t· 
I 
! 

. t· 
f .. " f 

" r 

f 
t 

t 

I 
1 

I 
. ! 
I 
I 
I 

only for particles 01. different charge. and in this experiment these particles '... . . 

:--- ' " could usually be distinguished visually by their ~rack structure. ,The charg~ ,;<; ;', ~~ >.' " 
j.;,; " , . . ...' .:';~'\:\:'.::'"".'~ .. ~;>::: 

'. ,'-'~ assignment 'Yas checked by standard emulsion techniques such. as integral :.' -::~ :":"':-"',~~~:::,' ... - " ~ .. ' . . .' ........ . '.: " . 

. ~ .'~.. ' .~~. 

, . gap length measurement and 6-ray counting. Integral gap length meas - . 

urements in C.2. emulsiondistingulahed deutorons and He3~8 by more than 

, . 
I , 

'1 . 
1 .! 

. ,.' 

. ,', 
. : .. , ..... 

.... ; .... 
" 

.'. ".":;',' "," ',. . 
• ... 'l: ': • · .~ 

, .:' .r 

.t,' 

.... ,,-

'. ---_._---
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two standard deviations in approximately 1.00 fJ. of track length. Counting. 

6 rays in K. 5 emulsion gav.e an equal resolution with about 250 J..I. of track. -

Measurements were restricted to the spectra of isotopes of H, Hei' 

and Li, and no conclusions should be drawn about the production ofa 

particle or isotope because it has not been included. Be isotopes were .. 

observed. for example, with 'cross sections comparable to those of Li.· 
. . '. . . 8 

More highly charged products, in particular the' easily identifiable B " . . 

would have been stopped by the target. The primary;:interest of this ex

periment was in the more common nuclear species, and further scanning' 

£or~the more elusive particles could not be justified because of the difficulty . 
. .' 

involved in distinguishing them (or in observing them at all) in the experi-

mental arrangement us'ed here. 

" 

, " . , 
" i' I 

... ~ , 

I 

" . 
( " 
~ , 

· t ' 

"l~ .:' ',i 
) ., 
I i ; 
L 
I'; 
f " 

"' ':. f 

I'; 
tl 
I·. 
I' .: . ' 1': 

:. '. f I 
f' 

'. f \ · I; 
The experimental data are shown in Figs. 3 through 7. The error ",'. , ,": 

i I 
I : 
: , 

bars shown include errors' in the energy measurements and experimental 
." . \. 

geometry as well as statistical errors. The particles under observation 

entered the surface or edge of a plate ina beam that was parallel to within 

a few degrees, and were .easily distinguished from recoil protons produced. 

by. neutron interactions in the emulsion. Contamination of ~s ~ype is ex-. 

pected to be comple·tely negligible. ., 

",,' 
" 

m.· PARTICLE EVAPORATION 

.A. Sta~istical Theory 

~ : 
! ; 
i 

I. : 
[ 
Ii 
i 

! , 
I' 

· ! 
, 
I. 

r : 
t, 
II 1: 

.y L 
I 

In ordel" to develop the statistical theory' of particle emis'sion to be' ';,. ''-'' ',~, .:.:.' .. 
, \l8e~ here, we state the results of Ericso~ and St~Unsid9 and Erlc~on, 1O,'·'j··.:·;,.: ..... ,::'.<~:;, ;! 

~ • • • ..~~·I /"- . ~ ". ,.~.;, " 

which we then generaUze·to include multiple emission. 
- , r' ".\' ,! 

According to the prin~iple of detailed ·balaJice.the probabUity pel" unit ;.:.':'... :.~, 
, ' .. ::.':'. t time. P ab' for a transition from. state a to state b is glve~ by 

'1 , 

,. .. 

, ',.. .... .' Ii 
.'.' , \ 

.' .' "'1: 
., .' ~ < • 

, . , . ., 'f.. f.i 
,.1'. .f' i: 

/I 

> 
f. 
" 
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t ••• 

(Z) 

• lOr 
where Pa llnd Pb are the" densities ·of states a andb. P ba denotes. 

the probabUity of the time-reversed or inverse process .. 

We consider the state a to be an excited compound nucle~s of" spin 

I, and the state . b to consist of both an emitted particle, ". of kinetic -
(channel) energy T cv moving in a direction!!. and a residual nucleus, R; ,:. 

which has excitation energy U and spin J. We also make the classical -
approximation that the angu.1:ar momenta !. and r. and the orbital angular 

momentum 1 are continuous. variables and that the direction of particl~ -
emission, n. is perpendicular to 1 (particle spin being considered only - - . 

~ the .8tatistical weight facto~, g,,:: Z:~v + i, 80 ~t 1. :: r. + 1. ). 
UT1(T c..,l is the probabiUty .for the particle to penetrate the potential 

. . . 
barrier of the nucleus with angular momentum 1 •. w~ may integrate over .- . 

J and 1 and use Eq. (Z) to write - -

(3) 

The. total probability of 'compound nuclear decay can be fo~d by 
: . 

integrating P(Tcv'~) over Tev and (lv' and we may therefore write the 

cross section for production of a particle v· ,:,-S the product of the cross 
• 

section for c.ompound nucleus production times a normalized probability" 

of decay, thus, 
. . . 

Z . 
d O'.(~ cv' !!) 

em "dTc" 

where this result is presumed to havebeeQ. averaged over' 4>r. 

' .. ,", " 

'.~ 

" 
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:.: B. . Level Densities 

r , ' The level density ~f rotating nuclei has been considered in some 
8 to . . . .' . 

detail in the literature' ; and is tre.ated only briefiy here to illustrate 

the approximations made. A heuristic way to include the effect of rotation: 

. is to consider the r6tational energy to be unavailable for.excitation. so that 

; : p(O .. o!..) :: Potu - UR)' (5).: 

Thus if th~ lev~l density for 'no rota~ion~has' the f~rm exp [Z(o.U) 1/Z] • we 

.. ' ", now' have 
"j ;. 

, , 

" .... ; .. '.~.:~-;-."-~. 
.' ',"'. p(U, J) a: exp . . (6) 

. -
'\ .) 

',' which may ~e expanded for.s~all UR to give 

.{. , ",: 

, . 
. ,,:',:: il' . 

.' ~ ' .. '. 
; , 

". , . . .... ': ~(U, r) .~ ex~[Z(o.U) 1./Z .- UR,/t] • (7) 

where t ~(~/o.) ~<Z.' ~8 ~he nuc~ea~' (or. rigorously. the thermodynamic) 

temperature, 'The rotational energy may. be written· 
.\ 

.~ Z Z 
'. UR = ." J /Z':J .• 

<.' 

where ~ 'is the nUclear moment of inertia. 

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

cu~rent calculations, to we have'·, '. 

.. ; . p(U. J) a: (9) -
. " ' 

. where AR, is the atomic mass of the residual nucleus. 

• 14 15 . The level density parameter a. has been shown • to have the , . 

, ' 

, .. general form 0. = A/a •. For high excitation, deviation a from this form. 

.' .. due to shell effects are expec~ed to disappear. In our calculations we have " 
t : 

. /:',' , 

i 
L .'.( 

taken the temperature constant, a. to be 10 MeV Un1es~ otherwiae noted. ' • 
'1 

Substituting (9) into (3), one finds that it ie possil)le to do many .of the , . 

. integrations. 9 Combining the result with (4). we have the' final forlll. 10 .' 

/ .. 

'- .. ' . 
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'."' " 

• I • .-. ; 

. ~ " 

\' ; 

': . i. ·.An alternative pro'cedu~e woUld be to ~se the particle emission 
. ,,' 

" .. ' .(":', probabilities in Monte' Carlo calculations. Such calculations have been 

~. " . 
. . 16 '. 

made by Dostrovsky et al. for spinless nuclei. In such calculations,. 

',\.:'-':" ',,'. however, it is very difficult to determine the shape of the high-energy 

., 
" 

,1 ~ . . 

.. ' ;'.:j'?' ::' part of the sp'ectra, since one must accumulate statistics in much the same 
.. " .",', 

"', ',< ; 

;' ... , 'J ' . , 

'" 

way as in the experimental measurements themselves. Thus an accurate' 

,'~,.';' ;::~,',<'<'.'.,.' calculation of yields that vary over, six orders of magnitude or of the yield 
'. , . 

, " ,::;':;;.:' .i',~:/.: of rare particles appe~r8 to 'be impractical. 
:,' ..•.. ,/ ... " .. ,;" : .'.~; .... .' 

, :~, '::' "'.~,: , Owing to the difficulties of the other methods we have arrived at an 
.,'. ':',,;:,:.r<:~ , 

· .' :"',; '!.,' . average-value procedure for following the course' of the evaporation; In 
; ',' '.! ,'" /: • '; 

.,' .' ,. 
\:~ .: ..... :, , this method the energy, mass .• and charge removed by the particles are 

. . '.~, " ... ,., , 

"", . 

~. . ; 

averaged over the energy spe'ctrum of a partiCle ·and over the particles. 
. " '.:. , 

,,' :"~' .. :.:;:' ,':,', . 

.' ,c';:' ,;' '. The results are then used to compute the properties of .the residual nucleus 
. " ~ ~.' ' ".; 

..... , ·,'.'.which, in turn, emits more particles. Since the 'denominatorin Eq. (10) 
1 ",~ '" • . 
: .. ~, ( 

. ,. '. 'ie just such an integral over the particle spectrum and sum over the 

, ' ... )' i", '. 

particles of the particle emission probability [see Eci. (4)], it may be 

treated as a weighting functic;>n (or operator). so that the mean value of a . 

q,uantity X is 
•• ' •• ""._. ,f •• 

, ' 

" 

.'" :', 

: ~" 

. ~ !'. - -', ;. 

:,:, ,,; ~ 
'. : .. ~~.' '" AD 

\', ( 

V Bv I dT c,;1 (X)ZlT 1 (T cv)( 1/U2 A 2 R) exp[i(AR u/a; 1/2.(12+ f)/zcr ZlJo(Ul/ cr Z)dl •... 

" < ' , . 
,< • 

, " 

8,,1 dTc" /2.i.T leT cv)(1./u2 
Ai) exp[2.(Aa u/ a) 1/2..<I

2
+,12)/2.u 2] Jo(Ul/ u2.)dl 

v '. . 
• (i4) 

" • ••• ... f 

.;~.- ~ ! ,\'».', ~. " :: .-':." ,':' I.:. ,'. . .. , ,". The spin of the re'sidual nucleus and the associated coupling of I' and .. · ;~.". ~... " . ...." ........ '.{, .. ".~ ': ~, . : . \ >.; '" (: ~'. . ".' . '. ' , . 
'.' '. ,,/'.:.'::,:: 1 to form. this spin were eliminated in the integration lei.ding to Eq. (10). ,', . 

... -,,': - ,'..... . :',' ;:~,.,"'. ::' 

-: ,: ,: { , " .f • • : In .order to compute the, average spin of the residual nucleus (actually J2. ~ '. 
" :).~. ~;'~', ~! :: " 

~ . ~ ~. ,i · .~ "'~ .~-:. :.: " ' ~. 

..... " " 

. ~ " 

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

. ~ . 
i 

' ..... 

'-' '" '. 
, .. ~ 

, , ..... 
", .. 

., '..,' ~, 

'." -. , 

.. ' 
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~hicb may be integrated explicitly. From this average we compute 

'(J2 ) = 12 + 12 .211 (COB On ) " 

which is then averaged as X in Eq. (14). 
" , 

(15) 

( 16) 

To find the contribution of a particular stage to the cros's section, 

the properties of that stage are used to calculate the particle emission 

probability (expression in square brackets) in Eq .. (10). The complete 

crOSB section is, the sum over such'stages • . 
, ' 

The evaporation procedure used h~re has the disadvant~ge that it 

does not correctly represent the increasingly wide spread of emitting 

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

ample, to produce nuclei that in the last stage are constrained energetically' 
. 

to emit only one type of pa.rticle. This effect can produce an anomalously 

1a.l"ge contribution of these particles to the low-energy end of their spectrum. 

Examples of this behavior can be seen in Figs. 3 through: 7". In ~ruth, this 

final stage should be represented by many diffe~ent species, some of which 

emit othel" particles. Also, as.k increases, an increasingly large number 

of nuclei, emitting particles whose energy is higher than ,average.,' never 

reach the stage in question. In )Spite of these limitations many general 

features of this eva.poration are faithfully reproduced and, as stated pre.· 

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

, .' 

I . 

, , 

l 
• • I 

l 
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D •. Moments of Inertia . \ 

r 
j, -,' Ifa nucleus could be treated as.a spherical rigid body, its'moment 

:',", 

',.'.' of inertia could be written .' , _ '. 
,0:' 

. 2. . - 1/3 2. 
". ,'~o .. = S{moA){roA ). .. ":-

. "; . 

. ( 17) . , ..... 

where. moA is the mass, and r oA 1/3 the' radius of the nucleus. According ':"':"" " .. ;' 
. ' . ~,!:: ·1; -"': !"~:. 

to the liquid-drop model the shape of t~e nuc.leus is distorted from spher-/:':-;,,:,: ·.';.,,:',r::-~. 
. ~., '.~,- ~ . 

. ,-

. """,-
icity because of its rotation and charge. so that the sum 'of ·the rotational •. ,: . 

. . : .... Coulomb.: and surface energies is minimum. . . 
. ' 

. : \,' 

-. ,' . 

. ',J' .' ~ 
'. " 

• ~ ,;. .' I, j <' , • • 

~ . . " 
I, " t. 

,'" ._ r 

When the rotational energy (referred to the· s.urface energy of the 

sphere)is small.the nucleus assum~s an oblate sphe'roidal shape about the 
. '" ,17 ' 

spin axis. as shown by Hiskes.. . With increased rotational energy tl:'-e 

nuclei undergo a transition to the prolate ellipsoidal shpp·.·.s (ro~ting about 

an axis perpendicular to the symmetry' axis) discussed by Beringer and 

Knox. 18 The change of these shapes with~~otation has been studi~d through~ 
. '. 5 . . 

out the periodic table by Cohen, PlasH, and Swiatecki, and the moments 

of inertia based on these calcuiations 19 are used in this work • 

These moments of inertia are tabulated as a function of the flssility 
, .' ~ 

2 . . ' 
.' parameter, x = (Z I A)/so. f3, and rotational parameter, defined as 

• " I • \ •• t" 

.'; .. '::.'>":;,:'" '. y :: (112J2. 12;1 0)/17 .81A 2/3,. for axes parallel and·perp.endicular to the 
• • I' "p;' (. "". ;", ' . 

_;r.,:::.< . . ;,' <' symmetry axis. From these it is possible to calculate the moment about ' .. ',. 
~: ,',:,' 

j . ', 

.',.' , . . . .. ;. ,",.' 

. '.' 1, ..•.. :' " 
any axis. 

. I 

We have assumed th~t the particle emission is "sudden". in that '.' 

. " 

,':' 

.:.' . 

.. 
,.' . 

.', "; 
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 
• (. i 

'. ':.- ..... . 
."1 •• 

,:'.: "",, . 

of inertia are referred lies parallel (for Hiskes shapes) or perpendicular 

. Yl:.'·:i/.::>.::>.'· (for Beringer-Knox shapes) to the initial spin I, but the moment of in-
" '.... . 

~,~: ... ! .. '~<!'~;~ .. ,:.: ;, 

.', C.i· .:; : ;',,:; .. :;, •. ' .. :. ~ .-
' •... ,.0 .. · •. ,,"'. _ erda about ! depends on the- angle between !.. and 1, and hence on 611, 
.;:'·.~.::::·y·::\;\;:·'·'::;~,t- -. 

. .. ~', ~ ,"1." ~ !:;./:' .,.:-
~ . J . 

... . . ~ . 
'.h' , ~ . . 

." .. " '- '., .... ' .... < . 
, ' .. ,,' 

, 



( " 
t, ", 

,-

, : " 

" ... ', . 
" 

': <.' 

'J. :'.\ 

, , 

',i -

, ..... ' , " 

····:1~ ; 
" '.. , 

, ' 

'," ',' 
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" 't " 

Conversely the angle OIl depends ,on the moment of inertia through Eq. '(is), " 

so that we have had to, iterate Eq. '(is) and the determination of ,~; to find· ..' . . 

,the correct values of, both cosell . and ~l.' I! the "sudden" assumption were 

incorrect' we would be undere'stimating the ,moment of inertia. 

A further dynamlcal assumption we have made is that a nucleus 

initially in a high-spin Beringer-Knox shape transforms into,the low-spin 

Hiskes shape when, th~ appropriate valu;: of angular momentum is reached', '. 

during the course of the evaporation. , , 

, ' 5 
Above a certain value of y. a nucleulJ is no long~r stable.. This 

value of y was used to place a limit on the initial spin wlth which the 
, , .#', • 

".-.' 

compound nU,c1eus could be fO,rmed. 
, ,20 \ 
Landau and Lifshitz , have shown that the only macroscopic motions 

possible 'for a gas in statistical equilibrium are uniform translation and 
21 ' ' ' 

rotation of the gas as a whole. In the foregoing development we have 
" , 22" 

therefore considered only rigid-body moments of inertia. i ,It is well 
. 

known that for very low excitations, nuclea.r moments of inertia become, 

smaller than those of ri~id bodiee,' 23 but a~' such excitations one is dealing' 

with more detailed properties of nuclea.r structure than are described by 

the statistical theory used here. One might expect that as the excitation 

','energy is increased to the values of interest in this e~periment.' detailed 

properties-.including shell and pairing 8tr~cture--become lost and only 

the more gross properties rem,!-in. In the light of these ,considerations 
. , 

we have also neglected shell and pairing energies iIi C::ai.ctil.atihg the masses 

\ ' 

, ' 

• .1' ~ '~:' : .:-: 

, " 

..... 

. .> 

of thos~ highly excited nuclei, and have used the "reference" mass formula 
, 24 

• ~.' ':" -'.~'. ~!. :: 

given by Cameron. 

',"\ .'.'." 

".' '. ~ . . ~ .1- : 

. . ' , ... ~ ':," ' 

.. ', . 

" ,', 
I:: :'.; 

.•.. ; •• ! ...... 

.. ' .: 
" " 

~ . 
" 

~ 
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E. ,.' Barrier Penetration 

. The escape of particles fr'om th~ nucleus in· the presence of ,coulomb 

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

. Hill and. Wheele'r have discussed penetration through inverted parabolic 
. . . 

•. ' .. " barriers and have related the penetration coefficient T l ' to the height and 
,--'- .' . 3 ' 

curvature' of the barrier. We have "used the potential 

2 '2 2 ' . 2. . . ., 
V l(r) := zZe / r + 1 fl /Z,mr . "':: 50 exp (-(z:-R)/0.574] ( 18) 

'. ,: ... : In this expres don m is the' reduced mas s of the emitted or incident 

. :.: 

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

f : •. ~. 

.~.. .: . 
1/3 

... : R = 1.17 A + ~ 1 
::. •. : . 

\' ., 
~ . I ' . 

expressed in fermis. where A is the atomic weight of the target or 

(19) " 

residual nucleus and 'r1 the radius of the incident or emitted parti'de. 
. , 

. The particle radii (in fermis) used in the calculation of barrier penetration 

are, for n,O; for p. 0; d, 2~nit, Z.fti He~, 1.61.; He~'''' 1.77; Li6, '1..'1.: 

Li7. 2..'1.: and LiS. 2.2~ These radii are based, in most cases, on the 

;. <. experimental values fro~ HOf~tadter, 25 and are' felt to be sllghdy more 

, '. 

"', reaiistic than the ~.17 A 1/3 form for these light ~articles. This latter £or~ , . .. . , 
, " 16 

was used for the radius of the 0 • 

By using the p'otential from (18) it is possible to calculate the barrier ,.' 
, .... 

, .' . 3 
. ', ..... ' . penetration coefficient, . 

. . '. 

, , 
" 

• : .,': ~c 

('1.0)·· 
',' 

, " 

-' ' 
.'J' 

" . 

'. .~ 

" . 
.\ .... 

. ~. : - " 

o'. 'j 

, "" 

.... 
. " .. !: ;";~". '.'- where Bl ' is the heig~t of the potential at it~ maximum arl;d ,fl,~l. i8 related ':',' ,' ..... 

.-':;: 
"J , .. 

I,', . 

, ';. 
. ~. . t . 

f , ' 
" t' 

. .' 1. 
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to the curvature at the same point by r, 

1'12 
, 1'1 <;. = 

m 

1/2 

, (21) 

This procedure of replacing the true potential by an inverted parabola 

of the same height has been found to compare quite well with optical-model 

calculations. 28 
• 

We shoul~ point .~ut that this is the only part of our calcul~tion in 

which the diffuseness of the 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 
, '29 . 
density for example, have been made by Beard, but we have felt that the 

inclusion of such refinements was unjustified in this c~se. Barrier pene-

tration 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 

In order to investigate the particle spectra at 0 deg we have stopped, 
16' ," . 

the 0 beam in the targets and measured the yields of particles rather 

than cross sectio~s at a particular beam energy. To calculate such y~eld8 

from the theoretical cross sections we:first write the relation between the 
, . 

energy with whicrua particle leaves the target and the particle and beam . , 

energy at the point of interaction. By use of this relation, it is then possible 

to integrate over ~e beam energy and find the yield of particles at ~' par

ticular observed energy. 

16 Suppose an 0, ion of initl~l laboratory-system energy Eo moves 

into the target and interacts at a, depth at which its energy has been reduced 



r 

. \ 

.i' 

-15- UCRL-11349 Rev. 

to. the value E. From tl,lis interaction a particle of laboratory~system 

energy T is emitted in the beam direction and is degraded in energy " . • to the value. T" by the remaining thickness of 'target. The relation; be-

tween the range's that correspond to these energies can be written 

• R(T,,) .. R(T,,) = D .. [R(Eo) - R(E)l', (22) 

_.where D is the ~rget thickness. 

" 

~"-~. -
We 'have previously shown 11 that the observed yield of particles 

may then be related to center-of-mass cross section for their production 

at the center-of-mass (channel) energy T 'by 
c" 

dZy (T' O~) lEo 
--"--"-'-- = no 
dT~ dO . 0 

(23) 

where Mo is the number of target atoms pe~ cm' and the differential 

eros. section i. calculated from (10) (sumnled over the evaporation). .. , .' , 
Th~ quantity dT v/dT v can be found from (22), a~ the channel energy i! 

found from the labQratory-system energy by , 

AR AoA" Ec 2 
T Cy II - T,,(1 • - ) , • 

AEAIAT Tv 
(24) 

In (24). the subscripts a, E. It and·T refer to the residual. emitting. 

initial.compo~nd. ~nd ~rget nuclei. resp~ctivelY. and 0 and v refe~ 

to the oxygen and emitted particle, respectively. The incl~ent channel 
. , . 

energy 'a Ec = ATE/AI' The nrioua atomic massea have been distin-

guished to illustrate the changes, ,though .mall. during the cascade. but 

'it should be notic~d that the i'e~oU of a residual nucleus during a par,ticular 
. ' 

evaporation hal not been considered to affect ~e subsequent stages. .. 
All quantities under the integral in (23) are understood to be expressed 

, . 
,in terms o£ T v and E through relations (22) and (24), 
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;' '~:,', I (The range-~nergy relations for all charged part~cles in the different 
',\', ,',.' , ,. 30 . 

: J ,,'."~ targets were taken from the work of Barkas and Berger and were cor- . 

, . 
" , 

.'. : . 

" 

.. . 
. :. ,.: rected for range extension owing to charge pickup, and for the ef~ect oi 

. scattering on the range by the techniques described therein. 

,Most of the integrals in the calculati?ns were computed by Gausdan. 
., 1'" " .. 

',:,:'. ,\. . quadratures. which are .considerably more efficient than other standard . -. , . 

/ 

r 
I •. I 

f 
'.' .1 

. ~. ! . 

" I 
'. I , .! 

• . i· ;" ~ ~. . ... . 

. ;~·,'i":' ,:;: t • methods but lend themselves less readiJ.y to analysis of calculational errors.· '." .:: .'.\ 
' .. -, ....... .,,' ... ~ . . . 

,:",';\" .... > , \ In order to determine these errors typical.calculations were compared 
,:".:-:.,' ',' ,. , '~"'. "oj' 

" • \':",'" ··with a Simpson's rule routine which increased the numbers ot points calcu-
... : , :" ,;:'~"'':':''''----.-.. -' . 3 i . 
'" . ,.,:"" lated to achieve a desired accuracy. F.rom thiS comparison,. the order·of 

AT 
: '~;... ',:......: 

~. I. ~ ~: 

j I • 4 ~ '" , ~ 
, ~..' 

, , 
••••• to 

the Gaussian integration was .chose·n and a scheme was determined so that 
, . . , 

the limits of integration could be adjusted to encompass only the region of 

maximum contribution. Errors in the calculated cross sections, .due to the 

calculational methods alone, are never expected to exceed 1010, and are 
"-

usually considerably less., The calculated yields could be in error by up 

to 15«10 where the yields themselves are small. but in most cases are well 

within a few percent • 
t.' 

G. R.esults of the' Calculation . 

,~".:~t;', :.>:~;;'(.,.: ,;. ," . .... . . 
: . "f')i;' '~':': ":"" " Before comparing the theoretical calculations with the data. we first 

• I ,\ t' : .. ,'. • • l, . . . . 

:.~( \:',;:':r" '. '; . discuss so~e facets of the calculations themselves. Figure 8 shows the 
',: ';'~/i!::/'·,· " 

spin of the residual nucleus and the alpha-emission proba~ility as a function 
• 

. of the s'tage of evaporation for 0 16 on At at the' t:'ighest energy and angular 

momentum calculated. ' Since the liquid-drop moments 01 inertia used are 
; I '.' '''f . 

. . ;hHr;.,:' .. ,. larger. on the aYe1~age. than that of a sphere. the rotational energy ~s . ".. , 

"·':!i;;<;';·'.~ .,' smaller and hence the effects of angular momentum are smaller. As a ",. .., .. , .. . . 

/;i};ii~:[?··>:, reoult the ...,gular momentum io not remove~ ao rapidly for thio case, and .. 

··:,~t<i'.;/.:: ' :~ .;.:. the residual nucleus is loft with an excessively large 41 units of angular 
• - J ':I'f~;(- -.... - . 

. " 

.. ' ~ 

.. ~-

., .. / 

r' . 
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momentum. The fact that we do not require the removal of this angular 

, :(" ':'., ',', momentum (and thus do nO,t re,ally coriserve energy) might have been . 
' .. '. ',\ .. : ' 

<> : ... ,,:. '~!" anticipated when we expanded the level density exponent in' (7). By using 
,\ , 

.,'>:,'.: .. , .... ' only th~ first term in this exPanslon. we underestimate the effect of 'rotation 

'::,::·'.':'':':'.·>',.when UR beco~e~ comparable to U. U the correct density ~ere used the " ,i, 

".:: ... " ":, . integrations le~ding t~ (iO) could not be done explicitly and th~ n~erica1 . 

:,-: ",' '~." . calculations would have become prohib\tive. We would expect intuitively. 
J" ~' : ~. !', .,. ......... . ," . .. 

";. ' . ~ 

:L~;: , ,that where the effectso! rotation are large they should ~e larger. and where 
.' 

/. . " 
, .-, '. ·'.'they are small they should become large on the latter stages of the evapora-

.• ' '\'J 

I '. "',' 
" ' 

. 'i ."" 
;0', : 

! 
, :,:: '. " 

... 
·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 

regions of the spectra of the dominant particles. 

.' ,'~ ; , . '.'.-.'..:..~-- .. --- Referring again to Fig. 8, we see that the alpha-emission probability 

! , 

.. ! .. 
; • ~ ••. f ..... 

. ~ '. 

.' ' ' 

~., \ 

is considerably enhanced by the larger rotational energy. This occurs 

because the alphas are capable of removiftg more angular momentum for 
. 

a given amount of energy than the lighter particles. Still heavier particles 
. . 

are inhibited too strongly by the energetics. It can also be seen that the : 

stronger rotational coupling enhances the emisaion of higher-energy parti-. '. . '. 

, clea. which penetrate the angular momentum barrier more easily. Since 

. : ~·,);(S:. "more energy ia removed at a given stage,' the nucleus evapo.rates for fewer. 
~ • ' ", ~ j I I-.. >~ :~,.: ... : ,,' stages. , 
" ,r j ./t. . 
~ . ; '<.' I ;. ~I.. : 

, " :" \' ~ .. ,-..... ," .' 

+'~~.l.;:~.~" ,!"~' .... .~ . :,..'.. , 
• t'· 

. ,'. " ,: " 
I ".: \.:<:~.;., '.,;. spherical momenta of inertia and for no rotation (infinite moment of 

,.",\~,~,,;!;~~ .. ~,I • 

'r '.\" , . 

. . 
The calculated' yields are. compared with the experimental results in . . 

Fig.. 3 through 7. Caiculations have been made with theiiqula drop and . 

; 
1 

,', 
. I 

1 

f. ", 

'., . 

t ,. 
,~ f 

, f 
! '. l 
i 
l 
f 

j 

. i 

, < 

. . ( ~, 

>. 

" , . ... .::;l. .. ::'f!> .. ,. inertia)~ For the heavier elements" for which rotational effects are a mall , . ' , 

q , r. ~:' 1 ,*, .. !I • • .,: " 
, ..... 1:1. I.t i' J, • . 

,'; ;.l:',;-:'- .,~,' the liquid drop calculations were omitted. The general trend of disagree- . 

~·/,WI:'t; ... '··,:·· ,:', "ment with increasing tB.rget mass may be ~ntel"preted as a. relative increase 
l.t "." ,·· . .,-t . 

"?'(:/\'i,"::,':' in direct reactions, which are known from the angular dis.tribution 
< ::~. :'f.~t. '.: •• ~.:. ;" ,'., • 

., ~~ 1,[ : ~ . ~ • ' 

.;~, 't/'~, ''''',' 

" ' 

" : 

', .. '. " . " "', .' 

. 1,:. 

~ .. . ' 
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:",:,:" :"~,;: .. ;' ,:,1' > " .,'" " . : '.' '. 32' ' .' 
:,'-' .. ',: '<,;'. measurements by B.ritt and Quinton to dOJninate the charged-particle 
.: .. . :'i'~:.:':' ,':..' 16 .' '. . '., . ..". 
:1,.r:;:~\., , spectra for O. on AU •. ' We would emphasize that'this effect is relative and 
.Ii " 

· ". ,. 
" . 
, 

" ...... 
..... , : 

" 
. ,:' "'. 

, 't •.. '." 

, : . ~ '.: 
.' .. " 

" . " 

. , , 

, is due to the decrease in the evaporation of charged particles over neutrons' 
;"/ . 

. rather than an increase in the 9.irect component • 

The highe~-energy products: from oxyg!'n on aluminum. (Figs. 3 and 4) 

are seen to be fairly well descrihed by the liquid drop calculation~ Though 

these calculatio~s overestimate the yields of lithium isotopes, these are 

, .,.", :-',.' i'-are almost an order ~f magnitude gr'eater here than in our previous calcula~ 
'.'~ : "'. / ';,,'.' , " ' 11 . . . ' . 

tions, for which classical theory was used. 
, , 

. Calculations fo.r the, Ni ;target are compared with the results of this 

-.;' 

· :,~.".. .' ~ . : '!:.\\' '" ~ 

........ :'>,<~ .... ,""'", :'. 
~ ! _ ~.:' ',;,' v; experiment in Fig. 5 and with the experiment of Knox, Quinton,and Anderson33 

, ,,:- .' 
•• r • . ;.':' 

.. ~ "." 
.. r., . '-

.. . ' •. ~ .... ' ~ :I. t .-
, '~",. . . .-

, " 

" . 

: 

· .. 'J. 

~ " I ~ .. ~ , 

. '" ',' , 

., 
... "f 

; , 

. ,., 
in Figs.'··9,:and~fO. It is immediately seen that the angular distributions of ' 

16-MeV alphas in the backward hemisphere (Fig. 9) are not explained by the 

present calculations. Whether this is due to inadequacies of th~ assumptions . 
. ' 

used in the calculatioSl, 8,S mentioned previously. or is due to Bome'mechanism 

in which all nucleons do not participate is not ~lear. The data· do suggest 

an effect that is primarily rotational, owing to the approximate ~ymmetry . 
, " 33 
about 90 deg in the center of mass and the large peaking fore and aft. 

The alpha s~ectrum at 90 deg in the c;ente'r of mass i~ compared with ~e 

data of reference 33 in Figl 10. For this cO,mparison we. have decreased the 
, ' 

· j ,/<::.' ;:: --- --calcula~ed ~urves to about 2/3 their value_, , We see that a ~mall shift in the 
t! ", " 

peak enerly still exists and \Ve would not tule out a battl&r lowerin.g due' ' 
, . 

. .' " f, .. to nuclear distortion' suggeste~ in that re~erence.- The (act ~hat we predict "',~ 

a larger cr08S section at, 90 deg is not surprising,' since it is primarily th!l 

.' 

. " 

, ~:. :::!~::~'-'. anisotropy which we expect to be incorrect rather than\the total emission 
: ~ . . ." . 

~.<?~1;;:,;': .... : . probabUlty. ' . 

:;~:;>:.,?." .: 
t t-:I :' l' '. 

.... ".\<. ,:' 

'" i" •• ; 

.. 
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. '.' ,', .' 

'·'>'>,i;:'-, ... , 
. ·'.,f,:·; ........ '. Though the charged particles emitted from oxygen on gold are ·con .. 

" ". ~::::';..:::,:, .. , " ·trolled by dire ct me~hanis~~, .. w~· p~int out the calcUlated enhancement o~.· 
~.'.' • • 1 ., " , 

... ' 
.', . i, low-energy alpha particles in the case in which rotation is included. , This 

," " 

.:. 

.. 
" .. , 

" ; .. -, 
:~" '. >:",:,~ ", increase reflects an attempt of the nucleus to get rid of its angular momentum'.:': '>::': 

.. ii .. ''';, .' ". . .,., " .:.:~'.: .. :: >. in the later stages of evaporation by favoring the alpha particles over ., ',',' :',. 
\. .....j. "' • c· ~ . .' . .' 

'. > .::",.:( ::::':.' , neutrons.' Though this effect is of academic interest in a.lpha~particle ." > ':':,. 
. :' <',~ . ,; " ~. 

.. ',' '.;'. emission, it.is exactly this same effect which causes the nucleus to fission;::'.":, 
: ~ ~.' :". 

- ~.~ \. 
.', • I ,I '. • 

'. ~'··:··:<,:·~./:::'>f:; instea.d of emitting neutrons.. ;;c': 
:~:,<.;'::~:.;':(:,;.;.;:"-,., .... To investigate the. comp~tition. Qf neutron .emission and fisSion,· we '.:;, 
.. ;:':~" ""<, . , ' 34' ' 
'.1;':!~:\,:":.;):~'·~: "M,ve compared Simon's neut·ron cr~s8 sections., .with the evaporation c:alcu-, 

: " i>:~':.~:., lations for spherical n~clel (the rotation has 'little effect' on the'neutron 

::.::~<:;" "'~::~,:, .' spectra here). :tn. Fig. i 1 the~e cross sectionll are presented after each .,' 
',; ~ ; ". 'f'. ' ~ ',' I,. ~ . :, - ."' • '" ' '.' • ' • 

\"':. r> ;~'::"·I·>' stage has' made 1ts contribution to the evaporation at 90 deg in the. center of ' 
'~', • '.~ I .' ; .,. : ' • 

~<,::':\::::;:-:,.:~'),::'.: mass., The calculated anisotropy is i.08, and varies little with neutron . 

~ :,...: 

, , ~ , 
.'.' , .. ;. ~ 

" . 
.. ' .. ' 

, .' ~ ,;'.~ .~. ,l, 
f' " '. 

! t':;'~:," 'J: : 

~T~'" ' 1 .• ' :. 

energy and evaporation stage'~ This value -is to be compared with the ob

served values listed in Table I. Simon argues that, contrary to .the. observa

, tiona, the anisotropy of neutrons' emitted from' fission 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 anisotropy with evaporation before fbsion. 
\ . 

. Simon argues from the mean energy of the observed neutrons that the 
" 

assumptions leading to an anisotropy pf about t •. 56 for 8-MeV postlission 
• . . 

f ' 

neutrons should be correct. U we assume' that the compound nucleus evapo- .. 

rates three stages ot. 8·MeV neutrons at an anisotropy o{ 1.08, and that the !', 

rest of the observed cross. section at this energy comea from postflssion 

.. 
," 

-j '. 

;.', '. , 

'" .' 

, , 

" 

; . 
. ~ I.. 

' .. 

neutrons of anisotropy 1.56" we find that the observed ~iaotrOPYShOuld be" .'" .:.:';:,: 
'" .',. ','~',"', 

• I , 

." or"'· -( 
1.29. A similar calculation for four stages 01. prefiaaior neutrons gives an, ,,': .... ..:. 

. "; '.;'., ,. ", 

'~. !. '; ? )' . 

f'; ': :'<;~:"': 

" anisotl'OPY ot t.22. Thll lattel' value 11 wlthln ofte .tancia~d deviation ot the . , . 
.' 

.' < ," 

0. ". ~ 

, \ 
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. .' ' .. ' obse~ved value, so that we' would expect at least four stages 'of ne",tron 
'J • • --...---.\ ," r". , 

. " ' 

':"~ r;,'" '~. emission,' on the average,.:before fission. ,Since the low-energy part of. 
, . 
, . ': the spectrum has a greater anisotropy than expected (possibly, because,'of '. 

)' ' · '. ", t. 1 

.- . .',", 'the spin of the fragments) w~ ,have probably underestimated the postfisslon 
. .,: . , 

, neutron anisotropy. '. 'j' 

'.' " ". " 

. ~ :. Though most <;)f the iow-energy' postfission neutrons ~re not emitted· . 
, . ',' 

." . ' " . at 90 deg, but are to ,be seen in the forward and backward directions. we ' ~, ::' 
'. 'j ... ~ .. ~,. ,,' 

'.. : .' ~ 

... ',' 

~. ~ 

, .,:' '.::.:' 

'.. ~ . 

would estimate conservatively from the lower-energy portion of Fig. i i a~ the 
\ ' 

'. .. 'associated anisot,..opies that not more than six neutron, on the average, are 

" . evaporated before fission. 

The calculated spectra '~or protons agree' with the low~energy expert
I. 

....... 
, .. '" .... ' 

. , '. 

L . 
\ 
~ 
\ 

r
I 
I 

f 
1 
( 

.1 
! 

. .' . '" ... ~ :. ' mental values on about the fi!th s~age. and tl~us ,support the above arguments. 

We should further point out that any incorrect assumptions made about ~e · . " . 
" I 

:.' 
.. 
" -

, ',' "::;',' .:. angular momentum effects or multiple emission will probably not influence . 
. ": '\' " . " '-'. ' 

,. . th~8e results sig~lficantly, since the rota~lonal energy is 'small'and we are 

concerned only with the first few stages of emission. 

.. ~ 
!. : • ,'. ; .. '. 

, ~ . ~ ., 

IV. DIRECT PROCESSES 
,:' .:;' . 

. • j • . :.',;.'~:.: •. ' ' The large num.,ber of. competing n)echanisms th8.t we categorize as 
· ',.: " ,.' ,: " , '35 .. ' . 

'.\!':-: .. :.' ') .. ' ..... : primarily dlre~t processes makes any sort of quantitative analysis of 
,). .... <, ... ,' '." . t :':' '. j ~ 

,.-' ;:;'.:),. :,,:., . ~.-. ~. , , ' . 
':·;'i.'t~j .' ; their epectra very dUficult. "When single-nucleon transfer is known to . 

. ,~ . 

/' ".~ /r~. . .. :" .. 
"';' ." ,. ,occur or when the transferred nucleons m~y be trellted as a single particle. 

'<;·:·· .. ;,:5,::·· analysia of the ~eaction has been 8~c~e8sfu1. 36 it has boen pointed out,' .' .,-:'", 
. : ,;.; , .' ~. .. ' 

.1 . i 
i 

, ... , 

,'" ; 

,:;.. .: "- . however. that reactions that .appear to be single-particle transfer can be _,' ::' "', 

,:S\,?':!'" strongly Influenced by competing processes and by Initial. and flnal.state- "':":i~ 
;'i~:t.!,.:t::~' ,~ .. interactions. 37 ". ',; ':.':: 

,:,'''it),;:('' .... , Owing ~ this lnhe~ent complexity we have 8ubjectedthe direct product. " '::'" 

:"'0 •..• observed here 'to an analysis based only on the energetics and the.gl'oss·/ . "' /' ": " .... . . , 
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. '~. 
. ,I., 

",:." features of the spectra." ID. this spirit the triangle at the bottom oftbe 
~ '. ; 

graphs for hydrogen and hellum isotopes indi~ates 'the energy at which . 
t· .' 

• t' 111 ': :. 

• ,J .. . ."~:" ..... : these particles would a~pear if they were stripped from the oxygen at the 
· ','". , , 

f I, 

" • ;" ; r', 

';,' " . same velocity it had as it ent~red the target at 1.67 MeV. None of these' . '. 
.' ' 

'< . :' ',. isotopes produced from the 'heavier targets is inconsistent with this inter- .. , 
"c .:. •.•• :; .-. 

,to, ',' .,. .•• ' pretation. 
".; "." -.---._, " ': .' :. ., "6 
' ~ . :I. 

· '_" " The spectra of ~e hydrogen isotopes from O. on ~i seem to show 
.• ;..~.," •• ' '?' .. : ' ';.', " 

. :'~':'.' ;.' a s~tistically valid inflection in the region where they begin.to de'part fro~ 
· ; /~., ~ .; ,:' .-

";\" .';:';,: ::" the calculated CUT.ve •. This inflection' suggests the presence of a competing 
:. .' ~ '. . . 

'-, ,,', • 'r" 

" .,.',' .... 
t f ' 

' .. 

, mechanism which is either direct in nature or, at least. is a type of reaction 

characterized by a higher tempera~re (broader spectrum) suggesting that 
i 

'. " not all the nucleons participate. 

, '. 

:.. .' 

· ; 

, .:", ~. . . 

" I 

:!, . ~ . 

. , ' 

'"" :': " ~. 

· ~' t., 

. . '~ 

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

In either case they are presum~d to be produced by the diviSion of the. fUll· , 
, ' 1.6 . . '." . 
energy 0 into a·lithium and the'equivalent of a boron nucleus~ each of .. 
which gets a proportion of the avaUable energy based. on its mass.· We then 

.' 

assume . . . 

(a) The remaining 'boron Is' captured by the ~rget nuc1e~. . ~. 

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

;. 

The energy at which the lithium would appear under the first assumption is 
, . . 

indicated by a diamond in Figs. 3. 5,6, 'and 7, the lithium energy under the 

second assumption is tncUc:a.t~d by a squaJ:'e. . . 

~ , 

',:' .~ 

. -.. 
,."- ,-, 

., , 

.' 'l 

:, 

A striking feature of the lithium spectra 1s that where the direct " l ~..., ::~'.:~.: • 

,~.' • t.;: :.: " 
I j ' 

, . >,~:"}, .\":., ': reactions are resolved they occur with roughly equal~e1d 'independent of the';: ' :-.: ~~ 
.• ' .11.f"· "i .'!, ... ' 

,.' ;::~.J,;,.::~. " target nucleus' This wo~d. indicate that th~y do indeed\ result from a breakup. :: '. ,,':.' ~: 

~:.::l)rh~;':·.:;,,":'~'> of the oxYgen, Further. their production must depend ~'trOnglY on beam energ~,'·;::··'" 
':::),'\'<> ':. :--' ,:, 

: .. i. ~s. . '. 
· 0"", >~": .. ' . 

. "'- ... , 
'" 
f ' 
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. . 8 . a. can be aeen by comparing the bigher-ene~gy Li production from 
'. 

the At target at the two di!~erent beam energies. The low-energy portion' 

of these spectra varies in proportion to the calculated evaporation curves. 

Further theoretical 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 particle substructure of nuclei 

from them. 
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'Table I. Neutron spectrum at 90 deg.c.m., and anisotropy .,':; 

= 
Energy, 

(MeV) 

1.5 

-", Z.O 

-;:' 

6.0 ' 

8.0 
!..--:: 

. ~",,' . 

/. 

.' : 

, 1 , ~: 

! " ~ r' .". 

: .•.. ,. 

\, . 

"-, , 
--'-, ','. 

;, -,.: 

,,' "! " 

. ~. 

'r't' 
! . ~ .' 

.;'. 

.t . 

~ ',"', 

:\'. 

-,=, 

":'-

. \ . 

(fr,om Simon. reference 34). 
: : 

Cross section a.t 900 

(rob/MeV ... at) 

." 
176 :f:37 

.,:;;' 11.9:1: 14 

.53~8:1:4.5 

21.9:1:2.1 

" 
" 

,,-r. I 

, ';-.. 

;,-,-

, ':,' 
, '-" . i ' .~ '.; ., "., -",, . '. 

~. '1' 
.. ~.'. . '. 

: ,~ , '. . ~ . 

. ",' 

·.1 

.:.'!,". 

,-' .' 

'" 
:;: .. 

'.," I." 

(';1>'., .••. 

'( I,.: 

,1'-' 

'.".",. 

i:,_ 

" .f' 

"", 

,c.' 
:;, '," 

.. ,~ . 

Anisotropy t ," 

0'(0
0 

>/u(900
)" 

2.05 :1:0.32 

1.8~:I: 0.32 

1.16:1:0.19 

1.047 . :I: 0.145 

1,.099 :I: O. i58 

" .• ~' . ~! '. 

-'~ :-: 

:!", 

.t. ... 

.'-.-

\" 

'. I, 
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, ,'.' Fig. '1. EXperimental arrangement •. 

.' , 'Fig. 2.. Ranges of partiCles as' a function of magnetic deflection for 

',; . 

: ..•. ,. , . , '16 ' . 
167 -MeV 0 on aluminum. 

. , 

i, "j" • " " • - • i6 . _ . 
Fig. 3'. Charged-particle yields at 00 from 167 -MeV 0 on an a,luminum 

thick .target; .Curves are the theoretical spectra, after the complet~ 

evaporat,ion from, the rotating ·nuc,lei. produced in spherical nuclei' 

(dot-dashed curves), liquid'drop shapes (solid: curves), and with no 
'(', ;-.~-

rotation (das,hed curves). Symbols at the bottom of the graphs in

dicate the energy at which direct products ~ou1d appear under various 
: ,,' 

. assumptions (see text).,;" '. 
" . . . .', ", .", "16', . 

Fig. 4 •. Charged-particle yields at 00 from 142-MeV 0 , . on an aluminum 
," i 

, . 

thick target. Curves are the theoretical spectra, after the' complete 

.:. ,I 

evaporation from the rotating nuClei,: produced in the c.ases ,of liquid 
. ", . . . . 

drop shapes (solid curv~s" and no rotation (dashed curves). 
~-.. "-,-, .' " "16' , 

Fig": '~. Charged-particle yields at o~ from 167 -MeV 0 on a nickel 

. . 

.' 

thic~ target. Curves are the theore'tical spectra, after the complete.' 

, evaporation from the rotating nuclei, produced in spherical nuclei 

(dot-dashed curves), liquid' drop .shape.s (solid curves), an~ with no 
• ; • • J ~'. 

"., rotation (dashed cur~es).· Symbols at ihe bottom of the graphs indicate . . ~ , ." '-. . " ... , . 
'. • ' . ~ ',( ,: ' .1'.',;' ;~ t, \" 

, ,;1,' j. 

f. .,'," 
. ~ \ , . the energy at which direct prodUcts would appear ~der various 

assumptions (see text). • 
. '. . 16' . 

Fig. 6. Charged-particle yields at 00 from 167 -M~V 0 on a. silver 

: f' 

thick target. Curv~s are. the theoretical spectra, After the complete 
'. 

'f ". 

.' evaporation from the rotating nuclei, produced in spherical nuclei 
. ·.,,<',i~'i "/ .' 
, .:"~ (dot-dashed curves) and with no rotation (dashed curves). Symbols 

:, /"" .. " ',' .. 
,"' " .. ",'.:; " at the bottom of the graphs indicate the, energy at which direct" 

products would appear under various assump~ions (see text). 

, , 

. J 
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Fig. 7. 
. 16 

Charged-particle yields at O· from 167 -MeV 0 on a gold 

thick target. Curves are the theoretical spectra, after the 

complete evaporation from the rotating nuclei, produced for 

spherical nuclei (dot-dashed curves) and with no rotation (dashed 

curves). Symbols at the bottom of the graphs indicate the energy 

at which direct products would ~ppear under various assumptions 

(see text). 
• , ' , 

Fig. 8. Spin of the residual nucleus and probabUity of alpha-particle 

emission as a function of evaporation stage for evaporation from 

the compound nucleus produced with an initial spin of 48.211 by 

t67 ~MeV 0 16 on Al. 

Fig. 9. Center .. oi .. mass angular distributions of (upper) to-MeV protons 

and (lower) 16 .. MeV alph;a particles from i67-MeV 0 16 on Ni for 

spherical compound nuclei with t~mperature constants of 8 (dashed 

curves) and 10 MeV (solid curves) and for' compoUl}d nuclei with 

shapes predicted from liquid drop theory with a. = 10 MeV (d~t- • 

dashed curves). Data are from reference 33. 

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

167 .. MeV 0 . on Ni. The solid curve is the data of reference 33 

and is compared with the normaliz~d theoretical spectra for liquid 

drop nuclei (dot-dashed curve) and spherica.l nuclei (dashed curve). 

Fig. H,. Neutron cross sections at 90 deg in the center 'of mass from 
16· , ' 

167 -MeV 0 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 *cting 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 iri 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. 






