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a separation many hundreds of times more than the keV separations expected 

from the s tat is t ical  distributions of levels. This muall separation is 
expected on the basis of the large excitation energy of the compound 

nucleus as a result of both the bombarding energy and the large 13.9-MeV 
i 4 separation energy of a ~ 1 2  fYom the compound &$ nucleus., , 

Actuallyp there are other reasons for doubting a "reso,nanceW inter- 

pretation of these data. As we shall see later, a second reason is that(  

the alpha particle yields to the excited states of Ne20 do not show 

enhanced yields a t  the same bombarding energies of c12; that is, there 

are no correlations. 'Ihis i s  true both for our differential cross sections 

and for the to ta l  cross sections1 reported by Chalk River. !l!hirs if these . 

4 cross section peaks result from isolated levels i n  the @ compound nucleus, 

highly unusual selection rules must operate t o  eliminate correlations. 

A third reason for doubting a "resonance" interpretation of the data 

is  seen in  Slide 2. Here is  shown.the angular distribution of alpha particlee 

-from the l l . ~ M e ~  cross section peak noted in  the previous slide. Again the 

.results are spectacular; here because of the deep valleys in the distribution. 

I n  fact, the positions of the peaks and valleys are rather w e l l  f i t ted  b y t h e  

. square of the eighth order Legendre polynomial, [ ~ ~ ( c o s e ) ] ~ ,  and the angular ' 

. distribution i t se l f  is moderately ?;.ll f i t t ed  by t h i s  function. However, 

. . just t h i s  lack of a good f i t  gives us the third reason for ddiubting a 
. ' . "resonance" interpretation: an isolated. level of the compound nucleus would 

have a definite J value, and for a decay by the spinless alpha particle to  

the Ot ground s tate  of Ne20 the angular 'distribution should be exactly the 

J order of the squared Legendre polynomial. Incidentally, we note that the 

fact that ~ 1 2  + c12 involves ident icd spinless boehns requires the J values 

' . involved always t o  be even, and th is  J restriction contributes to  the . 

simplicity of the angular distributions. 

Having now thie introduction t o  the type of data we wish to interpret, 

we turn t o  Slide 3 to bee the imp0IYt;mt exiO4 channels for a coqmnd nucleus 
ramtion. We prjmarw consider canpound nucleus interactions because the 
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I relatively slaw, heavy particles involved in heavy Son interactions indicate 

i compound nucleus interactions and because the other extreme, direct inter- 
actions, wauld not contrib'ute to  the cross section fluctuations observed. I I n  t h i s  slide, the cross section for the formation of the compound nucleus 

i . with spin J involves the iravelength h and the s ta t is t ical  weight factor 
(2J+l). !he various exit probabilities are proportional t o  their trans- . . 

1 mission coefficients T~(E*) t o  We residual energies E * ,  and nomalizatipn 

1': i s  by the summation wer all these exit channels for all particles y. The 
I I resulting cross section, which it should be emphasized is for a cro~msection 

i <UJ> averaged over many compound levels of spin J, is of the Hauser-Feshbach 
. . , form. 

1 , .  In the next slide, Slide 4, are shown the TL values calculated for 
I these exit channels of the previous slide. mese TL values were calculated 

. I  . !  
by Leona Stewart a t  Ins Alms from parameters given by the indicated persons. . 

Abscissae are displaced for the variouo exit channels t o  result i n  a comnon. 

/ -excitation energy of the compound ~ ~ 2 4  for each. It is seen Prom this  slide 

that the transmission coefficients of both alphas and c12 for the U.4-MeV '' 

i case we examined earlier suppress the J = 1 0 . w .  When we remember 

. i . 

that the (25+1) s ta t is t ical  factor ,populates the low J states relatively 

. ' l i t t l e ,  we can expect that the avefeQe cross section <a>might have a 

dominant 5 value as was observed, This is  expeciaSly so for our case where 
I 

1 I .  odd J values are excluded. 

. ' I  It is now apparent that we must concentrate our attention on single J 

! values of the compound system, and th i s  5s done i n  Slide 5. Compound-nucleus 

levels i n  a narrow range of energies near U-MeV c12 energy are considered. 

Here we start from the observed width of 150..keV for the predominantly J = 8 
state at 11.4 MeV, which we found t o  be a minimun observed width, and have 

used the familiar relation ZTJ = ~wr~>I@j> t o  determine the spacing. !he 

spacings DJ for the other spins J are obtained Prcm the Bo-called 'spin 

cutoff" expression of 'the stat is t ical  distribution of levels shown ' on the 

1 slide, ' and the widths are then obtained through' the sum 'of the transmission - 
c~ef'f%cientsr. Of cmree, we v a t  fhe'levala t o  ham s nonuniform' spacine . . 
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I inotead of the average spacing shawn; howwer the arguments of Porter- . ' 

Thomas2 distributions indicate l i t t l e  fluctuation in  the widths for our 

case of a large number of exit channels. 

O f  particular note here is that the spin of interest in  the vicinity 

. . of 11-MeV ~ 1 2  energy, namely J =1 8, has an average level width about five 

times the average spacing. !bus even when we consider only the'specific 

spin involved, the overlap s t i l l  argues against isolated levels i n  the I 

ccmrpound nucleus, as we discussed earlier. This werlap i s  roughly a 

factor of two greater when we instead use the correct relation between 

widths and spacing given by ~oldrtuer3 and shown a t  the bottom of the slide. 

A historical note is  that the Chalk River g r o 4  a t  first concluded that 
G .  

isolated resonances were' possible, dthough improbable, with the width a 
. , 

few times the average spacing; however, vogt4 later pointed out that the 

greater werlap resulting *om the Moldauer correction significantly decreases. 
. , . _the probability of isolated levels'being seen. 

The explanation for fluctuations in  the cross section even with these 
. I 

. . . . 1 , large overlaps of levels, i n  the compound nuclei was provided independently 
. . by Ericson,5 by Brink and ~ t e p h e n , ~  and by Mottelson.7 Slide 6 shows the 

. , 

starting point of their argument. 4J.l spinless particles for both the 

entrance and exit. channel are fks t  considered, just as was encountered 

for the data of the first two slides. Even though the levels are strongly .. 

overlapping, we knm h?om R-matrix theory that the differential cross section I 
as given i n  f i r s t  equation contains a denominator of the Breit-Wigner form, 

although the exact form of the complex term in the numerator i s  
. '  uncertain i n  its dependence on the energies E, of the campound nucleus 

2R. G. Thomas and C. JS. porter, mys. Hev. 104, 4L13 (1956). 
3 ~ .  A. Moldauer, Phys. Rev. a 754 (1963). 

4paper B.6 of the Ccrmpound Nuclear States conference, Gatlinburg, October 1963, 
t o  be published, BuLl.0 Am. ~ Y S .  .Sot. 

5 ~ .  Ericson, Phys. Letter8 4, 258 (1963). 

, '  i.' 4 ' 
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a(e) = 2 d 2  . , :  ' . ,, 
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L n E -IE(L) + i- 
n 2 . :: , 

I One final product having spin: . . %  , r  a t 
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0 s ta tes  n md orbital angular momentum La 'he spherical harmonic YL (cos8) 
1/2 gives the angular dependence and includes the familiar ( 2 ~ 1 )  factor. 

Of importance here is  the coherent combination of the par t i a l  waves 

( indicated by the fact that  the summations wer both the s ta tes  and the 

orbi ta l  angular momentum are within the brackets. . 

Since, we are ignorant of the exact form of %(L), we combine it 

w i t h  the denominator, after summation over s ta tes  n, in to  a real  part  4 

tL and an imaginary part n~ shown i n  the second equation. Summation over 
the orbi ta l  angular momentum L and squaring gives the th i rd  equation, which 

emphasizes the point that the d i f fe ren t id  cross section is dependent on 

two important variables, 4 (8) and v (8), which by containing the spherical . 

harmonic are angle dependent. !he fourth equation, on the other hand, 

s h m  the t o t a l  cross section a, obtained by integrating the second equation 

over a U  angles, i s  a Arnction 'of a number of variables that is  twice the 

, .number of e n g u l ~  momentum par t ia l  'waves L. This resul ts  from the orthonormal 

properties of the spherical h&nica. 

I We continue i n  the l a s t  equation t o  the more general case where 
one of the f i na l  products has spin. In our example t h i s  is ~e~~ i n  one of 

i t s  excited states. Now the cross;section is  of the th i rd  equation form, 

but the incoherence of the M p a r t i d  waves resul ts  in a number of variables 

that  i s  twice the number of M substates. !his incoherence in M can be 

, understood by the fact  that M is, in  principle, measurable by polarization, 

and t h i s  measurement destroys the coherence* 

It remains now t o  associate the& numbers of variables determi& , 

the cross section w i t h  the fluctuations i n  the cross section. This association 

i s  shown i n  Slide 7. I n  the upper l e f t  is again the more general expression 

of the cross section in terms of variables. Now we notice the similarity 
2 of a(8) with the X t e rn  of s ta t i s t i cs  defined b the second equation. If 

&1& 15 
. each.of the variables is Gaussian, has equall. variance, and are independent, 

f i  
' . then the probability distribution In x2, which is ~(2 ) ,  is given by the 

bottom equation. !bus, to use fluctuation theory we 'assume these Gau~isian - 
\ #  properties for each of the t"(e) and v"(e) variables, and we can then ~ c t  
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' a probability distribution in u(8) that is just the form of probability . 

distribution for x2. Here the number of degrees of *eedom v is the . 

nuniber of these variables. 
The figure i l lustrates the two sbp les t  examples. A t  the top we ' 

consider the v =  2 case of zero spin throughout, which allows only M = 0. 
Also the condition of M = 0 applies for 8 = 0' because of angd-iu. momentum 

properties. For these M .: 0 conditions we see the combination of two 1 ,  

Gaussian variables t o  be an exponentia of (- $/2) argument. Under this, 
is the nexf; more c-licated case of M = 0,2, which is  the condition of 

the 24- final s tate  of N$ at go0, where 11 - L( -t be wen. Here we 
have four variables, and so v  = 4. The four .Gaussian variables combine 
as shown, which is  a cross section probability distribution distinctly 
different than that resulting from v =  2, and so the difference is open t o  
experimental verification. We note in  paasing that the zero probability 

-of zero cross section for v =  4 results f'rom changing the first power 
variables E and 9 i n  the constituent Gaussian probabilities t o  second pcrwer 

variables ( 0 2  and ( v ) ~  i n  the cross section. 
H a m  th i s  background, we nuw turn t o  the experimental data of . . 

Slide 8. This is a composite of excitation f'uuctions for resolved alpha 
t o  the indicated excited: states of N ~ ~ O .  !he upper group is 

I '  

for 0' observations, end the lower group is  for 90' observations. We 

remember that O0 results in .only M = 0 and so the most probable cross ection 

should be zero for this.@aup. Ihe same is true for the .spinless case of 
O t  a t  go0 observation. Harwer, the 24- and 4+ f i n d  states a t  go0 observation 
are expected t o  result i n  progressively larger most, probable cross sections. . 

The lack of energy correlations between the cross section peaks i s  to  be 

noted. A single m3?ption is the possible correlation a t  9.9 MeV for 0°, 

A t  the bottom of this slide is the result of Hauser4kshbach cEiLculations 
' 

. of < uJ >, the total cross section for all angles, going thr- compound 

n u c l e  states of v a r i ~  spin Jo Also shown is .<  o > for all J values. 
Due t o  the s ta t is t ical  nalxre of the Hauser-Fe$lhx5h fanmrlim, these cross 

sections are mouth wifh w e p  so are USBPU~ 113 ~ i ~ w  d ~ t a  for 

9 : .  I .  
I 

. . ' "  < .  
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fluctuation analyses. Also, these calculations predict the dominant . - 
J values for the vesious ranges of c~~ energy. We eqphasize that  the . 

cross sections axe p~pected t o  fluctuate above and beluw these averages 

from the Hauser-Feshbach calculations; thus we should expect  occasion^ . . . 

t o  observe fo r  the Di. case ,an argul.~~? distribution characterized by an 

L value other than the' calculated dominant J fo r  tha t  reaction. ' 

Slide 9 confirms these expectations. Here the angular distributiAns 

for  the Di. ground s t a t e  ,reaction are generally' L = 8 i n  the 9.5-MeV t o  

12.&MeV region and generally XI = 10 above 12.8 MeV as calculated. The 

expected exceptions are  an E = 6 angular distribution at U.2 MeV and an 

L = 1 0  angular distribution a t  15.1 MeV; these exceptions occur w i t h  the ' 

expected frequency of about one i n  sbs. 
To compare the measured cross section probability (of data normalized 

i n  an approximate manner with the ceJ.culated &oss sections of Slide 8) we 
. . 

look a t  Slide 10. Data are given b;y the histograms, whfle the smooth curves . , . . 
. . 

are the cross sections expected from the % form of fluctuation theory. 

Agreement between theory and experiment is moderately good. The numbers 
4 in parentheses are the f ina l  s ta tes  of populated by alpha part icles . ' , 

' from the reaction 0 1 6 ( ~ ~ ~ , 0 ) @ 4  tqat  are unresolved from the alpha group . :;:,' ,:. 
. i n  the c ~ ~ ( c ~ ~ , ~ ) N ~ ~ ~  reaction. &ygen is expected as a contaminant from 

pump o i l  deposits. The presence of such incoherent alpha par t ic les  would , . 

have the effect  of increasing the apparent number of freedom v. 

Finally, Slide IJ. is a compilation of fits, a l l  with v = 2 expected. 

It is strking tha t  the . b t a  for  the 01. state, which resul ts  i n  v = 2 for 

a l l  angles, provide .generally good fits with theory.while, on the other 

hand, the fits for  the Oo cases have few,or no, observations of very low 

cross section, and thus are poorer fits. In the case of the 4+ state a t  
- .  o0 there is  not infen the excuse of unresolved alpha p u p s  from 

$6 ( ~ 1 2 ~ a ) M g ~ ~ .  An urplanation has been prmided. by ~ i l l i e m ,  ~il?bs. He 

points out tha t  I =  2 for these *, 4+, and 3- s ta tes  is t r u e  only axactly 
. , 

\ .  . *  , , ' .  

a t  0'. For the f i n i t e  -88 r#cey *om O0 incl&bl'fn our cm&ar re80lution, 
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1 1 admixtures af gL(9) and rU1 r e d t  i n  a theoretic- eqected ." 
zero yield of zero cross section, just as observed. 

In rmmmary, we conclude our data are in accord wlth h e  compound 
nucleue theory and no significant c,ontribution of direct interactions 
or isolated levels is a w w h d  to the data. The cross section . , 

data conf5m in 64ta3: the  fluctuations expectad iram statistical 




