T

MELIN REFERENCE NUMBER

. EPRo 184 | /// ******
4 00 3~ 5 qu/‘//: %Pyﬂ/&

(Text of a talk for the 1 New !’ork city Meeting of the American Physical
Society, 22 January 196k,

MA

(T
rl
— =

Various Types of Fluctuations in the ct 2((.!"I'a‘,tz)lﬂeao Reaction

R. B. LEACHMAN*

Institute for Theoretical Physics, Copenhagen |
and
Los Alamos Sclentific Laboratory of the University of California, Los Alamos

—— ey

! The reaction to be discussed is cla(cla,a)Nezo, where the alpha

| particles are to resolved, low-lying levels of Ne20, The measurements
were made at the tandem Van de Graaff at Risg in collaboration with

Jfrn Borggreen end Bent Elbek. The interpretation of the data was largely
by Jakob Bondorf at Copenhagen. '

Slide 1 presents a small sample of the data to show the general
nature of the observations and the difficulties in understanding them on
the basis of earlier concepts. Here is shown the excitation function of
alpha particles emitted to the O+ ground state of Ne2" and at the observa-
tion engle of 90° (center-of-mass). As in the other data to be shown, the
solid carbon target was roughly 50-keV thick, the reaction alpha particles
7| were observed by semiconductor counters with angular resolution of about
3°, and the spectra of alpha particles were recorded in multichannel
analyzers. In all the data, a pump oil build-up on the target contributed
' an appreciable number of unresolved alpha particles to the gpectrum and

thus caused some uncertainty ‘in the fina.l analysis of the data.

The resonance-like structure of the excitation function in this slide
is striking. Note particularly the strong, 150-keV wide “resonance" at
11.4 MeV. It will be discussed later in greater detail, but we note here
that the approximately 50-keV experimental resolution is considerably
less than the "resonance" widths observed. If, for the moment, angular
momentum considerations are left out of our discussion, the "apparent
resonances” at separations of several hundred keV can be shown to have

American Physical Society
1964 Annual Meeting

New York, New York
January 22-25, 1964

"D *Q ‘6T uoibBujysop
BDJBUJUJO:) }0 ;uawuodaq
$821AISG |DOJUYDD] 4O DO
8y} woly 3|qp|IPAY

§ 99lid w|ljoudip

7/ ¢ 20114 o|lwisony

@ K"’
&

*Fulbright Pellow, 1962-3.

— . P - e =




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



LEGAL NOTICE

This report was prepared as an socount of Government sponsored work, Neithor the United
States, nor the Commisaion, nor any parson acting on behalf of the Commission:

A. Makes any warranty or representation, exprossed or implied, with respect to the rocu-
racy, or of the d in this report, or that the use
of any information, spparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any labilitics with respect to the use af, or for damages resulting from the
use of any Information, apparatus, method, or process disclosed in this report.

An used in the sbove, “‘person acting on behalf of the Commission” Includes any em-
ployes or of the or of such contractor, to the extent that
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disseminates, or provides acosss to, any information purasant to his employment ar coatract
with the Commission nr his emolovment with auch cantraptar.
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a separation many hundreds of times more than the keV separations expected
from the statistical distributions of levels. This small separation 1s
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
separation energy of a C12 from the compound Mg2* nucleus.

Actually, there are other reasons for doubting a "resonance" inter-
pretation of these data. As we shall see later, a second reason is that
the alpha particle ylelds to the excited states of Ne?0 do not show
enhanced yields at the same bombarding energies of 012; that is, there
are no correlations. This is true both for our differential cross sections
and for the total cross sections! reported by Chalk River. Thus if these
cross section peaks result from isolated levels in. the Mgz)‘ compound nucleus,
highly unusual selection rules must operate to eliminate correlations.

A third reason for doubting a "resonance" interpretation of the data
is seen in Slide 2. Here is shown.the angular distribvution of alpha particles
from the ll.!l»-MeV cross section peak noted in the previous slide. Again the

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

In fact, the positions of the peaks and valleys are rather well fitted by z/e
square of the eighth order ILegendre polynomial, [Pg(cose)] 2, and the angular
distribution itself is moderately well fitted by this function. However,

" just this lack of a good fit gives us the third reason for doubting a
- "pegonance” 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 O+ ground state of Ne20 the angular distribution shoruid be exactly the
J order of the squared Legendre polynomial. Incid.entally,'we note that the
fact that €12 + C12 involves identical spinless bosons requires the J values

" "involved always to be even, and this J restxjigtion contributes to the
‘simplicity of the angular distributions.

Having now this introduction to the type of data we wish to interi)fet,
we turn to Slide 3 to see the important exit' channels for a compound nucleus
rooction. We primarily consider compound nucleus interactions because the

1y, A. Kuehner, J» D. Prentice, and E. Almqvist, Phys. Letters b, 332(1963).
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relatively slow, heavy particles involved in heavy ion interactions indicate
compound nucleus interactions and because the other extreme, direct inter-
actions, would not contribute to the cross section fluctuations observed.

"In this slide, the cross section for the formation of the compound nucleus

with spin J involves the wavelength A and the statistical weight factor
(2J+1). The various exit probabilities are proportional to their trans-
mission coefficients Tp(E') to the residual energies E', and normalizatien
is by the summation over all these exit chamnels for all particles y. The
resulting cross section, which it should be emphasfized is for a crosssection
{oy) averaged over many compound levels of spin J, 13 of the Hauser-Feshbach
form. o

In the next slide, Slide 4, are shown the Ty, values calculated for
these exit channels of the previous slide. These Tp, values were calculated

by Leona Stewart at Los Alamos from parameters given by the indicated persons. |

Abscissae are displaced for the various exit channels to result in a common .
‘excitation energy of the compound Mgel* for each. It i1s seen from this slide
that the transmission coefficients of both elphas and ¢l2 for the 1l.4-MeV
case we examined earlier suppress the J = 10 foweoiremmis. When we remember
that the (2J+1) statistical factor populates the low J states relatively

' little, we can expect that the ave:éage cross section (o) might have a
"~ dominant J value as was observed. This is expecially so for our case where

odd J values are excluded.

It is now apparent that we must concentrate our attention on single J
values of the compound system, and this is done in Slide S. Compound-nucleus
levels in a narrow range of energies near 11-MeV Cl2 energy are considered.
Here we start from the observed width of 150 keV for the predominantly J = 8
state at 11.l4 MeV, which we found to be a minimum cbserved width, and have
used the familiar relation Ty = 2MIK[/Py> to determine the spacing. The
spacings Dy for the other spins J are obtained from the so-called "spin
cutoff" expression of the statistical distribution of levels shown on the

'slide, ‘and the widths are then obtained through the sum of the transmission -

coefficients. Of course, we expect the levels to have a nonuniform spacing
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instead of the average spacing shown; hmévu the arguments of Porter-
Thomas® distributions indicate little fluctuation in the widths for our
case of a large number of exit channels.

Of particular note here is that the spin of interest in the vicinity
of 11-Mev €12 energy, namely J = 8, has an average level width about five
' times the average spacing. Thus even when we consider only the specific
spin involved, the overlap still argues against isolated levels in the J
compound nucleus, as we discussed earlier. This overlap is roughly a
factor of two greater when we instead use the correct relation between
widths and spacing given by Moldauer3 and shown at the bottom of the slide.
A historical note is that the Chalk River groupl at first concluded that
isolated resonances were possible, although improbable, with the width a
few times the average spacing; however, Vogtl" later pointed out that the
greater overlap resulting from the Moldauer correction significantly decreases.
_the probability of isolated levels being seen.

The explanation for fluctuations in the cross section even with these
large overlaps of levels in the compound nuclei was provided independently
by Ericson,5 by Brink and Stephen,6 and by Mottelson.! Slide 6 shows the
starting point of their argument. .-All spinless particles for both the
entrance and exit.channel are first considered,' just as was encountered
for the data of the first two slides. Even though the levels are strongly
overlapping, we know from R-matrix theory that the differential cross section
as given in first equation contains a denominator of the Breit-Wigner form,
although the exact form of the complex é.n(L) term in the numerator is
uncertain in its dependence on the energies E, of the compound nucleus

2R. G. Thomas and C. E. Porter, Fhys. Rev. 104, 403 (1956).
3p, A. Moldauer, Pays. Rev. 129, 75k (1963).

l“Paper B.6 of the Compound Nuclear States Conference, Gatlinburg, Octoba' 1963,
to be published, Bull. Am. Phys. Soc.

ST. micson’ mso Iettera o) 258 (1963) .
6D, M. Brink and R. O. Stephen, Phys. Ietters 5, 77 (1963). |
73.1 R. Mottelson, private commnication (1963).
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" then the probability distribution in 'X,a, vhich is P(xa) , is given by the
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states n and orbital angular momentum L. fhe spherical harmonic Y;2(cos®)
gives the angular dependence and includes the familiar (2Iﬁ-l)l/ 2 factor.
Of importance here is the coherent combination of the partial waves
indicated by the fact that the summations over both the states and the
orbital angular momentum are within the brackets. .

Since we are ignorant of the exact form of %(L) » We combine it
with the denominator, after summation over states n, into a real part
¢, and an imaginary part 7y shown in the second equation. Summation over
the orbital angular momentum L and squaring gives the third equation, which
emphasizes the point that the differential cross section is dependent on
two important variables, £¢(©) and 7(6), which by containing the spherical
harmonic are angle dependent. The fourth equation, on the other hand,
shows the total cross section o, obtained by integrating the second equation !
_over all angles, is a function of a number of veriables that is twice the
number of angular momentum partial waves L. This results from the orthonormal
properties of the spherical harmonics. ‘

We continue in the last equation to the more general case where
one of the final products has spin. In our example this is Ne20 in one of
its excited states. Now the cross ;seétion is of the third equation form,
but the inctherence of the M partial waves results in a number of variables '
that is twice the number of M substates. This incoherence in M can be
understood by the fact that M is, in principle, measureble by polarization,
and this measurement destroys the coherence.

It remains now to associate thesé numbers of variables determ:i.niné
the cross section with the fluctuations in the cross section. This association
is shown in Slide 7. In the upper left is again the more general expression
of the cross section in terms of variables. Now we notice the similarity
of o(6) with the X term of statistics defined b J the second equa.tzon. Iif
each of the variables is Gaussian, has equalAvarzance, and are independent,

{

“bottom equation. Thus, to use fluctuation theory we assume these Gaussian
properties for each of the £"(6) and n(6) varisbles, and we can then expect

Y
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" & probability distribution in ¢(6) that is just the form of probability
distribution for ')(2. Here the number of degrees of freedom v is the .
number of these variables.

j The figure illustrates the two simplest examples. At the top we
¢ consider the »= 2 case of zero spin throughout, which allows only M = O.
Also the condition of M = O applies for © = 0° because of angular momentum
properties. For these M = O conditions we see the combination of two I,
" Gaussian variables to be an exponential of (- 02/2) argument. Under this,
- - 1s the next more complicated case of M = 0,2, which is the condition of
the 2+ final state of Ne20 at 90°, where |M - L| must be even. Here we
have four varisbles, and so v= k. 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 to
experimental verification. We note in passing that the zero probebility
' _of zero cross section for v= 4 results from changing the first power
variables ¢ and 7§ in the constituent Gaussien probabilities to second power
variables (£)2 and (7)2 in the cross section.
Having this background, we now turn to the experimental data of
Slide 8. This is a composite of excitation functions for resolved alpha
particleé to the indicated excited: states of Ne?O, The upper group is
for 0° observations, and ‘the lower group is for 90° observations. We
remember that 0° results in only M = O and so the most probable crosssection
* ghould be zero for this group. The same is true for the spinless case of
O+ at 90° observation. However, the 2+ and L+ final states at 90° observation
are expected to result in progressively larger most probable cross sections.
The lack of energy correlations between the cross section peaks is to be
‘noted. A single exception is the possible correlation at 9.9 MeV for 0°,
| At the bottom of this slide is the result of Hauser-Feshbach calculations '
, . of { gy, the total cross section for all angles, going through compound '
4 ' nucleus states of various spin J. Also shown is { ¢ ) for all J values.
Due to the statistical nature of the Hauser-Fedibach formulism, these cross
gsections are smooth with energy and'so are useful in normalizing data for

N 3
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fluctuation analyses. Also, theése calculations predict the dominent .
J values for the various ranges of cl2
cross sections are expected to fluctuate above and below these averages
from the Hauser-Feshbach calculations; thus we should expect occasional.ly'
to observe for the O+ case an angular distribution characterized by an

L value other than the calculated dominant J for that reaction.’

Slide 9 confirms these expectations.  Here the angular distributidns
for the O+ ground state reaction are generally L = 8 in the 9.5-MeV to
12.8-MeV region and generally L = 10 above 12.8 MeV as calculated. The
expected exceptions are an L = 6 angular distribution at 11.2 MeV and an

L = 10 angular distribution at 15.1 MeV; these exceptions occur with the |

energy. We emphasize that the -

' expected frequency of about one in six.

To compare the measured cross section probability (of data normalized
in an approximate manner with the calculated cross sections of Slide 8) we

look at Slide 10. Data are given by the histograms, while the smooth curves - :

are the cross sections expected from the %2 form of fluctuation theory.
Agreement between theory and experiment is moderately good. The numbers
in parentheses are the final states of Mgzl“-populated by alpha particles

' from the reaction OL6(C12,0)Mg2% that are unresolved from the alpha group
. in the C12(cl2,a)Ne20 reaction. Oxygen is expected as a contaminant from
‘pump oil deposits. The presence of such incéherent alpha particles would
‘have the effect of increasing the apparent number of freedom v.

Finally, Slide 11 1is a compilation of fits, all with v = 2 expected.
It is strking that the data for the OF state, which results in » = 2 for
all angles, ‘provide generally good fits with theory while, on the other
hand, the fits for the 0° caéés have few, or no, observations of very low
cross section, and thus are poorer fits. In the case of the i+ state at
0° there is not éven the excuse of unresolved alpha groups from
015(012 o)Mg2*. An explanation has been provided by William- Gibbs.8 He

: points out that v= 2 for these 2+, U+, and 3- states is true only exactly

at 0°. TFor the finite angles away from 0° included in our angular resolution,

844111 am Gibbs, private commnication (1964).
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admixtures of si(e) and ni(ﬁ) will result in a theoretically expected
zero yleld of zero cross section, just as observed.

In summary, we conclude our data are in accord with the compound
nucleus theory and no significant contribution of direct interactions
or isolated levels is required to explain the data. The cross section
data confirm in detail the various fluctuations expected from statistical
theory. : : ‘ | i
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