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1. INTRODUCTION. 

When I was invited to give a talk on the present experimental situa­
tion concerning Ericson's fluctuations in photonuclear reactions, it was 
agreed that the talk would not be restricted to photonuclear reactions; the 
reason is that photonuclear reactions, even if we include (p, -1' ) and (0<, ?' ) 
reactions, do not supply, partly for instrumental and partly for physical 
reasons, the most simple and convincing examples of Ericson's fluctuations, 
but rather the most controversial ones. Since, on the other hand, I believe 
that Ericson's fluctuations play an important, though not always obvious , r~ 
Ie also in photonuclear reactions, I'll try to show first, through some of the 
most significant examples taken from othe:r reactions, the soundness and the 
extent of the experimental evidence which is by now available to consider 
the fluctuations as a well established and general feature of nuclear reac ­
tions. Later I will try to show, again through some examples, the kind of dil 
ficulties one is likely to encounter when trying to extract information from a 
set of data where fluctuations are present and, finally, I will discuss some 
cases where fluctuations seem to be present in photonuclear reactions, but 
the presence of intermediate structure is also suspected and the task to s~ 
parate them from Ericson's fluctuations, seems to be a very difficult o­
ne. 

As it has been made clear in the preceding theoretical talk by J. 
Bondorf, fluctuations in the cross section are more clearly appar ent and 
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also more significant when the conditions bE« r« D(x) are satisfied; 
it is therefore the greatest concern of experimentalists working in this 
field to make 8 E as small as possible and to choose the energy interval 
in a region where the condition r« D of strongly overlapping levels holds 
good. 

Once these conditions have been satisfied, the next task of the exp~ 
rimentalist is to accumulate cross section values (sometimes relative va­
lues will also do) in an energy range (fl E) as wide as possible. This is a­
gain another condition if quantitative comparison with the theory is aimed 
at, as it has also been made clear by Bondorf, as a consequence of the fi­
nite coherence width r , which amounts to saying that the number of inde­
pendent values is of the order of 6E/ r (see also par. 3). 

Finally it is desirable (though not necessary) to get values at diffe­
rent angles and, possibly, to select also the final energy of the emitted pa£ 
ticle. 

When all this is done, what is the experimental picture before the 
physicist? This will be apparent from some simple examples, which at the 
same time will show the great variety of the reactions to which the fluctua 
tion phenomenon applies, as is to be expected from the generality of theor~ 
tical arguments. 

I will show. first of all, the pioneer experimental results on the reac 
tion Si28 (n, .,() Mg25 by the Milan group, who correctly interpreted their re-
sults as evidence for Ericson's fluctuations(1), (v. slides 1 and 2)(+). -

Next slide (n. 3) shows also a pioneer experiment in this field; it 
was carried out at OAK RIDGE by M. L. Halbert et al. (2) on the reaction 
C 12(O,16,o<. )Mg24; it is interesting to note the presence of fluctuations also 
in this heavy particle reaction. Another example, of heavy particle reaction 
is supplied by the data of E. Almquist et al. (3) on the reaction C12 (C12, 0<.) 
Ne20 ; their data have, in fact, been shown by J. Bondorf and Leachman(4), to 
be fully consistent with an interpretation in terms of Ericson's fluctuations. 

To show the range of atomic weight, in which fluctuations have been 
observed I'll quote now the results of Temmer et al. (5), of which unfortung 
tely I have no slides. They have observed the phenomenon for compound nu 
clei as light as Ne20 in the reaction F19(p,o( )016 at Ee = 21 MeV (with a r­
of about 160 KeV) and for as heavy a nucleus as Ni60 i1~1:he reaction Co 59 

(x) - Here.5E denotes experimental energy resolution) and D, as usual, the 
average level width and level spacing. 

(+) - Figures are given in this paper progressive roman numerals, corre­
sponding to the slides presented at the conference. They reproduce e~ 
perimental results of various authors; the caption shows in parenthe­
sis also its arab number in the original paper. 
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SLIDE I - (Fig. 1 in paper (Ic}) - Cross sectlOn vs. energy of S1 (n,o( }Mg 

in arbitrary units for A, C , F, peaks. 
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SLIDE II - (Fig. 2 in paper(lc)} - Cross section vs. energy of Si28 (n, 0( }Mg25 

in arbitrary units for B, D, peaks. 
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EXCITATION ENERGY OF COMPOl/tI) NUCLEUS (M.V) 

SLIDE III - (Fig. 2 in paper(2)) - Excitation functions for alpha particle groups 
leaving Mg24 in its ground state and first four excited states. 

The limitation for heavier nuclei appears to be presently instrumen 
tal, because 6' E is to date difficult to reduce below 2 or 3 KeV at the neces 
sarily high energies required. 

Another nice example is shown in the following slide 4, which is ta­
ken from a pa~er by Allardyce et al. (6) at Oxford; here the yield of Al27 
(p,~o) and Al2 (p, ~) reaction is shown as a function of proton energy in 
the range 9. < Ep <. 12 MeV; here the ab~ence of corr.elation bet.we.en the 
two curves IS clearly appar.ent even at a sImple mspecbon; and thIS IS a ch~ 
racteristic feature predicted by Ericson's theory, which would be difficult 
to account by any other mechanism. 

The same reaction Al (p, 01. ) Mg24 has also been investigated more 
recently by a Canberra group(7), with :substantial agreement. (v. slide 5). 

A most favourite reaction (I believe, mainly for instrumental rea­
sons) has been Al27(d, 0<. )Mg25 which has been studied by various groups, 
at Saclay, Florida and Milan(8); the slides 6 and 7 show the results of the 
Saclay group and give a quite vivid picture of the large amount of data 
which have to be accumulated for an accurate analysis. 

These slides show also a typical effect of Ericson's fluctuations; 
the angular distributions show very wild differences at different energies; 
at a given energy they may be strongly peaked in the forward or backward 
direction, without necessarily implying the presence of direct interactions; 
the statistical prediction of the compound nucleus mechanism that the an~ 
lar distribution be symmetric is expected to be(and in fact is) fulfilled only 
after averaging over a suitably large energy interval. 
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SLIDE IV - (Fig. 2 and 3 of paper(6)) - 0< 0' 0< 1 excitation functions at 138° 
c.m. from 8.91 to 11.99 MeV in 20 keV steps. 
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SLIDE V - (Fig. 3 in paper (7)) - The Al27(p,,,< 0)Mg24 (900, 135°) el!{citation 
functions for alpha particles populating the Mg24 ground state at 
E = 6.0 - 10.0 MeV. 
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A most extensive and detailed comparison of theory and experiment 
has been made at Heidelberg for the reactions C135(p, 0( ) S32 and C137(p, t>() 
S34(9); we will show here only the typical fluctuating yield (slide 8) and will 
come back to the detailed comparison later on. 
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SLIDE VIII - (Fig. 1 in paper (9)) - Excitation functions of some differential 
cross sections. 
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Two more examples, for heavier nuclei, are shown by the following 
slides; slide 9 presents data by VONACH et al. (11) at the Argonne laboratQ. 
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ry on the reaction M n 55(p, 0<. ) 
Cr 52 • The estimated value of r 
is about 6-7 keV at E(exc) about 
20 MeV. Slide 10 shows a result 
by the HEIDELBERG group(12) 
on the reaction Fe 56(p, po) and 
Fe 56(p, PI) at Eexc. from 15 to 
18 MeV; the value of r comes 
out from 3 to 6 keV. This seems 
to be about the lowest value of r 
which can be observed with the 
energy resolution available to d~ 
teo It is also interesting to note 
that the fluctuation theory applies 

,,·':.,------,,""'"r,----:""'1:------,,""',,----,,!'.9 also to compound elastic and ine­

SLIDE IX - (Fig. la in paper (11)) - Exci­
tation function for the Mn55(p,o( ) Cr52 
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SLIDE X - (Fig. 12 in paper (12)) - Fluctuations in elastic and inelastic scat 
tering of protons in Fe 56• 
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2. THE INTEREST OF THE FLUCTUATIONS PHENOMENON. 

After all the examples we have seen, there is no doubt about the fact 
of the constant presence of the fluctuation phenomenon in nuclear cross se£ 
tion measurements, in the region where the compound nucleus mechanism 
is also present and the levels overlap. What is, however, the interest of a 
study on fluctuations? Well, of course, at first there was an interest in v."O 
rifying the theoretical predictions; this need was enhanced by the unbeliev~ 
ble number of sceptical people(13). Nowadays, however, as we shall see in 
a moment, there is no more room for doubting of the basic soundness of the£. 
ry; the only question being, in specific cases, to ascertain whether the con­
ditions for the theory to be applied correctly are fulfilled or not. 

The interest, therefore, has shifted to more involved assues, which 
presently can be bf two different kinds: 

a) - to extract from the data all the information they can supply about 
the compound nucleus, mainly the coherence energy r and the relative amount 
of direct intercation YD; 

b) - to eliminate the "noise" produced by statistical fluctuations when 
looking at intermediate structures; as a matter of fact the effect of fluctua­
tions will always be present, even when the experimental conditions (for in­
stance poor energy resolution) are not the most favourable for a nice obser­
vation of the fluctuation themselves; and it will not often be an easy task to 
separate their statistical contribution from the true intermediate structure. 

In the specific case of photonuclear experiments the conditions are 
generally such that information of the kind mentioned in a) can be best obta.! 
ned from other type of reactions, and the main interest centers in point b). 
On the other hand, the fluctuations are always there, in the form of a "noise" 
and we need to know their exact behaviour to have any chance of properly get 
rid of them and have confidence in what remains; and this is especially true 
if we want to ascribe what remains to intermediate structures, which are 
supposed not to be statistical in character. 

Let,us, therefore, examine first the most simple question a) namely 
how to extract the information from the data. 

Basically our information comes from two sources: 

A) - The correlation function, for which we refer at the most com­
mon form, which was just written on the blackboard by Bondorf, namely 

(1 ) C(t.) = < 6" (E + t ) 6" (E) ) 
(6")2 

- 1 = 1. (1 _ Y 2) 
N D 

B) - The probability distribution of cross sections. 

• 



11. 

It is easily seen that from an accurate correlation curve, we can 
easilvextract r and the product (l/N)(l - y2 ), N being the so called number 
of effective channels (and 1 IN the so calle.!> damping factor); this remains 
true also when experimental errors and especially the finite range effect 
are taken into account; though this latter effect may introduce comparati­
vely big errors. 

From the probability distribution curve more complete information 
can, in principle, be extracted, and in particular Nand YD could be obtai­
ned separately. Unfortunately, however, the finite range effect introduces 
such uncertainties that this separation is rarely possible from data colle~ 
ted in actual experiments. 

There are, however, some cases in which N can be fairly accura­
tely estimated theoretically; in these cases a well consistent agreement has 
been obtained between theory and experiment and, besides r, also fairly 
accurate values of YD have been obtained. It must be borne in mind, how~ 
ver, that in any case, small values of YD cannot in general be' accurately 
determined, because/in the correlation function/YD appears in the expres­
sion 1-y~ and even the distribution function is not very sensitive to a small 
admixture of direct interaction. 

3. CONDITIONS FOR A GOOD FLUCTUATION EXPERIMENT AND VERIFI­
CATION OF THE THEORY. 

A good fluctuation experiment for the verification of the theory has 
to fulfil some conditions, arising partly from the theory itself and partly 
from the need of a Significant statistical sample. 

We leave aside the basic statistical assumption, which is by now 
quite well established; it may be said, however, that the fluctuation phen~ 
mena have brought, in the end, a good of evidence to establish the hypoth~ 
sis. 

Then the conditions, as already shown by Bondorf, are: 

1) - We must work in a region of overlapping levels; theoretically 
( riD) » 1 but it has been shown that ( riD) > 2 is practically a quite good 
approximation; (see, f. i., Moldauer(10)). 

2) - ' The energy resolution ( c5 E) of the experiment must be very good, 
namely £ E <.<. r ; the experimental verification is the more straight forward 
and convincing, the better this condition is satisfied; once, however, one b~ 
lieves in the correctness of the theory,suitable corrections can be applied to 
get good results up to SE of the order of r. It is perhaps important to point 
out that, while for a good fluctuation experiment the condition & E <<.P or at 
least 6E <. r must be fulfilled, the fluctuation phenomenon is only damped 
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out but is still present when 6E > r and it takes SE '>'> f', to smooth it 
out completely; we will come back to this question later on. 

3) - Large sample size; this means that the energy range liE over 
which measurements are taken must be large compared to r ; the larger 
the better; liE">"> r . This point can hardly be overemphasized; there are 
many papers on the subject of evaluating the errors introduced by taking all 
the necessary averages over a finite range (see Bohning, Gibbs, Hall etc. )(14). 
As a rule of thumb it may be said that an energy range liE is equivalent, 
owing to the correlation extending over an interval of the order of r , to a 
collection of about 11 E/r independent points; accurate evaluation however, 
shows that the situation is even worse, the relative standard deviation for 
<S> being, e. goo V ;r,: r / b, E. 

4) - The theory supposes that the averflge value of S is costant over 
the range .6.E, that is it considers that whatever differences there are from 
the overall average <S>, these are due to statistical fluctuations and not to 
any systematic trend; we will discuss this point in a moment. 

5) - A final important point for a good verification is that, whenever 
possible, many different channels should be measured independently and their 
cross correlations should be shown, by analysis, to be zero; this is an impo!:. 
tant part of the verification if the mechanism of the reaction has to be checked, 
but once one believes in the validity of the theory, the fundamental formulas 
to gather the information on rand YD can be applied, without bothering about 
many different channels; another point, which is related to this, but again is 
not essential, is that the smaller is the number of independent channels that 
contribute to a given S-, the easier is the verification and application of the 
theory; in fact for a small number of channels N the fluctuations amplitude 
is larger and the value of N can often be estimated quite reliably from the 
theory. 

6) - Finally, another point which has been analyzed theoretically, and 
checked experimentally, is the correlation which exists among the .." s ta­
ken at different, but not too distant, angles; though this a subsidiary point 
in the theory, it has to be kept in mind always; I will not insist on this point 
and refer to the litterature(15). 

Before leaving this general presentation of the main points to be kept 
in mind when an analysis of fluctuating cross section is attempted, I would 
like to return to points 3) and 4) because they tend to impose conflicting re­
strictions and may sometimes make the situation quite difficult. 

In fact to get a reasonably significant sample (say liE = 100 r )(x)one 
should use an energy interval of the order of many MeV in most cases; on the 
other hand it is difficult to make sure that over so large an interval the ave-

(x) - And even this implies, e. g., an error of 170/0 in < 6~. 
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rage (I') remains truly constant namely does not show a systematic trend; 
much attention has been given to this problem, from the empirical approach 
to subdivide the interval into subintervals, to the attempt to get a fairly ac­
curate theoretical extimate of what the average trend of S (so called local 
averages) should be (on which the fluctuations would be superimposed or 
from which the fluctuations should be evaluated). We will only briefly di­
scuss later some of these more difficult cases. See also(16). For the time 
being we will be content with the following remark: you should not be surprl 
sed to see the big errors that are often reported in fluctuation results; they 
do not come out of the laziness of the people involved, but are due to intri!!. 
sic limitations of the method. 

Now suppose all the conditions have been fulfilled, every precaution 
has been taken, and all the necessary manipulations have been done: what 
kind of evidence can we offer for the fluctuation theory? 

Everybody involved in the field would say: very strong indeed. To 
convince other people, however, is perhaps more difficult, because the e!:. 
rors are always big, due to the above mentioned finite range effects, so that 
only a long series of examples can give sure confidence in the comparison 
experiment-theory; on the other hand the conditions to be fulfilled tends to 
restrict the number of unquestionable examples. 

The comparison experiment-theory can be made on the following 
points: 

1) - The autocorrelation function should have a Lorentzian shape 
(though this a minor point); the width r' is a parameter which has to be de­
termined from the curve, but independent values from different reactions 
should give consistent results; as a matter of fact, nowadays, the fluctua 
tion analysis in our more secure and consistent source for the determina­
tion of r values; even the slight variation of r with the' excitation energy 
has been determined, while previous estimates could be as far off as a fac 
tor 2 0 3; 

2) - The cross-correlation between different channels should be ze 
ro; 

3) - The amplitude of the fluctuations e(O) is expressed by formula 
(1) as a function of Nand YD; there are, however, some cases in which N 
can be evaluated theoretically, while YD can be assumed to be small enough 
for its square y~ to be neglected with respect to 1, thus allowing a simple 
estimate of e(O) ~ 1 IN. 

4) - The probability distribution is also predicted by the theory as a 
function of Nand YD and should be consistent with the values assumed in 
point 3). 

Now for point 1) we have plentiful examples, which are quite convi!!. 
cing if due account is taken of finite range errors, which especially cause 

I r; 
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the autocorrelation curve to have large fluctuations around zero for high 
values of l... As for point 2), a part from the strong impression you get 
when you compare directly the excitation curves to different final levels 
(as was the case for slide 2 or for slides 3 and 4 taken together), you may 
evaluate the cross correlation curves. 

. 
<r 

0 .\ 

07 

01 

0 

- 01 

Mn"l'l (p,IIO! C r ~7. 

fp·(J~' ~ 'J~I M.V 

170 OrlJ' .~, 

. () ;o!-:" ---'----."~,OC--L-----,,c!;";';'1) -....J".---:!:,~l;';'O -....L-..,;~'U'O 
• k" V 

, O'(-----r----,------,-------, 

" " 

" tI" 

'" 

- 0 I 

N\' flM .... t/l II "'II O! {l llfli \ "I I('N nINI. lin ... 

"'n" 1 ... ,,1 f," 
f .. • '. '\ .", ... ~ y 

11",,." 11 '" to nv!" " liN ,: , t 'I 

.. , II. '" 
SLIDE XI - (Fig. 1b and 1c in paper(11))­
Autocorrelation functions for a single final 
state or averaged over angles and states, 

Some autocorrelation and 
cross correlation curves are 
shown in s lides 11 and 12. Af , 
ter noticing the above menti~ 
ned effect of the finite range 
of the data (and the smoothing 
of the effect when averaging 
over many channels, slide 11) 
one is struck by the neat diff~ 
rence of crosscorrelation and 
autocorrelation curves, as it 
should be (slide 12). It must 
be remarked, however, that 
in some cases the fluctuations 
are superimposed on a syste­
matic trerid or on a direct ef­
fect mechanis m and in these 
cases we may expect that so­
me crosscorrelation among 
different channels exist, wi­
thout disproving the existence 
of large amount of fluctuating 
cross section. 

Point 3 represent perhaps 
the most stringent test of the 
theory. 

A highly significant exa~ 
ple is shown in slide 13 which 

(17) is taken from a paper by HEI-
DELBERG group . Here the value of e(O) or the reaction el37 (p,D( )S34 
is plotted as a function of f}-; this means different N, which is theoretically 
evaluable; (e. g. for a mainly statistical reaction N is expected to be 1 and 
e(O) also to be 1 around (f = 1800 and then to decrease for lower values of 
()- ). The agreement with the prediction of the theory is striking, ,The er­
rors are not small owing to the finite range effects, but please note that th~ 
re is no adjusted parameter (not even a normalization factor). 

Point 4) can also be checked; as an example we can show slide 14; 
we can summarize the situation by saying that the analysis is always cons.! 
stent with the values of YD and N which give a good fit to e (O); it must be 
said, however, that this test, owing to finite range effects, is generally not 

• 
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SLIDE XIII - (Fig. 7 in paper (12)) - Comparison of experimental values of 
the fluctuation amplitude with theoretically expected ones. 
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SLIDE XII - (Fig. 2 in paper (9)) - Autocorrelation and cross-correlation 
functions. 

so sensitive a test (or no more sensitive than C(O)) as would be expected in 
principle (for an ideal infinite samnlel. 

, , 

N = 1 
--D=O 
---- D = 0,5 

37 
CI (p,uol 
e = 175' eM 

SLIDE XIV - (Fig. 8 in paper (12)) - Distribution of measured values 
of fluctuating cros s section. 

4. DISCUSSION OF MORE COMPLEX CASES. 

As I said, the evidence might, at first s ight, appear not be so stri!! 
gent as it looks to people who have experencied the toil of collecting the d~ 
ta and extracting from them the few graphs I have shown. 

However when you think that, by now we have many such examples 
and that, fortunately enough, there are practically no parameters to be adj!! 
sted, the whole picture becomes much brighter. To this you may add that the 
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fluctuation theory follows from quite simple and widely accepted principles. 
It is true that in most cases the situation is not so simple, but even in the 
more complex cases, agreement can be found. The manipulation bec.omes 
now much more sophisticated (but without introducing a great deal of arbi­
trariness). These cases, when analyzed into detail (which we cannot possi­
bly do, here), supply as strong and, in my opinion, even stronger evidence 
for the basic soundness of the theory. 

I have, before me, two preprints, (for which I have to thank the au­
thors). These two papers belong exactly to this category of more difficult 
cases, requiring more sophisticated elaboration and interpretation. They 
are: 

1) - the case of Mg26 (p, 01.. )Na23 which was studied in a OXFORD­
HEIDELBERG collaboration (Allardyce, Dallimore, Hall, Tanner-Richter, 
von Brentano, Mayer-Kuchcuk)(18); 

2) - the case of Al27(01.., p)Si30 reaction, which is supplied by the 
LOS ALAMOS Laboratory with the participation of G. Dearnaley from HAR 
WELL(19). -

Fortunately enough for me there is here one of the coauthors for 
each of these paper, namely W. Tanner for the first paper and W. R. Gibbs 
for the second one, so that anybody curious enough to ask for the many non 
trivial and not simple details, may address himself to them. I shall only 
insist on some particular features which appear to me noticeable for the 
purpose of supplying further evidence for the fluctuation theory. 

In the Mg26 (p, 01.. )Na23 experiment if we look at the autocorrelation 
function for the ground state at backward angles everything is O. K. (slide 
15). But if you look at the first excited state at 970 you get the picture on 
slide 16. 

.. 
Mg (~"o)Na 

6,... .... ·'75' 

6,... ..... 180" 

SLIDE XV - (Fig. 5 in paper (18» - Autocorrelation function C(~) at the 
most backward angle for the reaction Mg26 (p,o( 0)Na23 • 

.. 
J. L. ~ 



18. 

The autocorrelation function for great g does not oscillate around 
zero, but, apparently, around some sloped straight line; this, let us say, 
anomalous behaviour seems to be rather the rule in this reaction. After a 
careful analysis of the cospicuous set of data, the authors are able to show 
that the results can be analyzed in terms of "modulated" noise, the noise 
being the usual compound nucleus fluctuations, as exactly predicted by the 
theory, and the modulation being at least partly an intermediate structure. 
Finally this intermediate structure is cautiously interpreted in term of 
"doorway states ". 

I~~~~~~~~~~~~-'-'-'-'~ 
C(,) 26 23 

Mg (p,a,)Na 

o 
o 
Q.1 

- - - - --"---

20100 

SLAB o.><F" 97' 

SLABHE,·,97' 

-J'-~-- ___ _ 
----

500 1000 E-\!.e'll 1500 

SLIDE XVI - (Fig. 6 in paper (18)) - Autocorrelation function C(&) at Q
l 

b = 
=970 for the reaction M g26(p,o( 1)Na23x. a 

If I can add my personal opinion I agree both with the conclusions 
and with the caution; the reason is quite simple. To account for the whole 
set of data by a single parameter, namely a suitable averaging interval 
(which is not even critical), is a strong indication that 

1) - the fine structure is really due to compound nucleus statistical 
fluctuations. 

2) - An intermediate structure is certainly there. 

But the caution is also justified because we have too little informa­
tion from the theorist about these supposed doorway states, to make a rea.!. 
ly significant comparison with the experiment. I would like to show also what 
the result of the smoothing is (slide 17) just to emphasize how misleading the 
first glance at a fluctuating curve could be; in fact you can see that sharp mi. 
nima in the original curve have been completely absorbed by neighbouring m~ 
xima and viceversa; this seems to illustrate quite well the difficulty of the 
job to separate intermediate structure from the basic fluctuation noise. 

Finally it is worth to have a look at the detailed comparison between 
the Oxford and the Heidelberg results in the energy region where they over­
lap: it is highly gratifying to see how well the wildly fluctuating pattern is r~ 
produced in detail. 

For the LOS ALAMOS experiment(19) I'll show only some results, i!:!. 
dicating the high degree of refinement of which a careful fluctuation analysis 
of a large set of data is nowadays capable. 

1" UJ 
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SLIDE XVlI - (Fig. 8 in paper (18)) - Excitation functions for M g26(p,0( 0 1) 
Na23 superimposed on the cross section averaged over anin 
terval of 600 keY. 
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As you can see in the slide physicist are now able, in spite of finite 
range errors, to extract from the data, not only the average value of r, 
but also its variation with energy (v. slide 18). 

--- - r------- - r-----I 
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Z 
l'-' 
~ 
,oJ 
:': 
0 
l) 

°14 I(l IG 17 
P~ICOMPOUND NUCLEUS ExcrmTION [NErlC'o' (MeV) 

SLIDE XVIII - (Fig. 11 in paper (19}}.Variation of ,the coherence width r 
with energy. 

5. FLUCTUATIONS IN PHOTONUCLEAR REACTIONS. 

Now, having plead successfully, as I hope, the cause for fluctuations 
in the general case, let us turn to fluctuations in photonucl ear reactions. In 
spite of their peculiar interest, the results on this subject are scanty, main 
ly due to larger experimental difficulties. 

The main evidence comes from (p, '1 ) and (0(,11) reactions. 

In this connection I'll first mention a paper of a HARWELL group(20) 
(Dearnaley, Gemmell, Hooton and Jones) on the p31 (p, 'it) S32 reaction: it 
is my opinion that their yield curve, for E > 6 MeV, indicates a typical 
fluctuation behaviour, though the authors t~emselves do not accept this inte!:. 
pretation, which was suggested by TANNER (appendix to paper (20)). Since I • 
do not want to enter into a detailed discussion, I will pass to the next case 
for which I believe the presence of fluctuations is beyound any doubt, though 
the detailed analysis is much more involved than it looks at first sight, owing 
to the probable presence of intermediate states. 

I refer to the papers on Al2 7 (p, -r) Si 28 reaction and Al( 0(, '0 )p31 reac 
tion (21) (22) by the ARGONNE group. Since four of the five authors are prese;:;-t 
here, I can dispense with details, tho!1gh not with the conclusions. 

The next slide (19) shows the yield curve, for Al2 7 (p, 'ifo )Si
28

; it looks 

, " r 
..&. tJ t.-. 
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SLIDE XIX - (Fig. 3 in paper (21)) -Differential yield curve for A127 
(p,7o)Si28 • 

quite satisfactory for fluctuation minded people. But now let us try to aver~ 
ge the cross section, (thus simulating a bad resolution experiment, please 
take note) in order to get an idea of the average behaviour, which in the ideal 

I AVERAG'NG 'N~ERVAL 
/'_"V 

600 keY -------""~---------. 

450 keY 

4.100 '.600 1.100 8.600 10.100 11.600 

PROTON ENERGY (MeVI 

SLIDE XX - (Fig. 12 in paper (21)) - The yield 
curve for · '" 0 for various averaging intervals. 
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fluctuation experiment should 
be a constant allover the ran 
ge. (slide 20). We soon notice 
not only the appearance of the 
giant resonance but also some 
bumps which we are tempted 
to interpret as intermediate 
structures, or doorway sta­
tes, or what you like to call 
them. 

I would like to mention at 
this point that the four bumps 
you see, seem to correspond 
pretty well to bumps in Si 28 
(f'{, p) reaction as observed 
by the MELBOURNE group, 
whose final results are not 
yet fully published(2 3). 

It is not an easy job to 
convert the strong impres­
sion you get from this slide 
(in favour of intermediate 
structure) in a more objecti­
ve mathematical statement. 
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Not to enter into details I summarize my opinion by saying that, I b~ 
lieve that somehow the authors managed to do so; then you can go on with 
your analysis and find, for instance, the various correlation curves and 
determine your r (see next slide 21); then you try with (p, 'If,) the same 

0.08 0.20 

- r, AUTOCORRElATIOt4 
-.- r. AUTOCORRELATION 0 . 0.16 ----- ;-Yj CROSS CORRELATION • 0 

0.06 . 

\ 
0 .04 .... .. 

0 .12 
z 
0 
;: .. 
J ... 0.08 or 
or 
0 
u 
0 .... 
" 0 .04 .. 

• • klV 300 600 900 
AVERAGING INTERVAL (k,V) 

SLIDE XXI -(Fig. 14 and Fig.15 in paper (21)) - Correlation functions. 

averaging procedure and you don',t find the same sort of pattern (see slide 22); 
that is a pity, because, if you had, then you would have further evidence for 
intermediate structures; but not having them is not an objection to their exi­

~ 
~ 
o • u 

I~---

I AVERAGING ItH[RVAL 

1500 It, ... 

900 k.V 

450hll 

PROTON ENERGY (M,V) 

~ 

---~ 

SLIDE XXII - (Fig. 13 in paper( 21)) - The 
yield curve for 'J'1 for various averaging 
intervals. 
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stence; I talked this question 
with some theorist at the An 
twerp Conference and they 
agreed that this is the sort 
of things that doorway state 
can pretty well do. Therefo­
re this is a wonderful posi­
tion for a theorist; if you find 
correlation, this is evidence 
for intermediate states, if 
you don't find it, no 
this is not against. 

worry, 

Now, with all this sort of 
varying average, giant reso­
nance, intermediate structu­
re and so on, what will you e~ 
pect from a conventional flu~ 
tuation analysis? A lot of di­
rect interaction, because this 
is the name given by fluctua­
tion people to anything else. 

Well, this is exactly what 
ARGONNE people find by an~ 
lyzing the probability distrib~ 
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tion (slide 23, left part): 96% direct interaction. I would like to call this 
to your attention if you remind the strong fluctuatinjl behaviour, which was 

RESOLUTION r NORM. 

15 ItflV 55 lIeV 1.0 
90 hV 70 "V 1.31 
150 keV 90 "V 1.78 
450lteV 200 k.V 2.71 • ,. 

~ • < 

~ 

SLIDE XXIII - (Fig. 17 and Fig. 18 in paper (21)) - Probability distributions . 
Effect of experimental resolution on autocorrelation. 

shown in slide 19, because this is typical. In spite of the enormous amount 
of D. I., the fluctuations show up quite strongly. 

(.> 

• 
I 

i . , 

'30< ........ _"'It 
(bl 

P, 

.,. .~ ......... ._-

' J. 0 'J_ .... -'V _ ,,,,.011 

. ,. .".. ... 

SLIDE XXIV - {Fig.3 in paper (24)) -
Experimental cross sections ver­
sus energy for the six transitions 

"" 0' 0( l' PO' PI ' P2' P4' 

Now I'll show that only tiny bit of ev.!, 
dence we were able to get in FLORENCE 
with a 400 KeV machine about fluctuations 
in Si28 ( 1f, p) and Si28 ( 1", ct.. ) reactions. 
The results have already appeared in Nu­
clear PhySics(24) and I will not go into d~ 
tails. After all I have s aid about finite ra!!, 
ge errors , you will be astonished to hear 
that our range is only about 3 r , which 
by the standard formula means 100% er ­
rors. Nevertheless I think the data still 
contain some information because we ob­
served four proton and two alpha transi ­
tions and the hope is that somebody may 
take up the problem of extending the ran­
ge; this in fact can be done by using the s~ 
me reaction but, instead of sending pro­
tons on Lithium to get '<r -rays, by sending 
3.1 MeV Lithium ions on a hydrogen target; 
the Doppler shift would then allow to cover 
a range of about 900 keV, that is about 18 r. 
Even leaving aside fluctuations , I think that 
the experiment could give some interesting 
information, because, to date , this method 
supplies the best possible, fairly intense, 
'd - ray source, whic h can give a r esolution 

of about 10 KeV. 

Next slide (24) shows the cros s s ections 
for the ('I', Po), ('0, PI), ('0 , P2), ( /Q, P4 ) a nd 

13t 
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( IQ, 0< 0)( '0, ""1) reactions. 

Table 1 displays some numerical results which show surprisingly 
good agreement with fluctuation theory, while giving some other hints about 
these reactions. 

But having run short of tim7 I think this can be reserved, if need be, 
for private discussion. 

Transition ') 

p,(t+) 
p,(i+) 
p,(I+) 
p,O+) 
... (0+) 
«,(2+) 

TABLE 1 

-
Fluctuation amplitude J\. 

Theoretical 
uncorrected b) corrected b) 

EI E2 EI E2 

0.82 0.58 0.44 0.31 
0.11 0.11 0.38 0.38 
0.68 0.62 0.36 0.33 
0.91 0.16 0.52 0.40 
1.00 1.00 0.53 0.53 
0.15 0.72 0.40 0.38 

Observed 

0.31 
0.43 
0043 
0.45 
0.36 
0.28 

a) - Values in parentheses show the spin and parity of final levels. 
b) - For finite energy interval /:). E = 117 keV and finite energy resolution 

.b E = 12 keV. 

6. CONCLUSIONS. 

If I may add a word of conclusion I would say: the fluctuations are 
not likely to give a great help to the photonuclear physicist, all to the 
contrary; but, because they are there, we need to take them into ac­
count. 

It is not an altogether easy job to get rid of them, when you 
aim at intermediate structures. But since anybody nowadays is very fond 
of intermediate structures, and there are many good reasons to be, this 
is a difficulty you have got to face and surmount. 

If you allow me (a florentine) to give a rather unusual quotation for 
a physics conference, I will quote Dante (Divine Commedy, Purgatory)(25). 
He does not want to cross the flame s in order to purify his soul from his 
sins; Virgil is almost at a loss to convince him, but finally has a brilliant 
idea and says to Dante "From Beatrice thou art by this wall divided". And 
Dante jumps across the flames! 

Let Beatrice stands for intermediate structures and the dividing wall 
for the fluctuations and you see what I mean. That's all. Thank you. 

, 
L oJ • 
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