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AN EXPERTMENTAL VERIFICATION OQF THE THEORY OF COMPQUND NUCLEUS
_,S_° Nf,_ thshal

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

July 14, 1950

Abstract

60

The compound nucleus 70%% was formed by bombarding Ni®~ with a-particles

and Cu®3 with protons, The ratios of the cross sections ¢ (a,n): o (a,2n):

60 were found to agree with the ratios o (p,n): o (p,2n):

6 (a,pn) for Ni
o (p,pn) for Cu65, giving a direct verification of the'theory of compound
nucleus, The observed cross éections"for the (p,n), (p,2n), and (p,pn) re~
actions on Cu®® and (a,n), (a,2n), and (a,pn) reactions on 11 %° have been
compared with the theorefical créss sections calculated on the basis of the
statistical m.odel° The observed anomalous behavior of thé (p,pn) and (a,pn)

cross sections with respect to the (p,2n) and (a,Zn) cross éectionsirespedﬁ

tiﬁely are discussed,
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Radiation Laboratory, Department of Physics
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Introduction

The present theories of nuclear reactions, for not too high an excita-
tion (<10J100 Mev), ere based on the famous.compound nucleus assumption of
Bohro1 According'to this assumption, a nuclear reaction proceeds in two
stagess first, the formation of a quasi-stable compound nucleus through the
absorption of the incident particle by the target nucleusy second, the disin- .
tegration of the compound nucleus by the emission of either the origirnal in=-
cident particle (séattering) or the emission of another particle o; a photon,
For feirly heavf’nuclei (Z:>30)9 the intermediate compoﬁnd stete has & mean
life which is long compared to‘the time a nucleon tekes to eross‘the nucleus

=21 _ =22

(~10 10 sec,), As & result of the comparatively long mean life

of the compound state, the second process is independent of the first, This
permits us to express the cross gection of a reaction of the type A + a—>

C*—>B + b in the following ways®

¢ (a,b) = &y (€)M, (E) (1)

where &(€) is the cross section for the absorption of the particle a of
kinetic energy € by the target nucleus A to form the compound stete c*,
qﬂb(E) is the probability of disintegration of ¢* into the finsl state

B+«b, E= €« B, is the excitaetion energy of the compound state C*, By

lyiels Bohr, Nature 137, 344 (1936)

%Lecture Series in Nuclear Ph&sics; Series 5, U, 8, Govermment Printing
office (MDDC-1175), (1947)
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being the binding energy of the particle a to the target nucleus A,
If the compound nucleus C* is now formed in the same state of excita=-
tion By«another process A' 4 a', the cross section for disintegration into

the same final state, B 4+ b, will be given by

¢ (a1,b) = & () 7, (B)

where €' is the kinetic energy”of the incident perticle a', Because of
.. the differences in the binding energies between the two caées, &' will be
,,different from the kinetic‘energy € of a of the previous case, 'Ub(E)
will be the seme in the two cases, because of the basic assumption that the
- mode of decay of the compound nucleus ¢* is independent of the méde of its
formation,
If C* decays into a different final sfafe, D + d, the corresponding cross

sections will be given by ¢(e,d) = da(s)'ﬁd(E), 6(39,d) = dgr (€') My(E).

s(a,b) _"R(E) 6(&',b% -
s(a,d)  794(B) ~ o(at,d (2)

An experimentel verification of the relafionship (2) constitutes a ‘

Hence we have

direct test for the~validity of Bohr's compound nucleué'éssumption.

Experimental Method
‘In the present experiment the compound nucleus Zn_64 was formed by
alpha bombardment of Ni60 ang proton bombardment of Cues. The folidwing
reactions were studied:
" Ni®0 (a,n) © 80 (a,2n) - ni60 (a,pn)) ..
b 8% g zn62 § - cub?

. .} Cu
Cub3  (p,n) cub3 (p,2n) cub3 (p,pn)

The excitation curves were determined by the usual stacked foil

methoa. The alpha‘excitation curves were obtained in the same way as was
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-~done by Kelly and SegréaS using the 40 Mev alpha besm from the .60=-inch
Jeygbptrono\*The‘protqn,excitation curves were determined by using the 32
Mev proton beam from the Berkeley linear accelerator, The method used in
this cese was essentially the same as in the determination of the alpha
excitation curves, differing only in slight details,

Inﬂéhe éaée'of éhe nickel experiment, thin foils of enriched N160 Were
Apreﬁared by e:ec+rop1at1ng the nlckel on to copperp‘the copper was then dls-
" solved by AgNog solutlono The abundance of Ni60 in the enrickied semple was
:more than 85 percento Since the eiact value of'thié abundance was not known,

thié Qgi;e ﬁ;svuseé:in derifing the éross sections, No activity éécfibéble
to other nlckel isotopes outside of Ni Q was observed, NiSl would produce
the 1sotopes studied but only at hlghér excitation energles; In view of
its low abundance, its effect in the present experiment will beAﬁnali, and
therefore has been neglected,

In the cdse of the Cu + gt experiment, ordinary copper, cohsisting of

cub® (89,1 percent) and (595 (50;9 percent) was used, cub® produces the 250 day
[

[o}]

| Zn . and the 12,8 hr Cu54 activities by proten bombardment, The gctivity
due to the former is negligible, The Cu®® activity, however, $nterferes vith
the measurement of the 9,5 hr act1v1ty of Zn62 ihis di fficulty was elimi~-
nated in the present experiment by the use of a 300 mg/bgz'aiumiﬁﬁm absorber
}# ffont of the counter, .The ra&iations Trdm cub? were compleiely‘stdéped
by this sbsorber; but the radlatlons from the isctopes ‘studied were ouly re=-
du@éd Ey‘fa@t§rs of 2 or 3,

The.activitieé of the various isota?es studiéd in the'preéénf experiment

were.determmined on en absolute scale by means of a counter with a known geo=-

‘metry, This wes poésible because of the fact that all the activities studied

%8, L, Kelly and E, Segre, Phys, Rev, 75, 999 (1949)
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consistéd of relativély:high energy positrons, Approximately 85 percent of

the time, zn®% decays with the half-life of 38 min, by the emission of &
posiﬁfoﬁ of 2,3 Mevﬁend'pbinto It has twe softer positrons (1,5 Mev, 7 per-
cents 605 Mev, 1 percent) and a2lso decays by K-capture 7 peféent of the time,?
Cub? decays with a helf-life of 10,5 min,5 with the emission of & positron of
end=point 3 Mev.,6 7n62 decays with a half=life of 2,5 hr, into Cusg, prédomi-
:‘ngﬁtly by K-capture (>>90 percent), It decays by a softer positron emission
(O,6§ Mev) the rest of the time, Assﬁming a very small efficiency for the
 ¢ep9ction of the x~-rays following the K~capture, as compared with the positrons,

62 wil1 consist primarily of the 3 Mev positrons

thg obserﬁed activity of Zn
f:fom‘its_c'izatught,ezz“?9 Cu629 Since the absorption and scattering of thgse pésin
trone of high energy inathin window countef is small and caﬁ be accounféd for,
it is possible to detemmine their absolute number by meens of N coﬁnter‘ﬁith a
known geometry, The counter used hadba 2,3 mg/ém? mica window.énﬂiwas placed
at a distance of 10 inches from the source, the intervening space béing.evacu-
ated, Four carbon baffles with openiﬁgs of increasing dimﬁeﬁef between the
'vsource end the counter prévented scattered positrons from reééhihg the counter,
The excitation curves of all three isotépes stﬁdied weré detefﬁined
simultaneously, ‘As mentioned previously; a SOO mg/émz alﬁminﬁ@ absofbér was
used to absorb the radiations from cub%, The 7052 and cub? éxcitaﬁion'éurves
. could thus be directly compared, sirce they are measured thrqugﬁ fhé same
e ,
63

radiation, The Zn = excitation curve waes obteined on a scale relative to

the other two by counting the chemically separated zinc fraction end comparing

4Huber, Medicus, Preiswerk and Steffen, Helv, Phys, Acta, 20, 495 (1947)
 °F, A, Heyn, Physica 4, 1224 (1937) |

6R, Hayward, Ph,D, Thesis
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the Zn%2 and 753 activities, The similerity of the radiations of zn®? end

63

Zr " makes this comperison possiblec Finally a thin N80 £0il irradiated

with a-particles of one specific energy'was used %o determiﬁe the absolute

62

activity of Zn~“ by the method described sbove, This was done several hours

-after the bombardment, so that only the 9,5 hr, 7n52 activity was present,

Experimental Results and Discussion

The experimental results are shown inAFig, 1, whefe the observed cross
sectlons for (ayn), (a 2n), (a,pn) reactions on Niso and (p,n) (p,2n), (p,pn)

63 are plotted as functlons of the kinetic energy of the a=-

reactions on Cu
particles and protons respectively, The proton energy‘scale has been shifted
.by 7 Mev with respect to the alpha enérgy scele in order to bring the peaks
of the proton curves into approiimate corrsespondence with those of the aipha
curves, It is clear from this flgure that the ratios ofa,n) s 6(a,2n) s d(a,pn)
for Ni5C agree w1th;n the limits of experimental errors, with the ratios
o(p,n) s é(p,2n);s é(p,pn) for cu®3, This agreement, according to relatlonship
- (2), provides a direct test for the §alidity of the compound‘nucleuéfaséumption.
Thé kinetic energy €P of the proten reguired to produce a given excite-
tion E of the compound nucléus Zn%® will be different from the kinétié energy
éa of the a-parﬁicie to produce the seme excitation in Zﬁ64, This difference
is due to the difference in the maéses of Cub® 4+ B and 160 #-ﬁe4, From
Fig, 1, we find thét its value is abéut 7 £ 1 ¥ev, Mass~spectrdgraphié'meas-
urements by Duckworth et 8l, give a value of 5, 74 % 0,5 Mev for this differ-

ence.* The two values agree within llmlts of experimental errors,

If the three reactions studied were the only ones which take place when

* . :
I am indebted to Duckwgrth for kindly communicating to me the values of
the masses of Cu . and Nib0 as measured by the Wesleyan group,
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cub® is bombarded with protons then the sum of the observed cross sections
should give ép(sp), the cross section for the absorption of-e proton by the
© cu3 micleus to form.Zﬁ64, The sun of the observed alpha cross sections
shéuld similarly give 6a(€a); The sum of the observed-proton and alpha croés :
geetions are plotted in Figs, 2 and 3 respectively, and are compared with the
thecretical valueé calouiated by'Wéisskopf,z It is seen from Fig; 2 that

the éxperimental curve for the totalvpreton cross section shows a point of
inflectionhat a proton energy of about 14 Nev, A similar inflection ié shown
by'the‘total alpha créss section curve in Fig, 3, It is clear from the in-
flections in the experimental curves, that some reactions have not been ob-
served at low energies, When the cross sections for these reactions are
added to the egperimental curves in Figs, 2 and 3, they.should give smoothly
' inereasing curves as‘required by the theory, It seems reasonable to ascribe
the unobserved reactions to a process involviné the emission of a proton,
which should be prominent in this energy region, In Fig,'z, the unobserved
reaction is the inelastic (p,p) scattering while in Fig, 3, it iS‘the’(d,p)
reaction, The cross sections 3Cp,n) and % ne1(P,p) have been caloulated on
the basis of the statistical m.odel,2 end are eémpafed with the experimental
o{p,n) curve for the Cub3(p,n)Znb3 process in Fig, 4, The cross sections
have been calculated for twe values of the nuclear radius, r = fGA;/B cnm,
with 74 = 1,3 x 10712 and r_ = 1,5 x 10712 respectively, Neither of the
values agree well with the expérimental results, which lie in between the

two,* This is also the case with total cross sections as seen from Figs, 2

end 3,

*It should be noted that the calculated values of ¢(p,n) are quite sensitive
to the exact value of the threshold of the (p,n) process, In the present
experiment this theshold could not be determined too accurately, because of
the straggling effest, We used a value of 4,0 Mev for this thresheld in the
pressnt calculestions, which was derived from the energy release in the
b5 6% transformetion,
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At higher alpha and proton energies reactions involving the emission of
two or more particles become more and more probable and'processes involving
.one particle emission go down, This is seen in Fig, 1, One remarkable feature
of the two particle emission processes, as seen from Fig, 1, is the large cross
sections for the (p,pn) end (a,pn) reactions as compared to those for the (p,2n)
and (aQZn)AprocesSes réspectively; This, at first, appears suprisiﬁé, because &
: protdn_would find it difficult to come out through the Coulemb barrier,

. The experimental values of o(p,pn) for cub® and ¢(a,pn) for Nib0 are each abvout

4 times as high as those of 6(p32ﬁ) for Cues and 3(a82h) for Ni%0, This is
in agreement with a similar rétio ﬁetween the éross‘sections of the (Y,pn)
and (Y,2n) processes on 7n64 as observed by Strauch°7

.. The theoretical cross sections for these prpgesses can be égldulated on
.. the basis of the statisticel mmie].,,2 In a process like ('p,,pﬁ), either a neutron
or. & proton can be the first particle to be emitted folicwiﬁg the formation
. qf tbe compound nucleus° vAvsecond particle will follow the fifsﬁ particle,
Let I (€)d€ denote the distribution in energy of the first emit#éd péﬁtron
and Ip(éjde[ that.for the first emitted proton, Then the cross sect?gp'of
& process in whi ch é neutron is emitted as the fir§t particle_after_thé forma-
_ tionlof the compound nucleus and is then followed by the emmision‘of a second

particle b, will be given by

/ép "Bb ) I
(S S -6) de
I( )7)b (Cp By, )

s (o]
O’(pgnb) =9
& .
g ¢
A I (€)ae +,° I (€')d e

6? represents the cross section for the formation of the compound nucleus

7Kazc*l.Stz:’auc'sh.;; Pk,D, Thesis
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-~ by the absorption of the incident proton, 775(65‘; B, - €) is the proba-
.bility for the emission of the second particle with‘the.maiimum'possible-
Ienefgy'OSp’n'Bb«-f€~);w € being the énergy of the first emitted neutron,
"-E? the energy of’ the incident proton, B, is the binding energy of b %o
the compound nucleus, Bhi‘is the binding energy of.the first neutron, _ff
the“first particle emitted is a proton, then the cross section is

S

/o
Ip (‘G')’)?b (Sp ~ By -€') det

o(p,pb) = g, °
) e‘p_Bnl _ gp ,
o I(€)ae +/ I (et)aer
o o) .

-where &' is the energy pf_tﬁeAfirst emittea proton, The valﬁes\oévthé. 
various éuantities involved can beheasily calculated, | o

The cross sections-calculated on the basis of the above consi&erﬁfions
show that d(p, pn).is of the same order of magnitude as 6(p,2n) for cu®3,  Two
factors favor the (p,pn) process over the (p,2n) proceSS° () the threshold
;fof the former is about 3 Mev lower than the threshold of the latter;* (b) the
residual nucleus in the first case being gn odd-odd nucleus (Cusz) hes a
ievel density greater than that in the second case which is an even-even |
nucleus (Zn62). A factor of 4 between the level densities was assumed in
the present calculations.2 |

In view of the very meager information available regardlng the level

densities of nuclei, no definite conclusion can be reached Wlth respect To the

velidity of the statisticsl model in this part of the isotope chart, Whether

= The exact value of this difference, as in the case of the (p,n) threshold, is
quite important in these calculations, The present value of 3 Mevy was deduced
from the energies of the radiations emitted in the anz———e-Cusz transformation,
It may be off by as much as 1 Hev,
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or not the factor of 4 between the observed values of o(p,pn) and é(p,2n) cen
' be”explained‘on,thisnbaéis cannot be decided at presént.__However it should
"be noted that if a mechanism involving the emission of & deuteron s assumed .
-in the (p,pn) process, the threshold of the process Would be about 5 Mev lower
-than that of the (p,znl process, which would bring up the calculated values
for o(p,pn) further, |

All the above considerations also apply to the ratio between &(a,pn)
and o(a,2n),

in‘cohclusioﬁ, I wish to express my deep obligétion to P}ofessor Emilio
Segré for his constant encouragement aﬁd guidande during the progress of the
work, Thanks are due to the crews of the_GQ-inch cyclotron and the Berkeley
linear accelerator'fgr their veluable cooperation in'making'the.bombardments.
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