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ABSTRACT. Jiust neutrons from a 100 milligram (Rag + Be) source have heen usd
to produce (u, p) reactions in S¥ and ™. The radivactive etd products of the reactions
I (P42 days) m the case of 5% and Si (T'~170 min.) in the case of P, serve s
indictors of the reactions. By the principle of ‘threshold  detector’, the initial radioactivits
of the end product in ciach case 15 2 measure of the average cross section of the (n, p)-rea
tion ovet @ parrow band of neutron-cnergy between the threshold of the reaction and the uppe
limit of the effective neutron-cnergy for capture.  The saturation conditions of irradiation andd
measurement are found out by elaborate  preliminary experiments,  The  initial  activity,
meastred in this way by a G.M. counter under fixed geometry, comes out to be 367 counts prs
2 s for S* and 240 counts/2 mins, for P Various corrections for chemical or isotop
composition of the sample, seli absorption of B rays, now saturation of activity ete. are applnd
The ratio of 1elative ctoss sections of (o, p) reaction for 8% to P is finally obtained as~ 2
with a probable error of about 4-10;,. This agrees reasonably well with the ratio ~y 2237
obtained by Cohen with much higher energy of fast neutrons.  Importance of works on thew
lines for the mterpretation of high energy excitation states of nuclei is discussed.

INTRODUCTION

Nuclear reactions with fast newtrons

Tn order to explore the structure of nuclear energy levels in the region o
excitation energies higher than 8 Mev, recourse has to be taken primarily to
reactions with fast neutrons.  The position here is, however, somewhat more
complicated than in the reactions with slow neutrons. In the fast neutron
reactions, the resonance capture of the neutrons, so common with the capture
of slow neutrons in heavy nuclei, is comparatively rare due to the over-lapping
of the highly excited states of the compound nucleus, The cross section of
fast ncutron reactions, therefore, would be small. But here there are chances
of sufficient excitation energy heing available to the nucleus for the emission of
a second particle after the first particle has been emitted ; more than one excited
state of the compound nucleus and more than one state of the residual nucleu-
are likely to contribule to the reaction vield. Thereby the cross section of the
neutron reactions mayv he sometimes considerably enhanced. The study of thi-
reaction is also facilitated in favourable cases if the residual nucleus is radic
active,

On account of the strong short range forces existing between the constituen’
particles of a nucleus, it can be treated as a condensed phase of its constituent:
As in a liquid drop, or in a solid body, an escited state of such a nucleus forme
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the absorption of an incident particle cannot be far removed from its original
mnd state, yet it may possess an excitation energy large enough for the subse-

-

.nt emission of a single particle. The compound nucleus thus formed has there-

-

e a fairly long life and is a distinct intermediate stage in the nuclear reaction.
i~ state and decay are independent of the initial process of its formation. This
ture will, however, be strictly true when a single quantum state of the compound

—

o
"

i vleus has heen formed. When a fast incident particle is absorbed in the nuclens,
. ~uperposition of several stationary states of a highly excited compound nucleus

mav result ; the course of the nuclear process may then depend strongly on the
teiative phases of the states and may not be independent of the initial process
of excitation.  Bohr's method of calculation may net he strictly applicable in
suvh a case. If, however, the density of states of the compound nucleus is very
high, so that their widths overlap each other strongly, a great many states can
he excited simultancously by the incident particle.  This phase relation of the
states may  be nearly at random and the resulting  process  again alimost
independent of the way of excitation.  In such a case elassical considerations may
again he justified. Tndeed, a statistical method assuming the existence  of
average values of certain magnitudes over states within not too wide interval
of excitation-energy may then be applicd. Weisskopf (1917) has shown ihat
within the liwits of validity of the statistical considerations discussed abave, the
cross section of a non-resonance process (a, 1) produced by the fast particles can
he taken to be of the form :

a(a, &) = aomn; m = /A n

where aa is the cross section for the formation of the compound nucleus by the
capature of the particle a and 9 is the relative probability for the emission of
the particle b from the compound nucleus.  The quantity g, is the ratio of the
average (over all energy states) partial width 73, for the emission of 7, {0 the
average total width A for all kinds of particles. RBased on the above model,
Weisskopf has given the method of calculating the approximate cross sections of
fast neutron reactions like (n, p) (n.n), (n, 2n) (n,e ) ete. Confining our discus-
sions to reactions with high cnergy neutrons alone as the incident particle, it i<
clear that
op=on & mr? )

where 7 is the nuclear radius. The process which may now result after the
disintegration of the compound nucleus can he reactions of the type (n. p). (n, n),
(1. 2n), (n, y) and (n.a.), which are likely to complete with each other in

accordance with the relative probabilities of these processes.

The (n, p) reactions are endothermic in character and can take place only
with fast neutrons. They are generally less probable than the (n, n) reactions
lnecause of the potential barrier preventing the proton from escaping from the
nucleus as easily as the neutron. They would predominantly proceed through
closely lying encrgy states of high excitation encrgy and their cross section would
he of measureable value only if neutron energies of several Mev above the threshold
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energy of the reaction are cmployed, since the outgoing proton would need th;.
much of energy to penetrate the potential barrier. Tf the incident neutr,
energy-surplus over the threshold is large compared to the nuclear temperatur
T, then the processes like (n, 2n) should he the dominant feature and ti,
cross section for the (n, 2n) reaction would nearly be equal to on. The (n, «)
reactions have an extremely small cross section in the heavy nuclei and -
general their values will he smaller than those for the (n, p) reactions because
the higher potential barrier for the ontgoing a-particle.  Further, the simypio
capture of the neutrons leading to radiative processes like (n, ») should al.
possess very small cross scction at neutron cnergies exceeding 1 Mev, when
the cross section o (n, n) for inelastic scattering of neutrons hecomes consideralil
The small chance of occurrence of the (n,a) and (n.y ) reactions with fa-t
neutrons in medium heavy nuclei can, therefore, be almost left out of account
in the range of neutron energies in which the (n, p) reaction has generallsy o
Iarge cross section.  The (n, 20) reaction also does nnt compete seriouslv with
the (u. p) reaction, when the energy of the neutrons emploved is not more tha
i few Mev above the threshold encergy of the (n, p) reaction.

Txperiments have heen performed by Jensen (1044) ) Dunlop and T iftle
(19413, Cohen (1951) and others whose resulls can be used 1o verify the
conclusions of Weisdkopls  theory and 1o oblain  approximate dala on  the
structure of the energy levels in the high encrev regions in some nuclei. The
investigations are still in the initinl stages. Tn most of these works, howeser,
high cnergy  neutrons produced v cvelotron-accelerated  deuterons  have heen
used.  Although neutrons of more or less controlled energy can he produced Tn
this method, the apper Timit of the neutron cnergv spectrum generally obtained
in this way is quite high (vide Cohen, 1951, figure 1).  Consequently the (n, 1
reactions produced hy these neutrons are very often complicated by other tvpes
of reactions like (n. 2n), (n, ¢ ). (n, n) ete., taking place simultaneously. e
propose, therefore, to use the fast neutrons from a 100 mgm (Raa-4-Be) neutron
source available in this labhoratory to study some (n,p) reactions with faot
neutrons.  The upper limit of the neutron energy specirum from such a source
is about 11 Mev (Teucher, 1949) and the spectrum has a flat maximum over
the range about 2 1o 4.5 Mev. With these average energies of the fast nentrons,
reaction types (n, 2n), (n.a) elc.. are not likely to occur with any appreciable
intensities, whereas, the (n, p) reactions are  expected to be the predominant

feature in the medium heavy nuclei. for which the (n, p) reaction threshold
generallv lies hetween 1 and 2.5 Mev. The average cross section of (n. 1)
reactions in these nuclei could therefore be studied with comparatively simple
technique, as explained below, when a fairly strong (Raa-+-Be) neutron source
was emploved.

METHOD OF THRESIIOLD DETECTORS

In the cases where the (n, p) reactions in the nuclei lead to radioactive
bodies, the relative cross section of the process can be determined by the methnd
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threshold detectors. For this a target material is chosen which becomes
1..Hoactive on absorbing neutrons of energies above a certain threshold value
 and subsequently emits a y-quantum, a proton or an a-particle. It is
inportant  that the target nuclei are given an equilibrium cxposure to the
i utron source.. If the neutrons from the source possess the proper threshold
encrgy Et  and a wide spectrum extending up to the maximum cnergy Em
then assuming that there is no discontinuity in the capture cross section for
activation in this region, the total initial activity produced can he written as

En
A =—-j no. o(E). F(E). dE
Ey

where #o is the number of nuclei of the species to he activated by the neutrons
in the target ; o(E)=e¢ (n, p) denotes the cross scction of the (n, p)
reaction for the neutrons of energy £, to which the activity A4 is due,
Iy is the neutron flux in the energy range E and I4dE. The
The average cross section of the (n, p) reaction beiween E. and Fm
can thus be estimated by measuring the saturation activity 4 of the detector,
it the flux I7(E) and the fast neutron energy spectrum of the source are known;
Ey can be determined from the energy halance of the (n, p) reaction under
question,  If, however, the neutron flux and the energy spectrum of the source
are not absolutely known but remain constant, then carcful measurcments of
the initial saturation activity of several detectors under strictly comparable
geometrical- conditions are expected to give relative cross sections of the (n, p)
reactions in the detector nuclei. Such studies of the variation of o (n,p) from
clement to element is expected to give useful information about the density of
cnergy levels in the region of high excitation energy for thesc elements.

EXPERIMENTAL DETAILS

Samples of active material were placed as coaxial cylinders just outside
af-ray G. M. counter (0.1 mm. thick copper wall). DPure reprecipitated
flower of sulphur was exposed to neutrons from the 100 mgm (Raa--Be) source,
filtered through about 1 mm of cadmium. For phosphorus, ammonium-dihydrogen-
phosphate was used. Tdentical geometry of irradiation to the neutron source was
employed throughout. Radio-active 13I*2 of mean half-life 14.2 days was
obtained by the (n, p) reaction in 14S%? and likewise 14Si* of half-life 170 min.
was obtained from »5sP3!. In both the cases the threshold energy of the (n, p)
reaction was about 1 Mev. In the case of P31, an additional short period
activity seems to have developed (vide figure 2), apparently due to P?° produced
by the (n, 2n) reaction.

For quantitative comparison of cross sections, measurements should be
made such that (1) saturation mass of the substance to be activated is exposed
i1 the neutron-source, for saturation period ; if possible, (2) saturat_io'n_thickne_ss' of
the well-mixed active substance should be examined for initial activity.

4
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Condition (1) will ensure that even the fastest neutrons from the source m-.
acquire the appropriate mean free path of collision in passing through the samy..
nuclei. Condition (2) will ensure that maximum possible number of B-ray.
from the active layer is reaching the counter. These saturation conditions hu e
been discussed by Jensen (1944). Prolonged and painstaking investigations we ..
made in order to determine these saturation conditions and from the resul.
obtained it was finally decided to expose 407 gm of sulphur and 494 gm of ti.
phosphate to the fast neutron source for final measurement.

The investigation of the saturation thickness of the active layers fo
measurement of the saturation activity was carried out with the activated
saturation mass of the substance which was thoroughly mixed up to obtain the
average effect. Thin cells of the active powder were then prepared in very thin
paper cylinders supported by wide-meshed wire net inside and transparent
alkathene cylinder outside. A saturation thickness of 0.6 gm/em? for sulphur
and 0.35 gm/cm® for the phosphate were obtained.

For the final measurement of the initial activity produced by the (un.p)
reactions in sulphur a permanent cell was constructed with thin paper and wire
gauge cylinder backing inside and a strong coaxial cylinder of brass outside. The
inner cylinder was 4.25 cm in diameter and the well mixed activated sulphur
was closely packed into a layer 89 cm high and 1.4 ¢m thick to give the
required saturation layer of density 0.6 gm/cm?. The mass of this active layer was

90 gm. To measure the activity of this cell, the B-ray counter mentioned above
was used under strictly reproducible geometry with 10 em of lead shielding all
around. The decay of the sample was followed regularly for 31 days. The semi-
logarithmic plot of the nett activity is shown in figure 1, which clearly gives a
half-life of 14.2 days.
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Fig. 1.
The decay curve of radio phosphorus P® produced by the (n, p)-reaction in S%.

Similar observations were made for a saturation mass of the activated
phosphate (irradiated for 39 hrs to fast neutrons) and taken in the form of =
shell similar to that of sulphur. The thickness of the shell was 0.26 cm and
its weight was 42 gm, in order to give the saturation thickness of 0.35 gm/cm®.
The activity of the shell was followed for 44 hours. The average of three such
sets of observations is shown as logarithmic plot in figure 2. The half-life
of the activity is clearly 170 min.



Relative Cross Sections of (n, p) Reactions, etc. 249

24 S
1
23
22
T
ool :
g
i a0 T \mMin
13
t n
-d * ”
p
o TR TRARE TRARE TR
IR o N D
18 0 20 40 60 80 100 120 1o Minutes —b

Fig. 2.

The decay curve of radio silicon 5i™ produced by the (m, p)-reaction in P, The

points near the beginning lie somewhat above the hme and probably indicate the

presence of a short period activity (P* ~2-5 min) produced by the (n, 2n) reaction
in P¥,

CORRECTIONS APPLIED

The initial activities obtained hy eatrapolating curves (1) and (2) to
sera time are 367 counts per two min for sulphur and 240 counts per two min for
the phosphate.  The following corrections were applied to these values :

(a) A conversion factor of 1.05 to convert sulphur to the pure isotope 52,
there heing 4.2% of S* in the sample tested. Similarly a factor of 3.025 is
necessary to convert the phosphate to the pure element.

(h) Since quite thick layers of the active substances were used for our
measurements, the correction for self-absorption of B-rays in the layers is essential,
hut correction for back scattering of B-rays by the sample holder can he neglected
(vide Metzer, Alder and Huber, 1948). The correction factors of 23% for
sulphur and 18%for the phosphate were obtained by using the method given by
the above authors. Almost identical results were obtained by another method
suggested by Cohen (1951).

(¢) In the case of sulpbur, the half-life of activity heing 142 days, the
saturation activity was not attained by irradiating it for %4 hours, as we did.
The correction factor on this account was calculated to be 5.7 The phosphate

sample was always irradiated for saturation time and hence no correction was
necessary for it on this account.

RESULT

The corrected initial activity (which is proportional to the cross section of
the (n, p)-reaction) for sulphur S32 therefore becomes :

367 counts 105 <57 79.

2% 60 sec. 023
For phosphorus P3? :
240 counts % 3625 ~ 40,

2%60 sec. = 0°18
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The ratio of the two cross sections
oln, IS . o
a(n, p)P¥
The overall probable error of this determination is +10 to 15%.
REMARKS

The relative cross section for sulphur comes out to be about twice that i.r
phosphorus.  This result agrees within the limits of experimental error, wiih
the (n, p) reaction cross section observed by Cohen (1951) who obtain
28.5 x 10726 em? for 5% and 12.0 X 10 *¢ em? for P31, which give a ratio 2.3
Fast neutrons of energy ranging upto ~018 Mev were used for the reaction Iy
Cohen, This energy limit heing higher than the maximum neutron energ,
(~11 Mev, Teucher, 1949) from a (Raa+-Be) source used by us, there mu
be difference in the state of excitation of the nuclei in the two cases leading 1.,
difference in the reaction cross sctions. Metzger, Alder and Huber (1948) have
observed a resonance effect in the excitation function of the reaction P31 (n, )
Si*1, the cross section slowly increasing linearly hetween the neutron cnergies
23 and 3 Mev, and reaching the maximmum value of 74X10-26 2
at 3 Mev. Thercafter the cross section begins to fall at high neutron-energies,
For S some results of the total capture cross section as a function of neutron
energy have been given by Adair (1950) and others. According to thes
authors a large number of resonance peaks exists for neutron capture in S22 between
0.1 and 4 Mev neutron energics, a region in which the (Raa-4-Be) neutron
spectrum is particularly rich. The cross scction for (n,p) reaction in S$% 1.
therefore likely to be higher than in 1!, Further work on the absolute
measurement of these cross sections would he necessary to clarify the position
Measurements of the absolute cross section of the (n, p) reaction in one of the
nuclei and the relative cross section for a number of other cases are in progress
General considerations regarding the density and structure of the nuclear energy
levels in the region of high excitation energy can probably be attempted in the
light of the theory (vide Weisskopf, 1947) when these measurements arc
completed.
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