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1. _INTRODICTION

Almost all the results at prssent available on the photofission
cross~-sections and fissionabilities of 238y and 232Th relate to
the energy interval from threshold (i.e. about 5 MeV) up to 20 or
%0 MeV. The general shape of these cross-sections is that of the
typical photonuclear process, with a large resonance at about

(1,2

14 MeV. Several authors s using radiochemical techniques,
have found a minimum lying a few MeV above the thresholds. On the
other hand, KATZ et al (3), using ionization chambers, found two
minima between the threshold and 8 MeV in the cross-section fer?38U.
If the radiochemical results are normalized to the same value of

the cross=-section given by Katz at 8 MeV, they widely disagree at

lower energiles.

The study of the angular distribution of the fission fragments

led Baz et al (4)

to conclude that some quadrupole absorption was
involved in the case of 238y at 9.4 MeV maximum bremsstrahlung
energy. To explain the overall picture it was recalled that this
reaction may, in general, be due both to electric dipole and elec-
tric guadrupole interactions. However, the role played by the
quadrupole absorptlon is unimportant at usual energles and -the
main contribution comes from dipole interaction. The situation
changes just above the'neutron emission threshold,.since the

. 238y (2, n) reacfion is execited essentlally by El1l interaction. As

was pointed out by BAZ and SMORODINSKY (5)

s the onset of the (% n)
reaction must lead to a very low minimum in the dipole partial

cross-section, lying somewhat above the (74 n) threshold: neutron
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emission, proceeding mainly through dipole absorption "eats up"

the dipole part of the photofission e¢ross-section. Furthermore,
since the quadrupole partial cross-section grows monotonically in
the absenée of any competing reaction, at a particular energy it
must reach a predominant role in the wvalue of the total photo-

fission cross~section.

It is possible to evaluate the ratio of dipole to quadrupole
partial cross-sections by studying the angular distribution at
various energiles (4). From this, and the measurement of the to-
tal cross~-section, it is possible to obtain the actual dipole and
quadrupole cross-sections as functlions of energy. This neces=

sitates very precise measurements of both the'angular distributlions

and the cross=-section.

Most of the work done in this field used either bremsstrahlung
beams from betatrons or linear accelerators, or the discrete
spectrum of some proton induced nuclear reactions. The use of a
continuous fr-ray spectrum introduces two main sources of un-
certainty in the results. Firstly, the mixing of quanta of various
energies obscures the nature of the angular distribution since
many channels will contribute simultaneously and their aniscotropies
may tend to cancel out. Secondly, the cross-section will have to
be obtained through the photon difference method which, as is well
known,; requires extremely good statlstics in order to give reason-

ably accurate results.

FPor many years it was throught that the only monochromatice

r-ray source of practical importance in the energy region betiween
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5 and 10 MeV was the F(p,?) reaction. The main drawbacks of
this source are its rather low intensity and the fzet that
actually three lines are emitted, namely at 6,14 5,93 and 7,14
MeV, with intensities which vary with the incident proton enery -
and with the thickness of the target. The thickness Iitself may
vary during the experiment due to temperature effects and thus

further uncertainties are introduced.

The study of the photofission of uranium and thorium aZz
low energy would be best carried out by means of well-defined
monochromatic ¢~ray beams of high intensity, whose energy could
be varied with precision between 5 and 10 MeV. The present work
is the first result of a research making use of such beamg, and
concerns solely the unambiguous determination of the value of

: : 238y 232 o
the total photofission cross=-section for both T and Th at

an energy of 6,61 MeV,.

2. EXPERIMENTAL METHOD

Two new technigues have made possible the present work,
namely a loading and processing technigque of nuclear emulsicns,
and a way of obtaining a high intensity source for discrete o-rays
up to 11 MeV. The loading of emulsions with uranium and thorium is
based on the mixing of nuclear emulsion in gel form with a lmown
quantity of a solution of uranium or thorium citrate whose compo-

sition i1s accurately determined. This mixture is subsequently
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diluted with water, melted and poured onto suitable ~clrcular
containers where it dries up to form easily stripped pellicles of
very uniform thickness. Pellicles of up to 500 pm thickness have
been obtained, with a heavy element content of up to Z,loaonucloi
per cm3 of dry emulsion. This content may be known to hetter
than 1% by just weighing the single pellicles cut out from the
vhole circular emulsion, and comparing the weights with the total

weight.

For this particular work the emulsion used was Ilford's KO.
The uranium loaded pellicle was 416 pm thick with a load of
6.38 10%® nuclei/em®; the thorium pellicle was 375 ym thick with
a load of 6.79 10%8 nuclei/cn?.
(6)

The processing technique, described elsewhere s is such

that now low=charge tracks are developed, in particular no
xw-particle tracks are to be seen. It furthermore eliminates any
electron background due to soft ¢-rays, which in these experi-
ments is usually quite heavy. Only the fission fragment tracks
are recorded, and these show up with typical length and ioniza-

tion.

(7)

The monochromatic ¢-ray soﬁrceg described elsewhere as well
is based on (n,9) reactions using the high thermal neutron flux of
a.huclear reactor. The o -rays produced by this radiative capture
in different elements are limited to the narrow range from 3 to
11 MeV, and the energies are generally known with an uncertainty
smaller than 8 keV. A suitable target element is placed near

the coie of the reactor, preferably within a tangential Dbeam hole
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so that the collimated r-=ray beam will not see the core itself.
In this way both the fast neutron and the r-ray backgrounds
are considerably reduced. The detector - in our case the nuclear
emulsions = are placed right at the exit of the beam hole (Fig,
1). This affords an excellent collimation, since the distance
from the target to the emulsions is of the order of 4 m, COT=
responding to a semiaperture angle of about 6 milliradians. One
of the most important advantages of this type of monochromatic
source is its very high intensity, about a thousand-fold that
of the (p,n) sources in practice. The intensity of the beam may
be furthermore measured to within 104, by means of a NaI(Tl)
scintillator (8)° In our case tne crystal dimensions were |

3 in. X 3 in., and its axis was adjusted exactly parallel to the
‘beam axis- wue to the strong and isolated s =-ray lines of all

the used (n,9p)=spectra; the dose is measured as follows: in the

photpeak of the line a Gaussian is fitted; with the area of the

YinexJinaNel
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Pb  paratiin pp ‘ ‘
/ emulsions

\

= hovoR

S

_aierete

Fige 1o Experimental lay outo Note the horizontal exposed emulsions. The measurement of the angular'
distribution of the fission fragnents, earried out by meang of these emulsions; will constitule
the subject of Part 1l {to be published} of the present paper. For a description of the ¢ol-
limation assembly of the J—ray scurce see ref, [
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Gaussian and the experimentally determined photon efficiency, the
intensity (i.e. the number of quanta per second) can be easily
calculated. Since an exactly adjusted collimation iIn front of the
crystal determines the beam diameter, the desired o-ray fluox fs
also thus obtained. The flux is measured at the beginning and
at the end of each irradiation. During the irradlation the
thermal neutron flux of the reactor is contolled by means of a

monitor.

The present exposure was carried out at the 1 MW swimming-
-pool type reactor "SAPHIR", where these findings were obtained.
A schematic diagram of the experimental set-up is shown In  Fig.
2. The exposure was carried out with a weighted mean energy of

6.61 MeV. The emulsions were exposed at normal incidence.

15

N\
10 N 2380
K:j:“\\\\\\\\mjé_____ﬁ-ﬂ“—"”;r
~ d
/\> ~ - /_—{_/.M
298, S
5 \U/(
| 232y,
0 t 1 1
7 £ {Me¥) 8

238
Fige 2o Sketeh of preceeding experimental results for the photofission cross-section of 3 U (— Katz ot
ale (3)) Schmitits results have basen normelized to those of Katz at 8 MeV. Shown in the figure
also the three main lines of the Ti(n,q—) process with their corresponding intensities in arbitrary
unitse



Since the angular distribution of the fission fragmemts is
peaked at 90° with respect to the incident o-ray, and since the
shrinking of the emulsion after processing tends to flatten  the
tracks on the plane of the pellicle, most of the tracks are ve.y
easlly seen at the microscope and extremely few will be lost
on account of large dip gngles. The scanning consisted in count-
ing the fission events over an accurately known area. Aﬁzeyepiece

with a calibrated square cell which defined the scanning field,

allowed the determination of this area to better than 1%. A
reticule placed on the emulsion and made upof points 50 am in
diameter evenly spaced at every 500 um was later used to ac~

curately identify a sample of fission events in order to control
the scanning efficiency by the method of double scanning. It was

found to be (95 % 1)%.

e RESULTS

The measured intensities of the three lines involved in our
experiment and due to the (n, %) process on titanium are shown in

Table 1I.

IABLE T
Energy Measured intensity
(MeV) (quanta/100 radiative captures)
* 6.75% 41.0
| 6.550 6.2
6.41% 29.4
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The present exposure, thus, took place at a weighted mean
energy of 6.61 : :ég MeV. Table II summarizes the data necessary
for the calculation of the photofission eross-sections, which are

given by

(Tf - b ]

f
YN
where Nf is number of fissions per unit area, ¢ 1s the y=-ray

dose (quanta/cma), and N is the heavy element load of the particy
lar pellicle (nuclei/cmz),

i

Number of | Ares | Flux " Scanning

Blement | o a1ons (em?) l Ne (quaata/cmz)lﬁll (nuclei/cm")lol8 efficiency
I ‘1. B H D) TIRRELATC a1 M D - e AR R S A1 Y Lm--m, e w0 T TR AR D AR D A T

Thorium| 2,054 [0.3330.01}6.245|  2.0#0.2 6,75+0.07 (95+1)%

Uranium| 3.324 0033:0.0119.996 2,040.2 6.38+0.05 (95+1)%
R BN W . - . nd
There are three sources of spurious fission events. In the

first place titanium emits a considerable number of quanta at en=-
ergles other than those of Table I. Being, many of these, abhove
the threshold for photofission, and being their integral intensity
1.5 quanta/100 radiative neutron captures (9), due account must
be taken in the calculation of the cross-sectlons. Taking as good
the photofission cross-section curves given by previous authors(a),
the weighted contribution of thess lines, according to Fheir

relative intensities, is 5.7% in the case of uranium and 4.3% in

the case of thorium.
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Secondly there is also a small contribution of 235U fis=-
sions. Taking .07% as this isotope's contamination of the
uranium load in the pellicles, and considering that its fission-

ability is 1.5 times greater than that of 238U,

it is easily seen
that the cross=section has to be diminished by about 0.3%. The

given cross-sections have been corrected for these effects.

Lagtly; the contribution due to the fast neutron - contami
nation of the beam should be examined. This contamination was
1u7r10'5 neutron/o=-ray, while the spectrum of these neutrons
should be the usual fission spectrum coming from the reactor,

except for a slight hardéningn Since, however, both the uranium
and thorium cross~-sections for fission by fast neutrons are quite
small under 1 MeV - in fact the thorium cross~-section has the
threshold at about 1.5 MeV -~ one may neglect the hardening. Mak-
ing use of the fission cross-sectlons given in the literature(lo_ll%
it is easily calculated that the contribution to the number of

uranium fissions due to the fast neutrons in our case should be

of the order of 0.06%, and in the case of thorium, 0.02%. This

spurious effect is thus entirely negligible.

This experiment consisting of a single exposure to what
amounts to be a single ¢ -ray energy, it cannot he taken as a
basis for deciding on the shape of the cross-section curves.
Since titanium emits essentially three lines whose intensities
are known, 1t is however possible to take as good the cross-
-sections given by previous anthors at different energies, and

to weigh each value of Tp according to the relative intensity of
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the three lines. A weighted mean cross-gection is thus obtained
with which to compare the results of the present paper. In doing
so, however, it is important tc bear in mind that the cross-sec-
tion curves given by previous authors are obtained by the
photon difference method, using yield curves from bremsstrah=-
lung beams. The necessarily large uncertainties (of the order
of 30%4) in the resulting cross-sections render the comparison
with the present data not very significant. Figure 2 shows the
differentiated yield curves for uranium and thorium given by
karz$3) as well as the one for aranium given by scHMITT(Z). The
latter one has been normalized 5o the same value of KATZ's curve
at 8 MeV. Shown In the same fizure are the three lines emitted
by titanium. The weighted mean crosgs-sections are displayed in
Table III showing a fair agreement both with the results of
KATZ and with those of SCHMITY. Further experiments at other
energies (exposures with sulphur and lead targets have been
already carried out) will previcde more information concerning

the actual shape of the cross=-section curves.

TABLE IIT
O‘Th(mb) CTU {(mb) Gf(Th)/o-f(U)
Present work 4.73+0,50 7.89+0.8% 0.600+0,005
Katz et al.(3) ) 5.6 6.6 0.92
SChmitt et alo(d) j!- = i 10e7 j_ =

One further experimental result 1s obtained by dividing
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the photofission crogs-section for thorium by that of uranium.
This is the definition of relative fissionability given by HUIZEN

GA et al.(32)

y based on the fact that the total anelastic cross-~
=gectiong fcr photon absorphtion ccrresponding to these two elew
ments are practically equal. Our result is included in Table IIT,
and may be compared with that of KATZ. It is tc be noticed that
since the uranium~loaded and the thorium-icaded pellicles " were
exposed together, the measurement of the g-ray dose - which is

the main source of error - is not relevant as far as the relative

fissionability is conuerned.
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