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Abstract: Measurements are presented of the photofission cross section and the mean number 7 of
neutrons per fission for ***Th made using bremsstrahlung from the Harwell electron linear
accelerator HELIOS and a high efficiency neutron detector to record neutron multiplicity distribu-
tions. The cross section is interpreted in terms of a fission barrier with shallow wells in two separate
outer barriers. Interesting structure is observed in 7 as a function of photon energy.

NUCLEAR REACTIONS #2Th (y, F), E =5.5-7 MeV; measured photon induced fission
o(E); deduced average neutron number VSE. 2Th deduced fission characteristics.

1. Introduction

The fission of thorium has been the subject of much research, both experimental
and theoretical. Recently considerable attention has been focussed on resonances
observed in thorium fission cross-section measurements near threshold which have
been interpreted in terms of a shallow third well splitting the outer hump of the
double humped fission barrier *). Many measurements have been made with
neutrons using the even-even nuclei *°Th and ***Th as targets, producing odd mass
systems with several open fission channels. However, if measurements are made
using photons, then only a very few fission channels are involved, and indeed for
**2Th, experimental photofission angular distributions have shown that the J"K =
170 channel is predominant by at least an order of magnitude near threshold **).
The predominance of one fission channel eases the interpretation of data.

There have been many previous photofission experiments on *>Th. Experiments
in the energy region near threshold include those performed with bremsstrahlung *7),
quasi-monochromatic photons from positron annihilation in flight ®°), variable
energy Compton scattered gammas '>'"), proton capture gammas **) and tagged
photons ). In most experiments only the photofission cross section o, was
measured, usually by detecting the fission fragments. Only in the two experiments
performed at Livermore’®) was the mean number 7 of neutrons per fission
measured, a quantity which can reflect the dynamics of the passage from saddle to
scission. Further, in most experiments the photon energy resolution was insufficient
to resolve any structure expected from a third well. The only experiment to unam-
biguously resolve such structure in the cross section was recently carried out by
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Knowles et al. '*) at Illinois and achieved the very good energy resolution of 14 keV.
In the present experiment the photofission cross section o.,; for ***Th was measured
with an energy resolution of 80 keV below 6.5 MeV, energy resolution worse than
that of the recent Illinois experiment, but with better statistical precision of the
cross-section datum points at lower photon energies. Furthermore, in the present
experiment 7 was also measured, an energy resolution of 110 keV below 6.5 MeV
being achieved.

The present measurements were made using bremsstrahlung, employing a new
technique to ensure reliable results, and a high efficiency neutron detector to record
multiplicity distributions of prompt neutrons from the ***Th photonuclear target,
enabling simultaneous measurements to be made of the photofission cross-section
and 7.

2. Experimental method

The present measurements were made on the Low Energy beam line of the
136 MeV Harwell electron linear accelerator HELIOS '°). The experimental arrange-
ment is shown schematically in fig. 1. The electron beam from the first two sections
of the eight section accelerator was energy analysed to £0.5% by energy defining
slits. The magnetic field in the bending magnets, stabilised by computer assisted
feedback to +0.05%, was measured using a Rawson-Lush rotating coil gaussmeter,
and the energy scale was established by measuring the 6.191 MeV threshold of the
"83W(y, n) reaction. Bremsstrahlung from a 0.10 g - cm ™ gold radiator, collimated
to a solid angle of 0.043 msr, struck the ***Th photonuclear target 4.5 m from the
radiator. The bremsstrahlung dose was measured by an NBS-type P2 chamber
beyond the phonuclear target. The target was surrounded by the neutron detector,
a large oil moderated assembly of fifty-six '’BF; counters having an efficiency of
0.44 for fission neutrons '*'”). The distribution of multiplicities of detected neutrons
was recorded on a PDP-11/45 computer. The event rate was kept at <0.1 events
per beam burst over the whole energy range by using **°Th target thicknesses of
between 2mg-cm > and 4g-cm ™ to ensure that distortion of the multiplicity
distribution due to overlap* of distinct events could be reliably corrected.

In the present experiment the bremsstrahlung yield curve was measured in steps
of only 50 keV below 6.5 MeV and 100 keV above 6.5 MeV. To minimise the effects
of any shifts in the mean energy of the electron beam due to accelerator variations,
a new measurement technique was employed. Since the cross section unfolded from
a bremsstrahlung yield curve depends mostly on the differences between neighbour-
ing points on the yield curve, these differences were arranged to be the primary
measurements in the present experiment. During each difference measurement the

* An example of overlap is the detection of one neutron from one photofission reaction and the

detection of a second neutron from a second reaction in the same beam burst. This appears indistinguish-
able from a multiplicity 2 event from a single reaction.



219

D.I.S. Findlay et al. | Photofission of ***Th

*(ore9s8 01 J0U) SyuBILINgEa uoissgojoyd oy 103 pasn Justusfureire [ejuswLedxs oYL, T ‘8L

RO 0Ol
j9biey nw%éoo

lequieyd Zd Sm_o::ou\oc&umom%wm

! PRPRY
oo

/ b9 0 e,0;

Buipleiys [3584

i0}0810p
uoiInaN

SOIN3H 101eI19|8008

Ieau| U01}oB|9 [|omiBH

1subew
A dwng

icieipes
funjyesssweig

1l siaubBew Hujpusg

sUOoIlDBS

Suliesa(90oy

N




220 D.J.S. Findlay et al. ] Photofission of ***Th

electron beam energy was switched back and forth between two values 50 keV apart
(100 keV above 6.5 MeV) by switching the magnetic field in the bending magnets
comprising the first 90° bend of the beam transport system. The magnetic field was
changed every minute, and two sets of data were recorded, one for each energy.
Each yield difference measurement lasted ~2 hours below the photoneutron thresh-
old (6.44 MeV) and ~8 hours above. Further details of the experimental technique
may be found in ref. '®).

3. Analysis

The raw data comprise the set of pairs of neutron multiplicity distributions
corresponding to neighbouring bremsstrahlung endpoint energies. All distributions
were corrected for background, dead-time and overlap according to ref. '°), and the
lower energy distribution of each pair was then subtracted from its partner to give
a set of difference distributions. This set of distributions was then regarded as a set
of yield difference curves, one for each multiplicity, and these curves were separately
unfolded to give cross sections for each multiplicity as a function of photon energy.
The bremsstrahlung spectrum in the present experiment was calculated using a
method '°) based on partial wave calculations of the bremsstrahlung integrated-over-
angle cross section and including the angular distribution of the bremsstrahlung
cross section, electron energy losses in the bremsstrahlung radiator and the energy
spectrum of the electron beam incident on the radiator. The unfolding was carried
out using the method of ref. *°) recast in terms of yield differences. This unfolding
method is a modification to the Penfold-Leiss unfolding method which specifically
accommodates the detailed behaviour of the bremsstrahlung spectrum near the
endpoint. The effective photon energy spectrum for the unfolded cross-section datum
points, constructed from a suitable linear combination of bremsstrahlung spectra
at different endpoint energies, is typically as shown in fig. 2; the width of the
resolution function {fwhm) can be seen to be 80 keV. The final stage in the data
analysis was to fit the cross sections for individual multiplicities at the same photon
energies with the TRDG neutron multiplicity distribution 1) to obtain the number
of fissions and hence o, and #. The TRDG distribution is an extension of the
popular Terrell neutron multiplicity distribution to accommodate separate consider-
ation of the two fission fragments, and has been shown *') to substantially improve
the fit to multiplicity distributions. Below the photoneutron threshold all mulii-
plicities were fitted, but above only multiplicities greater than or equal to 2 were fitted.

4. Results and discussion

The photofission cross section for **”Th measured in the present experiment is
shown in fig. 3. The errors shown are statistical, and in addition there is an overall
systematic error of ~10%. The photon energy resolution (fwhm) is 80 keV below
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Fig. 2. Typical effective photon energy spectrum (resolution function) for unfolded cross-section datum
points. [The parameter A is used as described in ref. *°) to produce a suitable compromise between the
width of the main peak and oscillations in the tail.]

6.5 MeV and 200 keV above 6.5 MeV. There is one plateau between about 5.40 and
5.75 MeV where a pair of peaks is evident (at 5.47 and 5.62 MeV), and there is a
second plateau between about 5.90 and 6.10 MeV where there is evidence for a
second pair of resonances (there is a shoulder at 5.92 MeV and a peak at 6.02 MeV).
Also shown are the data of Knowles et al '*) measured at Illinois with 14 keV
photon energy resolution. The present measurements confirm the resonances in the
Illinois data except for their peak at 5.70 MeV which is not evident in the present
data, and also confirm that the fall in the fission cross section which begins about
6.35 MeV is unrelated to the onset of neutron emission at 6.44 MeV. The present
data agree, in general, very well with the Illinois data. Although the nominal energy
resolution in the Illinois experiment is 14 keV, the statistical precision of the
individual datum points of the cross section is not high at lower photon energies
and so the usefulness of this energy resolution is reduced. At lower photon energies
the present data may offer a more useful combination of energy resolution and
statistical precision.

The values for 7 are shown in fig. 4. Here the photon energy resolution is 110 keV
below 6.5 MeV, 200 keV between 6.5 and 6.6 MeV and 390 keV above 6.6 MeV. There
is structure below the photoneutron threshold and a negative slope between about
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Fig. 3. The photofission cross section o for 22Th. Solid circles, present data; lines, data from ref. ).
Note that the sets of data are displaced by a factor 10. The solid line serves only to guide the eye.

6 and 7 MeV. The only previous ***Th(y, f) ¥ measurements were made at Livermore
using bremsstrahlung ’), and then in more detail using quasi-monochromatic photons
from positron annihilation ?) with an energy resolution of ~300 keV. The latter data,
also shown in fig. 4, suggest a negative slope between about 6 and 8 MeV, but are
systematically lower than the present values. Part of this difference is due to the
use of the Terrell multiplicity distribution in the Livermore analysis, since fitting a
Terrell distribution is known *') to underestimate # by ~0.1 for 7 =2.

The dependence of 7 on energy in fig. 4 is clearly very different from the
approximately linear increase with the excitation energy of the fissioning system
observed in other actinides. Making the usual assumption that the numbers of
neutrons emiftted from primary fission fragments increase as their excitation energies
increase, the present results show that, at least up to ~7 MeV, increases in the
excitation energy of the fissioning system do not appear as increases in the excitation
energies of the fission fragments. The ***Th nucleus appears to be the nucleus for
which 7 fails to increase with excitation energy over the widest energy range. This
is consistent with the »*?Th(e, a'f) measurements of David et al. %) which show that
below ~8 MeV an increase AE in the excitation energy of the ***Th fissioning system
produces an increase = AE in the kinetic energy of the fission fragments, although
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Fig. 4. The mean number # of neutrons per fission for **Th, Solid circles, present data; crosses, data
from ref. °).

the comparison is not rigorous because of the different fission channels involved in
photofission and alpha-induced fission.

Structure of the kind observed in the present # data has been interpreted **) in
the case of the *2Th(n, f) reaction in terms of variations in the division of reaction
strength amongst different fission channels. However this interpretation is unlikely
to be valid for the present >**Th data since one fission channel, J"K =10, predomi-
nates by at least an order of magnitude. The structure in the present ©# values may
reflect structure in the surface describing the variation of potential energy of the
fissioning system with deformation; the presence of such structure in the surface
means that different excitation energies could produce different scission configur-
ations which would in turn lead to different values of #. Such an explanation could
be confirmed by measurement of the mass distribution of fission fragments from
the photofission of thorium as a function of photon energy in this energy region.

Either of the two pairs of resonances in the photofission cross section in fig. 3
could be interpreted as resonances in a shallow third well. But the presence of two
plateaus in the cross section, each having a pair of resonances on it, and each
corresponding to different average values of # as shown in fig. 4, suggests a more
complicated explanation. A recent calculation **) of the potential energy surface for
the fission of >**Th, using a spin orbit potential for the shell corrections which was
chosen specifically to fit measured nuclear properties at high deformations, predicted
two saddles at deformations corresponding to the outer hump of the double humped
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fission barrier. In this calculation only symmetric deformations were considered,
but it is not improbable that the inclusion of asymmetric deformations would lead
to the appearance of splits in these saddles producing a shallow well near the top
of each. The two saddles are predicted to be ~300 keV apart, which is similar to
the separation of the pairs of resonances in the present measurement. The two pairs
of resonances in the cross section would then be resonances in the two different
shallow wells, and the corresponding different average # values would be due to
fission over the higher saddle leading to scission configurations in which, on average,
the primary fission fragments evaporate slightly more neutrons.

5. Conclusions

This paper has reported new measurements of o, and ¥ for the photofission of
**>Th with photon energy resolutions < 100 keV. Structure in both o and 7 suggests
that the potential energy surface of the fissioning system is a complex function of
both deformation and excitation energy, particularly in the region of the outer hump,
and highlights the need for further theoretical work on this problem.

Work described in this paper was undertaken as part of the Underlying Research
Programme of the UKAEA.
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