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The photofission cross section of »**Th was measured in the energy range 250-1200 MeV using a
monochromatic tagged photon beam and a parallel-plate avalanche detector. The ***Th nuclear
photofissility was obtained by measuring simultaneously and in the same energy range the photofission
cross section of 2*®U and assuming a photofissility equal to one for »**U. It was found that, contrary to
the case for heavier actinides, the 2**Th photofissility value does not saturate up to 1200 MeV. Rather, it
lies between 0.6 and 0.8, and shows a weak energy dependence: it increases by about 15% over an inter-
val of 1 GeV. A comparison of these experimental findings with the predictions of an intranuclear-

cascade Monte Carlo calculation 1s given.

PACS number(s): 25.20.Lj, 25.85.Jg

I. INTRODUCTION

The photofission reaction is a powerful tool for investi-
gating the complex dynamics of the excitation of heavy
nuclei, due to the well-known properties of the elec-
tromagnetic interaction and to the large cross section for
this process.

The photofission of heavy nuclel is well described by
the concept of a two-step process [1]: (i) In the fast first
step, the projectile initiates a cascade of subsequent 1n-
dependent collisions of the primary and secondary fast
particles with the intranuclear nucleons. This 1ntranu-
clear cascade leads to the formation of a highly excited
thermalized compound nucleus, which is characterized

by Ay nucleons, Zy protons, an angular momentum /,
and an excitation energy E*. (ii) In the slow second step,

the excited nucleus evaporates particles successively or
undergoes fission, depending strongly on the variables
ZéN/ACN and E *.

Photofission experiments have been performed since
the earliest days of photonuclear studies [2]. Neverthe-
less, in spite of the considerable effort spent so far on the
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field, the knowledge of the photofissility, We, of heavy
nuclel 1s still unsatisfactory. The W, of a nucleus of
given Z and A is generally defined as the probability that
this nucleus undergoes fission, and 1s measured experi-
mentally as the ratio of the photofission cross section
o (k) and the total inelastic cross section o r(k), where k
1s the photon energy.

The lack of reliable data is particularly evident in the
energy region above the pion threshold, where the ob-
served disagreement among the data probably can be as-
cribed to the unfolding methods used to extract the cross
sections from the yields of bremsstrahlung photons on
thin target foils, and to the poor discrimination of fission
events from the background of other inelastic reaction
products. Good reviews of these “old technique” experi-
ments, performed mainly during the 1960s and the 1970s
can be found in Refs. [3] and [4]. Recently the develop-
ment of new techniques for producing monochromatic
tagged photon beams and the availability of parallel-plate
avalanche detectors (PPADs) have brought the
photofission reaction into the forefront of experimental
and theoretical interest.

As an example, in Fig. 1 are shown the photofission
cross section values, normalized to the mass number A4,
for “**U, obtained in the most recent experiments per-
formed using tagged photons and PPADs [5-7]. As
shown the data agree among themselves within the total
experimental errors; notice that the errors shown in Fig.
| are statistical only, and systematic errors between 3%
and 10% should be added to them. Also shown in the
figure are the upper and lower limits of the “‘universal
behavior” of the total cross section per nucleon, obtained
in the A region from measurements on several nuclei car-
ried out with various techniques (for a review see Ref.

1785 © 1993 The American Physical Society



1786

tn
L
-

E =N
e
=

T

300

200 T

100

I

0 200 400 600 800

| 1000 |
Photon energy [MeV]

—

Photofission cross section [ub/A]

1200

FIG. 1. **®U photofission cross section data normalized to
the mass number A4, measured with tagged photons above the
pion threshold: Ref. [5] (closed circles), Ref. [6] (open circles),
Ref. [7] (open triangles). The area between the two curves
represents the universal behavior of the total nuclear cross sec-
tion (see the review in Ref. [8]).

[8]). As can be seen, the fission cross section data for U
saturate the total cross section, so that uranium fissility is
generally assumed equal to 1. Also, the monochromatic-
photon data at lower energies [9,10] confirm that the
photofissility for heavy actinides has an almost constant
value very close to unity for energies above a few tens of
MeV. For these very heavy nuclei, having values of
Z*%/ A > 35, the fission barrier B 5 1s very low (5-6 MeV)
and shows a double-humped structure due to strong oscil-
lations of the shell correction with deformation.

Very different 1s the behavior of preactinide nuclei
(Z°/ A <35), such as "’Au and 2°°Bi, for which experi-
mental data [11,12] show a strong energy dependence of
photofissility above the pion threshold. These nuclei
(close to lead) reach their maximum deformation
(dumbbell shape) at the saddle point. A large shell
correction in the ground state affects strongly the level
density in the neutron channel and leads to a high fission
barrier (25-30 MeV). As a result, the fissility of preac-
tinides is sensitive to both collective and shell effects. In
addition, the compound nuclei formed from preactinide
target nuclei are lighter and, therefore, much less fissile.
For example, from Au to Ta (AZ =6) the electrofission
cross section decreases by one order of magnitude be-
tween 100 and 200 MeV [13].

From the above, it would appear that the particular
position of ***Th, for which Z?/ 4 ~35, is very interest-
Ing because it lies in the transition region between nuclei
with a single-humped fission barrier and nuclei with a
double-humped  fission  barrier. Low  energy
monochromatic-photon data [9] show a strong increase
of the fissility above the giant dipole resonance, from 20
to 40 MeV, followed by a slower increase in the quasideu-
teron region up to 110 MeV. No monochromatic-photon
data are yet available above the pion threshold. From
the bremsstrahlung data one can state only that, in the
region 150-1000 MeV, the photofissility is lower than
one and does not show clearly any energy behavior [3,4].
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In this paper we report a measurement on *>2Th per-
formed with tagged photons having energy between 250
and 1200 MeV:; a simultaneous measurement on >**U has
been also performed and the data have been published
elsewhere [5]. Because over a large part of the energy
range tnvestigated the total nuclear cross section i1s still
not well known, in order to deduce the fissility of 232Th
we have assumed the fissility of 2°®U to be unity, and the
total nuclear cross section, deduced from >°%U data, has
been scaled proportionally to the mass number A.

1I. EXPERIMENT

The measurement was carried out at Frascati with the
Jet Target tagged photon beam [14]. This beam was pro-
duced by tagging the bremsstrahlung from an internal
target traversed by the electrons circulating in the
ADONE storage ring. The radiator (Jet Target) was a
molecular Argon beam crossing the ring vacuum pipe at
supersonic speed [15], and was thin enough (about 10~ !¢
radiation length) not to degrade the quality of the circu-
lating beam so that several minutes of beam lifetime were
assured [16]. The recoil electrons were momentum ana-
lyzed by the next ADONE dipole and were detected by
two arrays of scintillation counters, 39 detectors in each,
in coincidence. The scintillators defined 76 energy chan-
nels and were of different sizes in order to give a constant
photon energy resolution at the maximum electron ener-
gy (E;,=1500 MeV) of 1% over the entire tagging range
of Ak =(0.4-0.8)E,. The photon energies from 250 to
1200 MeV were covered with different energy settings of
the accelerator. In this measurement the tagger channels
were summed four by four, since high energy resolution
was not needed.

The experimental setup is shown in Fig. 2. Three mag-
nets (M1, M2, and M3) swept charged particles away
from the photon beam, which was defined in size by two
collimators (C1 and C2) of diameter 6 and 12 mm, re-
spectively. Two multiwire proportional chambers (P1
and P2) allowed the determination of the size of the pho-
ton beam to within 2 mm. Two thin plastic scintillators
(NE 102A) were used as a relative photon beam monitor
detecting 1n coincidence the Compton electrons and pairs
produced by the photons in a thin (0.8 mm) gold convert-
er positioned in front of the first scintillator. The stabili-
ty of this simple device was found to be better than +1%.
A dense SF57 lead-glass detector was used as a photon
spectrometer for the on-line measurement of the tagged
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FIG. 2. Layout of the Jet Target tagged photon beam {(not to
scale}: JT, Jet Target; T, tagging system; P1,P2, movable pho-
ton beam profile chambers; M1,M2 M3, sweeping magnets;
C1,C2, collimators; I, relative intensity beam monitor; U and
Th, parallel-plate avalanche detectors loaded with uranium and
thorium; LG, lead-glass photon spectrometer.
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photon flux incident on the target.

Two similar fission detectors, containing ***U and
232Th, were placed simultaneously in the photon beam,
acting both as nuclear fissile targets and as fission-
product detectors. The ***Th fission detector was the
parallel-plate avalanche detector (PPAD) described 1n
Ref. [17], and has been used in a previous measurement
at lower energy at Saclay [9]. It consisted of 58 alumi-
num plates (50 um of thickness and 65 mm in diameter)
coated on one side with a uniform deposition of >*ThO,,
having a total thickness of about 120 mg/ cm?®. The plates
were alternately connected to ground or to a potential of
430.0+0.1 V and the chamber was filled with 1sobutane
maintained at a pressure of 7.60+0.01 mbar. Both volt-
age and pressure, whose changes would affect the detec-
tor gain and efficiency, were continuously controlled dur-
ing data collecting. The contribution of the Al foils to
the fission rate was measured and found to be negligible.
This detector has the advantage of being quite insensitive
to the electromagnetic background and of being nearly
free from systematic errors associated with the geometry
of the detector recording the fission fragments, since the
angular distribution of the fragments has only a weak
dependence on the energy of the primary photons.

A special calibration detector was installed inside the
chamber together with the main PPAD detector to mea-
sure precisely its effective thickness, which is given by the
product of the total thickness 7, the efficiency €, and the
solid angle ) for detection of the fission fragments. The
calibration detector consisted of a single thin target of
well-known thickness (¢f,=196+4 pg/cm?) placed be-
tween two single PPADs; this setup could detect with
efficiency €. equal to 1 the two fission fragments in coin-
cidence and identify unambiguously the fission events.
The solid angle (1. covered by the calibration detector
was determined, with an uncertainty of 2%, by the mea-
surement of the transverse distribution of the photon
beam incident on the detector, by means of the wire
profile chamber P2. The ratio of the counts of the cali-
bration detector and the main detector with a full intenst-
ty bremsstrahlung beam is equal to the ratio
t.€.Q./Te), from which we obtained the product T'e{)
of the main detector. As shown in Fig. 3, a nice plateau
of this ratio was found for both fissile nuclei, changing
the threshold for the calibration detectors, from about 50
mYV to about 100 mV, and leaving unchanged the thresh-
- old for the main detectors. This result substantially cor-
roborates the correctness of the assumption that €. =1.
This calibration method was slightly different than that
used at Saclay [9], where an additional third background
detector had to be used, because the transverse distribu-
tion of the photon beam on the PPAD could not be mea-
sured precisely, and thus the solid angle (2.

The signals of every single PPAD of the main detector
were amplified and discriminated to form a common OR
signal. The coincidences N (k) of the signals from a
PPAD and the ith channel of the tagging system corre-
spond to fissions of nuclei induced by photons of energy
k =E,—E;. The total number of photons N, (k) in the
ith energy bin incident on the target was determined by
the coincidence of signals from the lead glass and the
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FIG. 3. Threshold curves of the ***Th (closed circles) and
280U (open circles) calibration detectors used to measure the
effective thicknesses of the main 2*2Th and #°°U target detectors.

counters of the ith channel of the tagging system. Ran-
dom coincidences due to the electron beam time structure
(a 1 ns wide pulse every 20 ns) and to the spontaneous «
decay of the thorium target were measured on-line and
then subtracted. The intensity of the beam was kept at a
level of about 10° tagged photons/s.

Thus, the fission cross section o J.~(k) was derived from
the measured values of N.(k), N, (k), and Te(}, as fol-

lows:

Y

N (k) N,TeQ °

Uf(k)_

where N , is the Avogadro number.

Data were obtained at five different electron beam en-
ergies (from 400 MeV to 1500 MeV) and the photon ener-
gy overlaps between different data sets indicated good
control of systematic errors due to an imperfect
knowledge of the photon beam flux and the tagging
efficiency. The systematic errors have been estimated to
be about 10% in the A region, decreasing to about 8%
above 600 MeV: the larger systematic and statistical er-
rors at low energies were due to the considerable increase
of the collimator cuts on the lower energy photon beams,
which reduced the tagging efficiency and increased the
contribution of random coincidences.

III. RESULTS AND DISCUSSION

A. The photofission cross section

The photofission cross section a}h(k) for ***Th is
shown in Fig. 4, where the experimental values have been
divided by the mass number A4 and grouped in 30 MeV
energy bins. Also shown are the data for 2°°U [5] and the
upper and lower limits of the ‘““universal behavior” of the
total photonuclear cross section in the A region [8].

The thorium data show that A excitation 1s the main
absorption mechanism that results in fission in the region
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F1G. 4. The photofission cross section normalized to the
mass number: present »*Th data (closed circles) and 2**U data
(open circles), Ref. [5]; the area between the two curves
represents the universal behavior of the total nuclear cross sec-
tion.

between 200 and 500 MeV. The maximum of the cross
section 1s reached around 350 MeV, in good agreement
with that found for the uranium data (and the universal
curve for the total cross section). At energies higher than
500 MeV, both the ***Th and **®U data show no evidence
of the excitation of the higher nucleonic resonances
[mainly the D 4(1520) and F,;(1680)] that are clearly
seen In the total photoabsorption cross sections for the
proton [18] and the deuteron [19]. This behavior might
be explained by the broadening of the resonances due to
mechanisms like Fermi motion or the propagation and
interaction of the resonances in the nucleus. This effect
was also observed in the measurements of the total photo-
absorption cross section on beryllium and carbon recent-
ly carried out at Frascati [20,21].

B. The photofissility of 2**Th

To calculate the photofissility W, (k) of 2*’Th from the
measured photofission cross section o ((k), we must know
the total inelastic cross section o (k). Since this quanti-

ty is not available for >**Th either from experimental data
or from phenomenological model predictions, we pro-
ceeded as follows.

(1) We assumed the photofissility of >*U to be equal to
1. This was shown, within the experimental errors, in
very different regimes, like in the absorption of the pho-
ton by an n-p pair (quasideuteron region) [9] and in the
resonance excitation through pion production (A reso-
nance region) [5-7]. At higher energy, the comparison
with the recent total cross section data for “Be and *C
seems to confirm this statement up to 1200 MeV [20,21];
therefore we assumed that U}J(k)=a?~(k) over the entire
energy range of the present measurement.

(2) We assumed that, over the entire energy range of
our investigation, the total photoabsorption cross section
1s proportional to the mass number A, as suggested by
several experiments [5,8,20,21].

(3) Therefore, from the ratio R (k) of the measured
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values for O‘}h(k)/ Ay, and for U}J(k)/ Ay we obtained
the thorium fissility:

U}J(k) Ar,

W(k)=R (k)=

These extracted values are shown in Fig. 5, where only
the statistical errors are displayed. The contribution to
the total error, due to the knowledge of the photon beam
intensity and transverse distribution that are the main
uncertainties of data in the A energy region, cancels in
the ratio. Thus the systematic error for the fissility
values was estimated to be 9% over the entire energy
range. Also shown in the figure are the R (k) values we

~ have deduced, adopting the same procedure for the

photofission data for 2?Th and 2*®U measured by
Leprétre et al. [9] at lower energies. Moreover, we show
the experimental value of R (k) obtained from fission data
for 2*Th and ***U measured with 1 GeV protons [22].
The parent nuclei in this latter case were >>°Pa and **Np,
but, as demonstrated in Ref. {23], the fission probability
measured with different probes can be compared by
selecting those initial energies for each probe which pro-
duce similar distributions of excitation energy E *, angu-
lar momentum /, and nucleonic composition A~y and
Zcn- Finally we calculated the mean value for R (k)
from all the nonmonochromatic photofission data for
232Th and ?**U available in the literature above the pion
threshold and up to 1 GeV [3,4]: we obtained the value
of 0.64, in reasonable agreement with the mean value of
0.70 obtained from our data between 250 and 1000 MeV.
A simple visual inspection of Fig. 5 reveals, surprising-
ly, the following: (i) The photofissility values of **’Th lie
between 0.6 and 0.8, thus showing no saturation even at
energies as high as 1200 MeV. (i1)) The photofissility of
232Th is a weak function of energy, increasing only about
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FIG. 5. Photofissility values for **Th obtained as described
in the text (closed circles). Also shown are the values obtained
with the same procedure from the data of Ref. [9] (open circles)
and Ref. [25] (open triangle); the solid line is a fit of the form

InW (k)= A —Bk ~'/2. The dashed line is the result of an INC
calculation.
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159 over an interval of 1 GeV. A simple function
InW (k)= A —Bk ~'/? fits well the energy behavior of
our data. This energy parametrization, which reflects the
approximate proportionality between the incident photon
energy k and the mean excitation energy of the com-
pound nucleus { E* ), was suggested in the past as a high
energy limit [24], and was applied to various heavy nuclei
[25,26]. (1) An intranuclear cascade (INC) model pre-
diction 1s also shown in Fig. 5: this model, which is ex-
haustively described in Ref. [27], is able to reproduce, at
least qualitatively, the weak energy dependence of the ex-
perimental fissilities of ***Th data, although it overesti-
mates the absolute values.

C. Comparison with other nuclei

The comparison of the fissility of 2*Th with that of
other nuclei could be made only up to the A region, due
to the lack of higher energy data. In Fig. 6 we report the
expertmental fissility values W, obtained at 300 MeV for
some preactinides and actinides: specifically the 2%*Th
value from this experiment and the data for '°’Au, 2®Bi,
233U, and ?*°U, from previous photofission measurements.
The total photoabsorption cross section is experimentally
well known at this energy for all the nuclei and was taken
equal to 400 ub/nucleon, corresponding to the mean
value of the universal curves. As shown in Ref. [11], the
compound nuclei, produced by 300 MeV photon imping-
ing on nuclei from Au to U, have the same average values
of mass and charge losses of (A4 )=2and (AZ)=0.6,
respectively, and the distribution of these variables is
similar. Due to the above considerations, the experimen-
tal fission cross sections, and hence the fissilities, are the
results of an average over the ensemble of the compound
nuclel produced in the reaction. In Fig. 6, the result of
the intranuclear cascade calculation with the evaporation
model 1s also shown for 300 MeV incident photons. The
measured fissility shows a strong increase of about two
orders of magnitude with the parameter Z &y / 4y, and
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FIG. 6. Comparison of photofissility values for different nu-
clei measured with 300-MeV photons: *°*Th (closed circle), this
work; '?’Au (diamond), Ref. [11]; **Bi (triangle), Ref. [12]; ~**U
(open circle), Ref. [5]; #°°U (square), Ref. [7]. The dashed line is
the result of an INC calculation.
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this general behavior 1s fairly well reproduced by the INC
simulation. However, it is worth noticing that in the ac-
tinide region (Z &y / Ay ~35), the clear increase of the
experimental fissilty from #*Th to ***U is not reproduced
by the INC prediction, and this might be an indication
that not all of the physical mechanisms involved in the
reaction are completely understood.

D. Nonsaturation of the photofissility of 232Th;
What could it mean?

The main experimental findings of this work, namely,
the nonsaturation of the »?Th photofissility and its weak
dependence on the photon energy over the wide energy
range from 250 to 1200 MeV, are both important. These
findings were quite unexpected, taking into account that
the photofissility of other actinides, like 235U and 23U,
saturates at much lower energies (about 50 MeV). The
analysis of data on nuclear fission provided by mono-
chromatic intermediate energy photons, in the frame-
work of the intranuclear-cascade evaporation model, al-
lows us to investigate effects like the distribution in com-
position and excitation energy of compound nuclei, the
thermal disappearance of shell effects, the dependence of
fission barrier heights on the excitation energy, and the
proper choice of the liquid drop model parameters [28].
Furthermore, this model does not reproduce in a precise
way the photofissility of thorium measured relative to
other actinides. At present there are no truly convincing
explanations to account for this, so we can only introduce
some reasonable phenomenological hypotheses. In a re-
cent phenomenological study in the quasideuteron region,
Delsanto et al. [29] explained the difference of
photofissilities of **Th and #**U by the change of active
n-p pairs in processes which bring the excited compound
system to fission. Precisely, this fact changes the nucleon
scattering inside the nucleus and consequently its mean
free path (or in other words the nuclear transparency). In
our energy range, where the photopion reabsorption
dominates, the same effect might be present, because
pions are absorbed by n-p pairs. The key ingredient
could be the relation between the quantities associated
with the entrance channel (o0 and k) and those describ-
ing the thermalized system (the compound nucleus for-
mation probability o~y and E*). In such a way the 30%
difference in photofissility between otherwise similar nu-
clei like 2*?Th and ?°®U could be ascribed to some com-
bination of the difference in o~y and the difference in the
subsequent compound nucleus fission probability W,.

Clearly, all of these i1ssues require further theoretical
studies. A phenomenological analysis of our results will
appear soon [30].

IV. CONCLUSIONS

Here we summarize the main results and conclusions
of our studies.

(a) We have measured the photofission cross section for
232Th in the energy range 250—1200 MeV using a mono-
chromatic tagged photon beam and multiplate PPADs.

(b) The photofission cross section clearly shows the ex-
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citation of the A resonance, with a maximum at about
350 MeV. In the structure of the cross section there is no
evidence of the higher nucleonic resonances, in agree-
ment with the results obtained for *°®U and from total
cross section measurements on °Be and '*C.

(c) The 2**Th photofissility was calculated from the
simultaneous measurement of the >**U photofission cross
section, assuming a fissility equal to 1 for the latter nu-
cleus.

(d) In the energy range explored, the fissility values of
22Th remain approximately between 0.6 and 0.8, show-
ing a weak but clear increase with the energy, demon-
strating that for this nucleus the saturation value still is
not reached at 1200 MeV.

() A comparison with the prediction of an
intranuclear-cascade evaporation Monte Carlo calcula-
tion was shown, but whereas the general behavior of
fission processes was well reproduced, the agreement be-
tween the calculated and the measured fissility values is
st1ll unsatisfactory for actinide nuclei. The nonsaturation
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of the fissility of 2>°Th also might be tentatively attributed
to a possible smaller nuclear transparency.

The results presented in this paper strongly suggest the
necessity of performing additional exclusive experiments
with actinide and preactinide nuclei, over expanded ener-
gy regions and with different probes, measuring, if possi-
ble, the characteristics of both the fission fragments and
the emitted particles.
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