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ABSTRACT — Samples of Al, Ti, Co, Zr, Nb, Ag, In, Nd, Sm,
and Ta elements in contact with solid state nuclear
track detectors were exposed to 0.8-1.8 GeV bremss-
trahlung beams at the 2.5-GeV Electron Synchrdtron

of the Bonn University. The detectors were processed
to produce visible fission tracks for track analysis
with optical microscopes. Absolute mean cross section
per photon and fissility were evaluated. Results are
discussed and compared with other photofission data
as well as with estimates from the current fission
models. A broad minimum found for nuclear fissility
of 10" 4-1073 covering the range 15 § z%/a < 25 seems
to confirm the predictions from the models. For Al
and Ti nuclei the probability of fission amounts to

~ 1071,

Key—words: Photofission cross-section; Nuclear fissi-
lity; Bremsstrahlung; 0.8<1.8 GeV; Medium-weight
nuclei; Plastic track detectors.
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l. = Introduction

Fission cross section measurements of ligth and inter-
mediate-mass nuclei are at present still scanty, particularly
for the case of fission induced by intermediate~energy photons
as incident particles. Photofission experiments of complex nuclei
of A < 180 have been carried out by using nuclear-track detectors,
either etchable solid state detectors (1~2) or nuclear emulsion (%) .
In spite of difficults encountered during experiments the available .
photofission data are of good quality, although in some cases
disagreement there still exists, specially in the region of target
nuclei located around silver.

From the theoretical point of view, estimates of
nuclear fissility (probability of fission) by Nix and Sassi (7)
and Il'inov et al. (8) have indicated a broad minimum in the
curves fissility versus ZZIA (Z and A denoting, respectively,
atomic and mass numbers) covering the range 15 £ 22/A < 25, i.e.,
the region of intermediate-mass nuclei extending approximately
from As up to Sm. Since the current fission models (9) have
predicted a maximum value in the fission barrier for nuclei
around silver, and to coﬁpare new fissility data with predictions,
we decided, therefore, to conduct a series of fission experiments
aiming at determine cross section and fissility induced by inter-
mediate-energy photons for a number of target nuclei in the
range 6 ¢ ZZ/A < 30.

In recent years, the development of new solid state
nuclear track detection methods (10), particularly the use of
CR-39 track detectors in several branches of nuclear science (11),

has opened new possibilities of obtaining particle-induced fission
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cross section data of nuclei ligther than Co.

The purpose of the present work is contribute to new
figgility data by investigating fission of Al, Ti, Co, 2r, Nb,
Ag, In, Nd, Sm, and Ta nuclei induced by bremsstrahlung of
maximum energy in the range 0.8-1.8 GeV. Results are compared
with data from other laboratories and estimated values of
nuclear fissility taken from literature as well, Preliminary
results of the experiment described in the present paper have

been already published elsewhere in summary form only (12r13).

2. - Experimental

The experiment consisted firstly of stacking thick
metal foils of Co, 2r, Nb, Ag, In, and Ta target elements each
facing a 100-um thick makrofol polycarbonate track detector.
Similarly, Al and Ti target elements were placed in contact
with plates of v 1 mm thick CR-39 polymer track detectors. It
was prepared alsc thin films of Nd and Sm target elements on
muscovite mica sheets as track detector. All these materials
were kept close together by enclosing it between two sheets of
a heat-sealable plastics and them vacuum packed.

The stacks were exposed perpéndicularly to high-
intensity bremsstrahlung beams of 0.8, 1.0, 1.4, and 1.8 GeV
end-point energies at the Bonn 2.5-GeV Electron Synchrotron with

12_; 414

typical total number of photons in the range 10 equivalent
quanta/cm2 measured by a quantameter.
In order to make fission tracks visible for track

analysis under optical microscopy the CR-39 plates were
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submitted later to a 6.25 N NaOH etching at 60°C during two or
three periods of 1 h each without stirring. Under these con-
ditions, a bulk etch rate V, = 0.5+0.1 ym/h was obhtained by
measuring the thickness of material removed by etching with time.
In the case of makrofol sheets an identical etching solution
was used, this time at 70°c during three periods of 20 min each.
By the same method as for CR-39 plates, a bulk etch rate

Vg = 1.920.1 um/h was obtained. For mica detectors, after
removing of the Nd and Sm films, they were submitted to an
etching procedure consisting of 40% hydrofluoric acid at 23%
during 2h.

The scanning of the detector surfaces and measurements
of the geometrical quantities of etched tracks were carried out
by using Leitz Ortholux microscopes fitted out with oculars of
15x with calibrated eye-pieces,and dry objetives of 45x
magnification. The use of thick samples in contact with track
detectors of different sensitivities made it necessary to solve
new problems in order to obtain the final photofigsion yields (14).
The scanning procedure consisted of careful measurements of the
scanning areas, track-lengths, dip-angles, and the evaluation

of counting efficiency.

_3. - Photofission Yields

Whenever thick samples are used in contact with track
detectors it becomes necessary to know the number of target

nuclei of the sample which actually contributes to fission events

recorded. For this purpose we developed a method which has been
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described in details in Ref. (14), from which the photofission

yield, Oq » can be obtained by

1.15 N,

{1) GQ = N = ~ .
g —2 -2 (1 -8 cos?F
M 2 EO c

In this expression, N is the total number of fission tracks
observed per unit area, Q is the number of equivalent photons
incident on the target-detector stack per unit area, p 1is the
density of the sample material (<3'/c':rr13).r N0 is Avogadro's number,
M is the atomic weight, 50 and EO are the average full residual
ranges of fission fragments, respectively, in the sample and
detector, o is the minimal etched track length in the detector
measured under the optical system used, and ¢ is the average
critical angle of track etching (measured from the detector
surface). The factor 1.15 corrects the number of tracks observed
for losses due to identification of tracks near track-length
threshold. In equation (1), we identify and interpret the
qguantity 50/2 as the average effective thickness of a thick
target, the quantity 1 - rmlfo as the average efficiency factor
related to observation of tracks, and cosz$c as the average
etching efficiency. Formula (1) above has been used tc obtain
the photofission yields for Al, Ti, Co, 2r, Nb, Ag, In, Nd, and
Ta thick target elements.

To obtain the values of 50, firstly we calculated the
mean incident photon energy, k, in the bremsstrahlung spectrum
(assumed of the form 1/k) from photofission threshold up to
end-point energy. The photofission thresholds were estimated

based on the work of Methasiri and Johansson (1). For each
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irradiation condition, i.e., target element plus mean photon
incident energy, and by assuming the symmetrical mode of fission,
the atomic number, 2., and the mass number A, of a typical

fission fragment was obtained by

_ 2 _ Az+AZ
(2) 2g =27~ 14
_ A _ Az+An+AA
(3) Af = 2 ] ; [ 4

where Z and A represent, respectively, the atomic number and
mass number of the target nucleus, Az and An denote, respect-
ively,the number of protons and neutrons lost during the intra-
nuclear cascade which follows the absorption of a high-energy
incident photon by the nucleus, and AZ and AA represent,
respectively, the total number of protons and nucleons lost
by the target nucleus after nuclear photointeraction. Vaiues
for the quantities Az, An, AZ, and AA were obtained based on
the work by Barashenkov et al. (15). For each typical fission
fragment, we constructed range-energy curves for both detector
and target materials according to routine calculation developed
by Andersen and Ziegler (15). Hence, the kinetic energy of a
typical fragment was obtained from the first range-energy
curve and, finally, the value of 30 was evaluated by using
the second range-energy curve. The evaluation of the quantity
EO has been done as described in Ref. (14).

In the case of Sm thin targets, the ylelds were

obtained by the usual formula
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(4) G, = L
Q DNO T

Q - X (1 - Sin$c)

where x is the thickness of the target sample, and l—sin$c is
the etching efficiency.

The photofission yields which were obtained as des-
cribed above (expressed as cross section per equivalent gquantum)
are presented in Table 1 (last column). The errors indicated are
statistical ones, and they represent a combination of the errors
associated to all quantities needed for the evaluation of the
cross section. In the case of Nd target, measurements carried
out by using mica as detector have given yield values systemati-
cally greater than those obtained by making use of makrofol.
This might be caused by some systematic errors the origin of

which was not easy to identify.

4. - Absolute Mean Photofission Cross Section and Fissility

In bremsstrahlung—inducedreactionétheneasuredyields,og,
represent the sum of the contributions to a particular type

of event due to photons of the bremsstrahlung spectrum with
energies k from threshold to maximum energy Eg- If use is

made of the common 1/k spectrum approximation for the different
high-energy bremsstrahlung of end-point energy EO' the absgolute
cross section per photon within a small E, energy-range can be
calculated b} the usual formula

do _
(5} ¢ = F(In Eg) .
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Therefore, the photofission cross section for a given target
element.is given by the slope of the curve oQ versus ln EO’
In figures 1 and 2 we plotted the yield-values for the different
irradiation conditions as a function of 1ln EO' In each case, a
linear dependence was assumed since we have only few measured
yields. By using least-squares analysis, and rejecting the
disaligned points, the value of the mean absolute photofission
cross sections in the range 0.8-1.8 GeV were derived (Table 2,
column two).

Next, the mean nuclear fissility walues have been
obtained by calculating the ratio f = Eflﬁt of mean photo-
fission cross section to mean.tqtal nuclear photoabsorption cross

section. In the energy range considered (0.8-1.8 GeV}, 0, was

t
evaluated by the expression

(e) crt = A OYN §~180A ub '

where A denotes mass number, EYN is the mean total nucleon
photoabsorption cross section (17), and § is a factor which
corrects for screening effects caused by the nuclear surface(ls'lgi.
As usﬁal, values of EYN have been corrected for nucleon motion.
Nuclear fissility values for the differeﬁt nuclei studied in

the present work are listed in_Téble 2 {column five). It is

seen that for Al and Ti target nuclei the fissility amounts to
about O.i, whereas for the other nuclei it is within the range

3x10 " 4-3x1073.
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5. - Comparison with other Photofission Data and Conclusions

A comparative study of the results of the present work
with other experimental photofission data taken from litefature
is presented in Fig. 3, where we plotted_fissility values as a
function of 22/A of the target nucleus. Most data show reasonable
agreement between each other, although in some cases they differ
by 1-2 orders of magnitude. Some estimated values of nuclear
fissiiity (Monte Carlo calculations) based on the cascade-
-evaporation model for high-energy photonuclear reactions and
the liquid-drop model for fission by Il'inov et al. (®) for
600-MeV monoenergetic photons, as well as estimates by Nix and
sassi (7) based on an evapbration—fission—competition process,
are also reported to allow a comparison. All data seems to
confirm the existence of a broad minimum covering the region
of intermediate-mass nuclei as predicted by the above mentioned
current models. Of course, a number of new, additional exper-
imental data are required to allow for a more refined analysis,

specially in the region of light nuclei.
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Figure Captions

Fig. 1 - Photofission yields, expressed as cross section per
equivalent quantum (cb), plotted against bremsstrahlung energy

E0 (log scale). Points represent results of measurements obtained
in the present experiment for target-detector combinations as
indicated. The straight lines are least-squares fits to the points.

Fig. 2 - Same as in figure 1.

Fig. 3 - Nuclear fissility versus z2/A of some selected photon-
~induced fission experiments. Data are as follows: V , glass
detector, 0.3-0.9 GeV, ref. (1); 0O , glass detector, 1-6 GeV,

ref. (20); A , glass detector, 1-6 GeV, ref. (21); O , nuclear
emalsion, 1-6 GeV, ref. (22); ¥ , glass detector, threshold-l GevV,
ref. (3); $ , mica detector, threshold-l GeV, ref. (5); ‘ ’
glass detector, threshold-1.6 GeV, ref. (23); + « huclear emul-
sion, 1-6 GeV, ref. (6): @ , glass detector, 0.6-1.5 GeV,

ref. (2); @ . glass and mica detectors, 580 MeV, ref. (4):

B , CR-39 detector, 0.8=1.8 GeV, this work; @ , makrofol
detector, 0.8-1.8 Gev, this work; 4 , mica detector, 0.8-1.8Gev,
this work. Theoretical estimates (Monte Carlo calculations) are
represented by lines: ----, curve VI of ref. (7); —e— , 600-MeV
monoenergetic photons assuming a level density parameter
a= 0,10 Mev"l with shell effects included of ref. (8):

. 600-MeV moncenergetic photons assuming a = 0.05 MeV~
ref, (8).

1
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Table 1 - Data ragarding the determination of the photofission yields.

CBPF-NF-011/89

Target |Effective number]|Premsstrahiung Number of Numbetr of Total Photofisaion
nucleus [of target nucleijmaximum energy equivaient quanta|fission tracks efficiency yiaeld
and 18 -~ 2 -2 per unit area factor
[10*7 em “1 E [GeV] Qli0™* em “} -
detector 0 “1[103 cm Zl UQ {ub]
AL 22 0.8 1.0 1.2 0.10 {5.6t0.9) x10%
CR-39 22 1.0 1.0 1.2 0.10 (5.5¢0.9)~102
22 1.4 1.0 1.3 0.10 (6¢1) x102
22 1.8 1.0 2.0 0.10 (9:1) x102
T8 15 0.8 1.0 0.74 6.10 {4.920.9)x10%
CR-39 15 1.0 1.0 1.1 0.10 (7t1) 102
15 1.4 1.0 1.1 0.10 (7+11 =102
15 1.8 1.0 1.8 .10 {12:2) x102
co 14 0.8 28.4 0.67 0.35 4.8:0.9
Makrofol 14 1.0 29.6 ‘1.7 0.35 1212
14 1.4 0.0 1.6 0.35 1122
14 1.8 10.0 4.7 0.35 326
2r 8.2 0.8 29.4 0.89 0.32 12¢2
Makrofol 8.2 1.0 29.6 0.93 0.32 1282
8.2 1.4 30.0 1.1 0.32 1453
8.2 1.8 30.0 1.4 0.32 1823
Nb 9.2 0.8 28.4 1.0 0.43 912
wakrotfol 9.2 1.0 29.6 0.94 0.43 82
9.2 1.4 30.0 1.4 0.43 12:2
9.2 1.8 30.0 1.5 0.43 13:3
Ag 11 0.8 28.4 1.2 0.42 92
Makrofol 1 1.0 29.6 1.5 0.42 112
11 1.4 0.0 2.2 0.42 163
11 1.8 30.0 2.5 0.42 183
In 9.8 0.8 28.4 1.0° 0.40 912
Makrofol 9.8 1.0 29.6 0.93 0.40 g2
9.8 1.4 30.0 2.9 0.40 2515
9.8 1.8 30.0 4.5 0.40 187
84 7.7 0.9 28.4 1.0 0.55 922
Makrofol 7.5 1.0 29.6 0.66 .55 5.4:0.9
7.2 1.4 30.0 0.67 0.55 5.7:0.9
5.1 1.8 30.0 0.93 0.58 1122
Nd 5.1 0.9 100 6.7 0.65 2013
Mica 6.7 1.0 100 3.6 0.65 122
5.8 1.4 100 7.6 0.65 2143
5.9 1.8 100 13 0.65 3324
sm 0.34 0.8 100 1.4 0.69 5819
Mica 0.30 1.0 100 0.60 0.69 2924
0.60 1.4 100 1.9 0.69 4587
0.60 1.8 100 1.7. 0.69 406
Ta A4 0.8 20.4 6.5 6.41 4029
Makrotol . 1 1.0 29.6 15 0.41 (9:2) %10
14 1.4 10.0 10 0.41 (6x1)%10
14 1.9 10.0 1s 0.41 1922) %10
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Table 2 - Mean photofission cross section and fissility in the
energy range 0.8-1.8 GeV.

e e
O betector 3 Vean photofimion fems melea:
g [ub]
Al CR-39 6.3 (62) x10% (1.2:0.4)x10~%
T4 CR-39 10.1 (8+3)x10% (9+3)x10™%
Co Makrofol 12.4 3447 | (3.2+0.6)x10™>"
2r Makrofol 17.5 7+4 (4:2)x10™4
Nb Makrofol 18.1. 6+4 (4:2)x10™4
Ag Makrofol  20.5 12+4 (6£2) x10~4
In Makrofol  20.9 3819 (1.8£0.4)x10"2
Nd Makrofol  25.0 913 (3t1)x10~4
Mica 37:8 (1.4£0.3)x1073

Sm Mica 25.6 (21) x10 (7t4)x1074
Ta Makrofol  29.5 (6£3) x10 (1.8%0.9)x10">

(*) Isotopic abundances of the elements listed are those of the
- ‘naturally occurring isotopes.
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