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Abstract

Cross section measurements for photofission induced in 209g;, natpp, 197 Ay, natpy,
natyy 181Ta 51V and DatT{ by 120- and 145-MeV quasi-monochromatic photon
beams have been performed at the ROKK-1M facility (BINP, Novosibirsk). The fission
yields have been obtained using Makrofol sheets as solid-state fission track detectors.
Nuclea}r fissility values have been deduced on the basis of Levinger’s modified quasi-
deuteron model of photonuclear interaction , and compared with available literature data.
The trend of fissility in the 60-145 MeV energy range has been analysed for various

target nuclei as a function of energy and of parameter Z2/A.
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1. Introduction

In recent years high-energy monochromatic photon beams produced by backward
scattering of a laser light against high-energy electrons have been widely used for the
study of photo-reactions [1]. In particular, a number of photofission cross section and
fissility data for actinide, pre-actinide, and intermediate-mass nuclei have been obtained
at photon energies k < 100 MeV with the LADON apparatus at the Frascati National
Laboratories [2-7], and at photon energy k = 100 MeV with the ROKK-1M facility at
the Budker Institute of Nuclear Physics (BINP, Novosibirsk) [8]. Tagged photons
produced by the ROKK-2 facility at the storage ring VEPP-3 (BINP) have been recently
used for the first time to measure photofissility of 209Bi nucleus in the range 60-270 MeV
[9]. Other reliable photofission studies with monochromatic photon beams and/or tagged
photons extending over the quasi-deuteron energy region ( ~ 30-140 MeV) have been
reported in refs. [10-18]. All these fissility data have been interpreted successfully on the
basis of a two-step model which considers the primary photoabsorption occuring via
neutron-proton pairs, followed by a mechanism of fission-evaporation competition for
the excited residual nucleus [4, S, 7,9, 19]. Although pion photoproduction inside
complex nuclei may occur at energies k> 124 MeV (the pion photoproduction threshold
is lowered due to nucleon motion ) the contribution of this mechanism to nuclear
excitation leading to fission is estimated less than ~30% in the energy range 124-145
MeV.

The present paper reports on the photofission at 120 and 145 MeV of pre-actinide

(209Bi, natpb, 197Ay, natpt, 2atW, and !81Ta) and intermediate-mass (31V and 2Ti) nuclei.
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Fission of intermediate-mass nuclei means here the break-up of the fissioning system ,
excited well above the height of the fission barrier ( ~ 50 MeV (8] ), into two
fragments of comparable masses. The experiments have been performed taking
advantage of the photon doses provided by the ROKK-1M facility and of a method for
determination of low fission yields which uses stacks of solid-state nuclear track
detectors in contact with thick target metallic samples [20]. The present fission-track-
detection technique is suitable for recording fission fragments also in the Ne-Al mass
region. On the other hand detection of alpha particles is completely suppressed, as well
as that of recoil particles eventually photoproduced from carbon and/or oxigen of
the detector matenal.

Aiming to define the features of photofission in the quasi-deuteron region of
photonuclear interaction (30 <k < 140 MeV) , present results and data from previous
experiments are discussed , and the variation of fissility for the nuclei under investigation

is analysed as a function of energy k and of parameter Z3/A.

2 . Experimental

The experiments were done following the arrangement and methodology
described in details in our previous work [8]. The stacks of the various target and
detector materials (metallic foils and makrofol polycarbonate sheets) were exposed
perpendicularly to monochromatic photon beams produced at the ROKK-1M facility by
Compton backscattering of laser light (2.34 or 2.41 eV) against high-energy (2.0 or
2.2 GeV) electrons circulating in the VEPP-4M storage ring. The experimental

arrangement is shown in fig.1 .The energy spectra were taken by a Nal(T1) total photo-
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absorption calorimeter, and typical spectra are presented in fig. 2 for the 134 MeV and
165 MeV Compton-edge (k,) energy values. Coincidences between the signals coming
from the Nal(Tl) calorimeter, scintillation counter and laser pulses have been used to
define the contributions of Compton, bremsstrahlung, and charged particles components
in the flux (details can be seen in refs. [8, 21]). The bremsstrahlung impurity in the
photon beams was estimated in 5%, and the percentage of charged particles in the total
dose amounted to less than 1% (Kpa = 134 MeV) and 9% (Kpa = 165 MeV).
Information concerning the target and detector materials (nature, physical characterstics,
composition of the stacks, type of detector) as well as the irradiation conditions (beam
intensity, resolution, total photon dose) for the two exposures performed at BINP
(Novosibirsk) has been summarized in table 1.

After irradiation, the detector foils were processed by the usual etching procedure
in order to produce legible etched fission tracks on the detector surface for track couting
by conventional optical microscopy (table 2 ). In view of the large number of detectors
to be analyzed (a total of 405 in two runs) , track identification and counting on each
detector was done by one observer (single scanning) and checked by a second one. A
counting efficiency of (79 = 7)% has been considered for fission track loss during track
analysis, as in previous measurements with the same scanning methodology [4-7].
Besides, for each stack of a given target element, the mapping of all fission tracks
recorded was constructed from their coordinate positions to define the final number of

fission tracks (4™ and 9% columns in table 2).
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3. Photofission yield, absolute cross section and fissility

Besides statistics and efficiency of fission track counting, and approprate
correction for gamma-beam attenuation through the stacks (tables 1 and 2), it 1s
essential to consider also the effect of self-absorption of fission fragments by the target
materials (thin- and thick-target geometry) to determine correctly the photofission yield.
This latter effect allows one to obtain the effective target thickness, x, of each target
material, and also the average total efficiency , &, of the detection method (etching
efficiency multiplied by observation efficiency). A method for evaluating the values of
these two quantities has been reported elsewhere [6, 20], and it takes into account 1) the
average residual range of the full-energy median fission fragment in both target and
detector materials, ii) the thickness of the surface layer of the detector removed by
etching, and iii) the minimal etched fission track projection capable of being observed
on the detector surface under given optics. Accordingly, for fission experiments in which
thin or thick target meterials are used in close contact with fission-track detectors, the

fission yield is given by

N
C—1t—,
Qzlnlsle

(1) Y=
where C = M / (pNy) is a constant for each target element, M is the atomic weight (in g
), p is the density (in g cm® ), N is Avogadro's number, and the other quantities
appearing in eq. (1) are defined in tables 1-3. For each target element the values of Q

are listed in table 1, Ny and n,(¢=1, 2)intable2,and C, g, and x, in table 3. The last
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two columns in table 3 report the final values of the photofission yield obtained at
Kpax = 134 MeV and kp;,, = 165 MeV for the various target nuclei. It is seen that the
measured photofission yields are indeed very low ( order of units or tens of ub). The
total uncertainties associated with the yield-values have been estimated by considering
both statistical and systematic errors. The latter ones mainly come from the incertainties
related to the determination of effective target thickness and total detection efficiency .
Systematic errors amount to ~13-16% for Pt, W, Ta, V, and Ti targets , and ~18-
23 % for Pband Au targets. The statistical errors have been evaluated as follows:
21-25% for Pb, Pt, W, Ta, and Ti targets, 60% for Au, and 30% for V in the
case of Kpux = 134 MeV ; 20-22% for Pb and W targets, 17% for Pt, 26-28% for
Ta, Au. and Ti, and 36% for V in the case of Kkmax = 165 MeV . For Bi targets, in
both irradiations the statistical error was estimated ~ 18% , while the systematic error
amounted to ~ 24%

The physical quantity of interest, however, is the absolute photofission cross

section, o, This quantity is related to photofission yield , Y, by means of

(2) Y = ch(k)(%;ij dk,

where k. and k. are the limiting energy values in the photon spectrum, and dr/dk is the
photon energy distribution normalized to one photon in the interval k - k; (fig. 2). The
product o(k) - (dn/dk) = s(k) represents the fission-yield strength at photon energy k.
For pre-actinide target nuclei the relative contributions to total fission yield due to low -
(k<<k_) and high-energy (k>k_,) photons in the spectrum can be evaluated by

rewriting eq. (2) as
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3) Y = Ts(k)dk + Ts(k)dk + kfs(k)dk,

K K,

where k, > k represents the photofission energy threshold, i.e., the lowest photon energy

Ky
for which fission can be detected, in such a way that J's(k)dk =0. The interval k, - k,
kl

contains the peak-shape of the energy distribution . Such interval is defined by the

condition

(4) kfs(k)dk + Ts(k)dk << Ts(k)dk,

K kg

where it is reasonable to assume that 20-25% of fission events are produced by low-
and high-energy photons, in view of the errors affecting the experimental fission yelds
and of the energy resolution of the photon beams (20-24% ). Finally, since the peak
shape of the spectrum is reasonably narrow in the range k, -k, we can write
o{K)=aY, where k is the effective photon mean energy calculated in the interval k, -
k., and o is a numerical factor. Both k- and a-values are found to vary not significantly
for all pre-actinide nuclei. Figure 3 shows, for example, the behavior of fission-yield
strength which is obtained for Bi, Pb, and Au targets irradiated at 165-MeV Compton-
edge energy. In this case, the following values are found: k =145MeV and o = 1.43.
The same procedure has been applied to the irradiation of k= 134 MeV, thus

obtaining k =120MeV and a =1.45.

For *'V and ™Ti target nuclei the lowest photon energy for which fission can be

detected has been estimated as k, ~ 50 MeV [8], and the trend of o(k) is unknown.



CBPF-NF-055/97

In this case, the best we can do is to retain for these two nuclei the same values of k as

calculated for the pre-actinide nucle, and write

--i

(5)  s®=ay, a:ﬁ[%ﬁjdk
e K

where K is now defined in the range k, - k,. In this way one obtained o' = 1.59 for

k_. =134 MeV, and o' = 1.60 for k=165 MeV. The resulting absolute

photofission cross-section-values ( o{k)=aY or o{ k)=a'Y ) arereported in

table 4 for K = 120 and 145 MeV (respectively, in the 3@ and 6 columns). The

uncertainty associated withthe o - and a‘-values amounts to 1-2%, therefore one

may consider it negligible if compared with the total error affecting the yield-values.
Photofissility values at each mean incident photon energy for the target nuclet

under investigation have been deduced by calculating the ratio

(6) f=-"
e

Here, the values of total nuclear photoabsorption cross section , o), have been
calculated by the usual parameterization following Levinger's modified quasi-deuteron
model [27] , as detailed in [8]  Fissility as defined in equation (6) represents the
product of the probability of formation of a residual nucleus times the total fission
probability for this residual, sumrﬁéd over all the possible modes of obtaining excited

residual nuclei after absorption of the incoming photon [9, 19] . The values obtained

for both quantities . and f are listed in table 4.
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4. Discussion and conclusion

Photofissility values have been plotted vs incident photon energy in the quasi-
deuteron region of photonuclear absorption ( figs. 4 and 5). In these figures filled
circles represent the data of the present work , open squares represent the data of our
previous work at the ROKK-IM facility [8], whereas open circles are data obtained
with the LADON beam at Frascati [4, 6]. For comparison, we chose to represent in fig.5

the fissility data for *Yband "*Sm (open triangles), which data were deduced from

the photofission cross section values resulting from the unfolding of the electrofission
yields with a virtual photon spectrum [23]. Inspection of figs. 4 and 5 shows a general
trend of increasing fissility with increasing photon energy for both pre-actinide and
intermediate-mass nuclei. This behavior is consistent with that inferred from early
photofission data taken with bremsstrahlung radiation as a source of real photons
incident on Bi, Pb, T1, Au, Pt, Os, Re, Ta, and Hf target nuclei [25, 28]. Moreover,
apart from a few data-points, the present data are also consistent with the general rule
that fissility varies exponentially with both Z*/A and excitation energy (E* = k). This is
better evidenced in fig. 6, where fissility data show to increase with Z¥/A for nuclei of
mass number A >1350. Assuming for simplicity a linear dependence of log f with Z¥A
in the range 28 < Z*/A <33, a least-squares treatment of the data of fig. 6  gives

for the ratio of fissility at the higher energies and 100 MeV incident photons

£ (120)

. f (145)
8 ¥ (100)

g = 007450[3564-Z"/ A}
£(100)

(7) = 008317 [33‘17—23 / A]; lo
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These ratios not only indicate an increase of fissility with increasing incident energy,
but also that this behaviour is more pronounced as we g0 towards less massive pre-
actinide nuclei (as an example, for 17431 we have £(120) /f(100)=2.6 and f(145) /£f(100)
=36 , while for 29 Bi the ratios are 1.04 and 16, respectively). This result is
consistent with the predictions based on the fission-evaporation competition model by
Nix and Sassi [29] as well as with the cascade-evaporation calculation model by Iljinov
etal [30].

Concerning 'V and "™ Ti target nuclei, the fissility data of the present work
(table 4 and fig. 6) seemto confirm the increasing of fissility for fissioning systems of
Z2/A <20 already found at lower energies [7,8]. Overall our data are consistent
with the predictions from the current models [29. 30] which have indicated a clear
trend of increasing fissility with decreasing Z*/A in the region of nuclei less massive
thap silver. We remark that this is the first set of fissility data available up to now for
nuclei of A =50 in the quasi-deuteron region of photonuclear absorption. A detailed
semiempirical treatment of these data , based on the current, two-step model for
photofission reactions [9, 19] is clearly needed in order to better describe the features

of nuclear fissility . This will be the subject of future work.
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FIGURE CAPTIONS

Fig.1 - Experimental set-up of the ROKK-1M facility at the storage ring VEPP-4M
(BINP, Novosibirsk, Russia ). L1 is a focusing lens ; M1, M2 are mirrors; Cis a 4
mm x 4 mm collimatpr of 10 cm of lead ; CM is a cleaning magnet ; SC is a
scintillation counter ; T + D are the stacks of targets and makrofol detectors ; PC is
a proportional chamber with 2 mm lead converter ; Nal(Tl) is a total
photoabsorption calorimeter of 10 cm x 10 cm x 40 c¢m for gamma-beam

spectrometry and dose measurements.

Fig.2-Typical spectra of backscattered Compton y-beams (normalized to one photon)
taken with the Nal(T1) calorimeter after collimation. Curve 1: kmax = 134 MeV,

k =120 MeV :curve2: Kmax = 165 MeV, k =145 MeV .

Fig.3- (a) Fission-vield strength, o({k) - (dn/dk) , plotted against photon energy for Bi
target at 165-MeV Compton-edge energy. o{k) is the average photofission cross
section trend from data of [ 4, 10-12, 22-24 ], and dn/dk is the measured
Compton spectrum shown in fig.2 (curve 2). The energy values ks, , ki k2, and
ks define the various energy regions in eq.(3). The same is shown for Pb (b) and
Au (c) targets: o{k) is the average trend from data of [13, 25] for Au, and the

measured o, -curve of [26] for Pb.

Fig.4.- Vanation of nuclear fissility, f, with photon energy , k , for Bi, Pb, Au, Pt , and

W targets . data points represent f-values obtained with Compton backscattered

photon beams : O, LADON beam at Frascati [4,6]; O , ROKK-IM beams at

Novosibirsk [ 8] : @, ROKK-IM beams at Novosibirsk (this work) . The dashed

curves are to guide the eyes.

Fig.5- The same as in fig.4 for Ta, V, and Ti targets. Also shown are the data for '"*Yb

and *Sm ( A) obtained with virtual photons [23] .
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Fig.6- Nuclear fissility plotted against parameter Z*/A of the target nucleus. Data of
the present measurements at 120- and 145-MeV incident photons are reported,

respectively, in b) and c¢) ; previous data at 100-MeV incident photons [8] are
reproduced in a) . Points are experimental data - @ **Bi, , ™'Pb, '"’Au, ™Pt,
w173 'V, and ™Ti of this work and [8]; Q **Bi of [12]; V ™TI of
28] ; A ,7Yb of [23]; O ,™Bi of [25]; @ ,"Au of [13;, O,
“®Bjof [11]. The full lines are least-squares fits of the data in the range

28< Z*/A <33 . To facilitate a comparison between the present results and the

100-MeV data, the full line in a) is reproduced ( dashed line) alsoin b) andc) .
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