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Abstract

The bremstrahlung induced fission of 242U and 2*?Th has been studied at the superconducting Darmstadt linear accelerator (S-
DALINAC) in the excitation energy region close to the fission barrier. In this contribution results on the fission fragment mass,
total kinetic energy (TKE) and angular distributions will be presented. Fission fragment mass and TKE distributions from 2**U
were studied for the first time in this energy region. The results have been analyzed in terms of fission modes and a dominant yield
of the mass asymmetric standard-2 mode was found in all studied nuclei. No strong dependence of the fission mode weights on
the excitation energy of the compound nucleus were found. Correlations between mass, TKE and angular distributions have been
investigated in 234U and ?*’Th. A correlation in form of an increased anisotropy for far-asymmetric masses and low TKE were
found in both fissioning systems. A possible interpretation of this correlation in terms of fission modes is discussed.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Guest Editor: Mr. Stephan Oberstedt - stephan.oberstedt@ec.europa.eu

Keywords: Photofission, Mass, TKE, Angular distribution;

1. Introduction

Near-barrier fission proceeds through a few low-lying collective excitations, the so-called transition states (Bohr,
1956). The absorption of real photons takes place mainly as an E1 excitation offering low-energy photofission of
even-even nuclei the advantage of spin selectivity. The sequence of transition states on top of the fission barrier is
sensitive to the barrier structure, and is reflected in the angular distribution of fission fragments. A long standing
question concerns the possibility of correlations between fission fragment mass and angular distribution. If there
exists different paths through the landscape of the fission barrier, leading to different mass splits, one may expect
differences in the available transition states for these paths and thereby a correlation between fission-fragment mass
and angular distributions. Such correlations have been found to exist in photofission (Wilke et al., 1988; Steiper
et al., 1993). We have performed systematic studies of fission fragment characteristics, including mass and angular
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distribution correlations in the 2*U(y,f) and Z3>Th(y,f) reactions and investigated the possibility of relating the mass
and angular distribution correlations to the two standard modes of fission (Brosa et al., 1990).

2. Experimental setup and procedure

The experiments were performed at the Darmstadt High-Intensity Photon Setup (Mohr et al., 1999; Sonnabend
et al., 2011), located at the end of the superconducting injector linac of the Superconducting Darmstadt linear ac-
celerator (S-DALINAC (Richter, 1996)). The S-DALINAC electron beam was used to produce bremsstrahlung in a
radiator consisting of four copper sheets. After passing a copper collimator the bremsstrahlung reached the fission tar-
get placed inside the fission fragment detector, a twin Frisch-grid ionization chamber. The fission targets consisted of
thin layers (<90 pg/cm?) of UF, or ThF, vacuum-evaporated onto one side of thin (~35 pg/cm?) polyimide foils with
thin gold layers (~50 ug/cm?) evaporated onto the opposite side. The twin Frisch-grid ionization chamber consists of
two ionization chambers placed back-to-back on a common cathode. The fission target is placed in a hole in the com-
mon cathode, allowing coincident detection of the two fission fragments. The cathode—grid distance was 3 cm, while
the grid-anode distance was 0.5 cm. The volume between the electrodes is filled with P-10 gas (90 % Ar + 10 % CHy)
at a pressure of 1.05 bar, continuously flowing through the chamber at a flow rate of about 60 ml/min. The Frisch-grids
were kept at ground potential, the operating voltage for the cathode (-1.6 kV) was chosen in order to ensure stability
of the pulse-height defect (Tovesson et al., 2002) and drift velocity (Kryachkov et al., 2003), for small variations in
reduced field strength. The operating voltages for the anodes (+1.0 kV) were chosen to avoid collection of electrons
on the grid (Bunemann et al., 1949).

2.1. Data analysis

The determination of fission fragment masses is based on the well established double kinetic energy (2E) technique.
Conservation of linear momentum, with the approximation that the mass of the two fission fragments is equal to the
mass of the fissioning nucleus leads to the following relation

Es;

M2 =ArRE

ey

where A, and E|, are the fragments’ mass numbers and kinetic energies, respectively, TKE = E; + E; is the
total kinetic energy, and A is the mass number of the fissioning nucleus. The emission angle was extracted from
the drift time of ionization electrons, which, besides the determination of angular distributions, allowed correction for
angle dependent systematic errors in the pulse height data. A detailed description of the procedure for determining the
emission angles and the subsequent corrections to the pulse height data can be found in Ref. (G6ok et al., 2010). The
pulse-height defect (PHD) of the counting gas was taken into account in calibrating the measurement using results on
bremsstrahlung induced fission of 23U at E; = 8.5 MeV from Pommé et al. (1994), with a parameterization of the
PHD according to Budtz-Jgrgensen et al. (1987). Prompt neutron evaporation by the fission fragments was taken into
account using experimental data from Apalin et al. (1965) and Piessens et al. (1993).

3. Experimental results and discussion

Pre-neutron fission fragment mass distributions for 233U, 23*U and *’Th are displayed in Fig. 1. The mass yield
is normalized to 200 %. The distributions have been labeled with the calculated average excitation energies and
consecutively displaced by 2 %. The preference for an asymmetric mass split, characteristic for low-energy fission
of actinide nuclei, is easily recognized in all the mass distributions. The results for 2*¥U(y,f) agree well with earlier
experiments (Pommé et al., 1994). For 2**U the mass yield in the region above Ay ~ 140 increases going from
(E,) = 7.23 MeV to (E,) = 6.49 MeV, while the mean heavy-fragment mass remains constant within the statistical
uncertainty. Further lowering of the excitation energy causes a decrease in mass yield above Ay ~ 140, which leads
to a slight decrease in the mean heavy-fragment mass. For 232Th an increase in the mass region above Ay ~ 140 is
observed, going from (E,) = 7.26 MeV to (E,) = 6.68 MeV.
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Fig. 1. Fission-fragment yield as a function of fission-fragment mass number from the reactions 233U(y, f), 24U(y, f) and 32 Th(y, f). The curves
are consecutively displaced by 2% and labeled with the average excitation energy.

3.1. Identification of fission modes

Further investigation of the experimental data was performed within the multi-modal random-neck-rupure model (Brosa
et al., 1990). Three fission modes were considered; the two mass-asymmetric standard modes (S1, S2) and the mass-
symmetric superlong mode (SL). The contribution of a particular fission mode to the yield as function of mass and
total kinetic energy is described by

_(A B <A>)2 > 200 2 - (L - ma)c)2
20'124 TKE xp (L - lmin) ldec ’

Y(A, TKE) = —~ exp( 2
2o

I 234,
u(r.f
1500~ <E,> = 7.23 MeV/

2000

>} >
2 1500(— -
8 =
2 1000 2 1
5 S
I 3 - .
g | § 1000
500~
500(— B
0 X PPN o SR . bk e D L il 8
720 730 40 750 76! 026" F58"T40 150 160 170 180 190 200 ~£10
Mass Number (amu) TKE (MeV)

(TKE) (MeV)
e (MeV)

I I L\ L L L L ST
T30 740 |§U 760 o 120 130 140 150 161

Mass Number (amu) Mass Number (amu)

Fig. 2. Fission-fragment yield as a function of mass (top left) and TKE (top right) as well as average TKE (bottom left) and width (bottom right) as
function of the fragment mass from 234U(y, f) at(Ey) = 7.23 MeV. The solid red lines represent results from fits according to Eq. (2), the different
colored lines are the model components.
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Fig. 3. Fission-fragment angular distribution from 232> Th(y, f) at bremsstrahlung endpoint energy Eo = 8.0 MeV. The solid line shows the best fit
of Eq. (4) to the region indicated by the full black circles.

where L is the distance between the charge centers of the fragments at scission. Considering only the Coulomb
interaction this quantity may be approximated by

_ Z1Zyé? ALAH(%)zez

" TKE =~ TKE

The parameters of Eq. (2) have the following intuitive meanings:

L 3)

The most probable distance between the fragment charge centers at scission is denoted by /.,
the smallest allowed distance by /.

The exponential decrease in yield with simultaneous increase in L is described by /4.,

and w represents the weight of the mode.

The fits described the measured distributions well for all sets of data, details can be found in Ref. (G66k, 2012). An
example of the fit is shown in Fig. 2, displaying data from 23*U(y,f) at (E,) = 7.23 MeV together with the results of
the fits. The characteristic parameters of the mass distribution obtained from the fits to the 2**U data are in agreement
with theory (Brosa et al., 1990) as well as earlier experimental investigations (Pommé, 1992). We note that for the
24U (y,f) reaction we deduced mode weights different from a preceding study (Godk et al., 2011). This discrepancy
can be shown to arise from an increased target thickness used in the previous experiment (Godk, 2012).

3.2. Angular distributions

The experimentally found fission-fragment angular distributions are parameterized by the theoretically expected
ones, given by the expression

W(0) = A + Bsin® 6 + C sin® 26, C))

which is normalized according to foﬂ W(0)sinfdd = 1. Angles close to 90° are excluded from the fit, since there
the data is influenced by absorption and scattering in the target. Angles close to 0° are excluded as well, due to the
uncertainty introduced by the limited angular resolution. In Fig. 3 the angular distribution determined for >*Th(y, f)
at bremsstrahlung endpoint energy Ey = 8.0 MeV is shown as an example. The experimental data is obviously well
described by the fit to Eq. (4), represented by the solid red line. As expected for the photofission of 232 Th, the angular
distribution shows a distinct dipole pattern, peaked at 6 = 90°. The first hint for a correlation between the fission-
fragment masses and their angular distribution can be seen in Fig. 4, which shows the distinctly different angular
distribution patterns found for a quasi-symmetric (S) and an asymmetric (A) mass cut. The mass cuts shown on
the right-hand side of Fig. 4 were rather arbitrarily chosen, and a more quantitative procedure is desirable. This is
achieved by the introduction of a parameter M*, according to

W, M*) = f " W(6,A)dA, )
A=M*
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Fig. 4. Angular distribution from 23*U(y,f) at Eg = 7.5 MeV in a quasi-symmetric (S) and an asymmetric (A) mass region, as indicated on the right
hand side. Only events with cos 6 > 0.4 are shown, since the mass cuts are not defined for lower values of cos 6

where A is the heavy-fragment mass number. Similarly, for the TKE dependence a parameter TKE" is introduced,
according to

W(, TKE") = f W(0, TKE)d(TKE). ©6)
TKE=TKE"

For each value of the parameters M* and TKE" the expression in Eq. (4) is fitted to the resulting angular distribution.
The result of applying this procedure on the 232 Th(y, f) data at Ey = 9.5 MeV, and the 2*U(y, f) data at Ey = 9.0 MeV
is shown in Fig. 5. An increase in the anisotropy B/A correlated with an increase in M* is seen for both 2*Th and
234U, similarly an increase in the parameter TKE* is correlated with a decrease in the anisotropy B/A. This gives a
consistent picture when keeping the (TKE)(A) dependence in mind. For the asymmetric mass peak, the further away
from symmetric mass splits, the lower is the TKE, neglecting the low yield symmetric component.

Assuming that each fission mode has a fixed set of angular distribution coefficients for a particular bremsstrahlung
endpoint energy, as suggested by Knitter (1991), the fission mode yield can be used to calculate the dependence of the
angular distributions on mass and TKE. The mode-specific angular distribution coefficients can then be extracted from
a fit to the data displayed in Fig. 5. If different outer barriers of the standard modes are responsible for the mass and
TKE dependence of the angular distributions, the same set of parameters must describe both dependences simultane-
ously. The red lines in Fig. 5 display the result of a fit to the TKE dependence, here the same set of parameters also
describes qualitatively the mass dependence. Similar mass and TKE dependences of angular distributions were found
for all investigated bremsstrahlung endpoint energies, and the same procedure for extracting mode-specific angular
distribution coefficients could be applied. The result for the ratio B/A sensitive to the outer barrier is shown in Fig. 6,
as function of the bremsstrahlung endpoint energy. It was found that the B/A ratio for the S2 mode is larger than for
the S1 for all endpoint energies in both 232Th and 2**U. The fact that the mass and TKE energy dependence of the
outer barrier sensitive B/A ratio of angular distributions exist and can be described by the standard modes of fission
is a strong indication that separate outer barriers do exist for the standard modes, as suggested on theoretical grounds
in Oberstedt et al. (1998); Duijvestijn et al. (2001); Vladuca et al. (2002). With more excitation energy available
on top of the barrier, a smaller value for the B/A-ratio is expected (Jacobs and Kneissl, 1991). The result that the
B/A-ratio for the S2 mode is larger than for the S1 mode suggests that the outer barrier for the S2 mode has a lower
penetrability. This is contrary to what is expected from the relative yield of the standard modes, hence the relative
importance of the standard modes cannot be exclusively a consequence of different outer barrier penetrabilities. In
order to understand this contradiction it will be interesting to extend the experiments to lower excitation energies,
with the aim of extracting quantitative information on barrier heights and curvatures from mode separated angular
distributions.
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Fig. 5. Dependence of the ratio B/A of angular distribution coefficients
on mass and TKE cut off parameters in 2*U at Eg = 9.0 MeV (top) Fig. 6. Ratio B/A of the angular distribution coefficients determined for
and 232Th at Ey = 9.5 MeV (bottom). Data on mass and TKE cuts the two standard fission modes in 3*U(y,f) and **Th(y.f) as function
according to Egs. (5) and (6) are shown as points. The solid red curve of the bremsstrahlung endpoint energy.

indicates the calculated behavior based on independent angular distri-
butions for the two standard fission modes.
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