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ABSTRACT

A measurement of the angular distribution and yield of
n -> (1

fission fragments from photoi'ission of "* u har. been per-

formed between 5-2 MeV and 6. *t MeV. As y-sout-ce the brems-

strahlung from a microtron has been us^' . For the detection

of the fission fragments solid stače t.-̂ ck detectors were used,

The yield data were evaluated to approximate cross sections.

The data were analyzed within the framework of the double

hump barrier model.

E NUCLEAR REACTIONS 2^öU(y,D E = 5.2 - 6. 'I

measured angular distributions and yields.

Natural uranium target. Solid-state track detectors.
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I Introduction

- Since the discovery of the double-hump, barrier-by Strutinsky

(1,2), it „has become possible to interpret fission phenomena

such as gross structure fission resonances and delayed fission.

The Strutinsky method has now been used by many theorists to

calculate fission barriers. In calculations which include the

mass-asymmetric degrees of freedom, it has been found that the

outer saddle point appears at a stable octupole deformation (3-6).

The mechanism of the low energy fission process is explained by

the channel hypothesis by Bohr (7). according to this hypothesis,

the nuclei excited to energies close to the fission thresholds

will have most of their energy bound as deformation energy, when

they are deformed to the second saddle point. The excitations

should therefore be of the same nature as the low energy exci-

tations ,of the ground state nucleus.

Bohr also pointed out the special simplicity of the (ys£) process

for even-even nuclei. These nuclei have spin and parity I =0

in the ground state. Photoabsorption at fission threshold ener-

gies takes place mainly through electric dipóle and quadrupole

(El and E2) transitions» yielding nuclei with I = 1 and 2

respectively. The transition states of the even-even nucleus

should therefore resemble the lowest l" and 2' states present

at the ground state deformation.

Basically, the quantum numbers characterizing the transition

state are the spin, the parity and the projection K of the spin

on the nuclear symmetry axis. However3 due to the complexities

of the potential and the possible admixture of non-axially-symmetric

components, the K quantum number might change along the fission

path (8). The limited number of total spins which can appear in

photo-absorption of even-even nuclei implies that photofission

is convenient in studying transition states. The marked energy

dependence of the fission cross section at energies close to

the fission barrier makes it necessary to use strong y-fluxes

when studying fission cross section at low energies. Even if

successful results have been obtained using "quasi-monochromatic"

(9) and "tagged" photons (10), bremsstrahlung is still a useful

tool when studying angular distributions and fission cross

sections in the deep subbarrier region.
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In this papers we report measurements of differential angular

yields and total yields of the 23 U(Y»f) reaction. Approximate

cross sections are evaluated from the yields and comparison

with.model calculations is used to extract information about

the fission channel spectrum.

2. Experimental procedures..

The experiment was performed with the 6.5 MeV microtron of

the Royal Institute of Technology in Stockholm (11, 12). The

electron resonance energy was determined by the number of orbits

and the magnetic field strength. The latter was determined with

an accuracy of O.1JE using electron spin resonance. The spread

of the electron resonance energy was 5Q~60 keV. As bremsstrahlung

converter we used a platinum target 2 mra thick. Behind the

target a circular steel casette was placed, which supported the

solid state track detectors in the form of strips of Makrofol.

The angular distribution of fission fragments was measured in

angular bins of 15° from -30° to 120° with respect to the photon

beam. The outer bins (-30° and 120°) were used for control

purposes only. The net current on the bremsstrahlung converter
"5 X R

was recorded and used for yield normalisation. The Ü target

used consisted of natural uranium (UF^, 0.8 and 3.5 mg/cm
respectively). The targets were evaporated as circular spots

with a diameter cf 10 mm on a thick Al backing. Further details

of the experimental 5et up are to be found in (13). The method

used to develop and ucan the track detectors is described in (14)

5* Evaluation of the experimental results.

The differential photofission cross section for combined

dipóle and quadrupcle absorption is given by Vandenbosch and

Huizenga (15) as

L

BIT
- a + b sin 6 •) c sin^ 26

The total fission cross section:

fff =

We define

+ |£ b + 3|L c

(I)

(2.;
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The fission fragment cross section is

afragm = d ' af

In a bremsstrahlung experiment, the corresponding quantities are

Ifragmv

where e.g.

b« = b'(Em) N(E,Em) • b(E)dE

with N(E,E ) the bremsstrahlung spectrum.

The experimentally observed yield in detector "i" can be

expressed

AY. =

The constants a., ß. and y a r e specific relative constants for

detector "i" and are evaluated by integration over the finite

linear and angular dimensions of the experiment. The integrations

have been performed using a Monte Carlo method. From equation (4),

the constants a', b' and cf together with their standard de-

viations xirere calculated as functions of energy, using the least

squares method.

In the low energy region, parts of the experiment were performed

using a thick fission foil (3.5 mg/crn ). For such a foil, it is

necessary to correct the angular distributions3 due to the angu-

lar dependence of the detection efficiency. The method of

correction is described in (13). Some of the measured angular

distributions and their least souares fits are shown in fig. 1.

Prom the evaluated yields Y& = Sira', Yb =
g

and Yc = fip
c

(shown in the lower parts of fig. 2 respectively), approximate

fission cross sections are evaluated.

3.1 Evaluationof

L
The usual way of evaluating cross sections from yield data is

to solve a set of linear equations with the inclusion of a suitable

smoothing procedure. Here, another approach is taken. In ref

(13), an empirical bremsstrahlung spectrum was calculated. It



was found that a linear spectrum could well be fitted to a set

of experimentally measured thick target spectra in the energy

region 5-10 MeV. The result was

N(E,E ) = K(Sm) • (E -E)m ni m

where K(E ) = 2.6(E -4) photons/MeV'sr-electron.

The spectrum is given in units of photons/electron«sterad MeV.

This approximate spectrum has been used to calculate the cross

sections. Due to the simple form of this spectrum, there exists

a direct way of calculating the cross sections from the yields

0(0 =
m
-E)a(E)dE

d E.
m

or with a specific resolutions A,

In order to calculate the aerivates of the "G-function", it

has been fitted with a cubic spline function.

A theoretical cross section has been integrated with the assumed

spectra, and a smocfcn line was drawn through the calculated yield

data. Prom the resulting curve, data were read off in intervals

of 25 keV and with an accuracy of approximately 5?, which corres-

ponds to the accuracy in the experimental data of the Y. yield.

The evaluation was done with 100 keV resolution. The results of

the evaluation are shown in fig, 3-

The calculation of the "experimental" cross section was done in

the same way as in the test above. The results in fig. 2 show

resonances in the cross sections, resonance structure being ob-

tained only where the corresponding structure is present in the

yield curve. The strength of the resonances is rather uncertain

due to the dependence of the results on the particular line

fitted to the experimental points in this region. The dashed

band in fig. 2 corresponds to results from different fits, when

one allows approx. 10% deviation from the experimental yield
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data in the structure regions. In the evaluation of the Yc yield

which has larger errors in the experimental data, an approximate

yield curve is drawn which resembles the gross structure of

t h e d a t a , •-.- - •. '•• '-•"•::--- • - - - ; . . - ; -: -..-•--•_.- - '•-".:.-;•'•-•

To specify the absolute errors of the cross sections evaluated

is difficult. Even if this could be done, one has to remember

that we have used an approximate bremsstrahlung spectrum in the

evaluation and that the errors associated with such a spectrum

are probably largest in the resonance region, where the yield

data are most sensitive to differences from the exact shape.

On the basis of what has been discussed above, the cross sections

evaluated must be considered as showing only the qualitative

form of the resonance structure.

The absolute scale of the cross sections has been correctly

evaluated. The absolute error, which corresponds to a joint

shift of all the cross sections calculated, is estimated to

be 50JÍ. This is composed mainly of errors in target thickness,

current integration, experimental dimensions and the absolute

error in the shape of the bremsstrahlung spectrum.

4. Discussion of the experimental results.

The experimental results are summarized in fig. 1,2,4,5.

In fig. 4 our c/b values are compared with the results of ref.

(16,17). In the low energy region, the agreement is good. A

disagreement is observed at higher energies, and even if the

statistical errors at those higher energies are large, the

discrepancy seems to be systematic.

A similar discrepancy was observed when we compared our corrected

values obtained with thick targets to the results of our thin

target measurements, i.e., the corrected experimental values

for thick targets seemed to be "over-corrected", yielding a

smaller quadrupole component.

Due to this discrepancy between our thick-target and "thin11-

targst measurements, in the high energy region, our final re-

sults, which are.mean values of several repeated runs, do not-

include deviating thick target results.

In fig. 5, his. values are compared with the corresponding data

from ref. (16,17).

'-' !i
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Our evaluated cross section has been compared with the total
Y,f cross section measured by Axel et al. (10). The resonance
structure evaluated from our yield data has a strength which
differs from the results by Axel et al. (fig 2). This might be
a result of the problems discussed above. An additional reso-
nance is observed at 5>35 MeV, which will be discussed below.

5. Model calculations.

In the analysis of our experimental data, there are three
main assumptions.. First, it is assumed that the photo fission
process at low energies is a two-step process. The- absorption
of a photon by the nucleus creates a compound nucleus, which
decays by fission, Y-deexcitation or, if possible, by neutron
emission. Next, we assume that the major part of the excitation
energy at large deformations is tied up as deformation energy,
i.e., the excitation spectrum at the saddle point is similar to
the ground state spectrum at low excitations (Bohr's channel
hypothesis). Third, the deformation potential is assumed to be
a double-hump barrier. For the special case of low-energy photo-
fission, we refer to the work of Vandenbosch and Huizenga (15).

If the cross section for a specific set of auantum numbers I11,K
IK

is o , the calculated cross sections are related to the domi-
nant channel cross sections as follows

= c and = cr2+0

The channel cross sections are calculated in the form

L

T7

abs The (Y»n) competition is not
included.

5.1 The £hotoabsorp_tjLon eross_ jäecition.

As knowledge of the photoabsorption cross section at low
energies is limited, we have adopted the energy dependence
suggested by Axel (18)

1~ ^ fl/^
°Y abs = B*(E/7) (0.01 A) '•> mb with B = 3.5

The constant B has been chosen to give an absolute absorption
cross section in agreement with the results of Veyssiere et al,
(19). The quadrupole absorption cross section is assumed to be



proportional to the dipóle absorption cross section with

= 0.04 ± 0.02 ref. (13).

5.2 The barrier £enetration £O£fficsient

The barrier penetration coefficient was calculated in an one

dimensional double hump barrier model, assuming a barrier con-

sisting of three smoothly joined parabolas. The method is out-

lined in ref (20) and our special constraints are described in

ref (13).

5.3 Calculations of P

The radiation penetrability P was calculated within the

framework of statistical theory of nuclear reactions (21) with

data for 238U taken from Back et al (20).

L

6. Comparison between theory and experiment.

In the analysis of our results we have not tried to make it

complete in the sense that all sets of barrier parameters des-

cribing the cross sections should be determined. Our main pur-

pose with the analysis has rather been to use the results from

ref (2O0 as an approach, and then, because of the selectivity of

photofission, use our results to obtain additional information

about a few transition states.

As a starting point we compare the theoretical cross section,

given by the parameters for the ground, state barrier as found

by Back et al, to the experimental a cross section evaluated

by us. Here we assume the two barriers to be nearly degenerated,

but a small energy difference due to rotational energy can be

expected.

?+n
The final parameters used to fit our a data together with

the results from Back et al, of the ground state barrier»

are listed in table 1.

Our absolute fit was obtained with a' /a = 1/30. On this first

comparison between the experiments the agreement seems to be close,

for instance, the low energy resonance at = 5.1 MeV observed in

the t,pf data, is also indicated in our results, making the

resonance parameters in the fits consistent.
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In the continued analysis, the barrier parameters for the 1 0

barrier should be determined. Three constraints are imposed on

this barrier, as the e-values (see fig 6) calculated from the

2+0 barrier parameters are assumed to be identical. The inclusion

of these constraints leaves three independent barrier, parameters

(E., ETI, EB) to be evaluated from the fit to the or cross

section.

In the experimental a cross section two resonances are observed

(see fig 2) at 5.35 MeV and at 5.65 MeV. The difference of

0.3 MeV between these resonances is not possible to reproduce,

U3ing the free parameter^ and the fixed e-values, i.e. we +

have to reanalyse the a cross section. A nevr fit to the a

results was obtained, the main difference being.to replace
2 0

hu = 0.9 with hw = 0.55. The new theoretical a cross section,

together with the first calculated, are shown in fig 2.

The fit to the a1 ° cross section now shows two resonances in

the region studied, the experimental structure is, however,

not completely reproduced.

We have not tried to improve the fit further, but have considered

the results described above to be reasonable. To the best of

our knowledge, the 5.35 MeV resonance in the cross section has

not been observed earlier. Its existence is not contradicted

by the results of Axel and careful inspection of the (t,pf) re-

sults shows some tendency for structure to occur at this energy.

As in our earlier work (13), we havejaot tried to extract a full

set of barrier parameters for the o _cross section. This is

due to the fact that the calculated_cr cross section shows

almost the same structure as the a cross section,„and one

might therefore suspect that the structure in the a cross

section is caused by scattering in the fission target.

The relative influence of scattering should be determined in

measurements with thinner targets, however this is difficult

because of the small isotropic cross section.

The interpretation of the a cross section is even more complex

if K-mixing is present in the second well, jsince K-mixing

might cause similar reproduction of the er ^ cross section

as scattering.
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The parameters used in the fit to the cross sections are

summarised in table 1, The parameters for the l"*l barrier given

in table 1 correspond tö a cross section with a base line as

indicated in fig. 2» the resonance structure being disregarded.

7» Conclusions

As a result of this experiment, vfe observe that: first, the

outcome of the analysis of our data is consistent with results

from the analysis of (t,pf) data, except for the presence of a

resonance structure at 5.35 MeV which alters the values of the

resonance parameters. Second, the best fit is obtained with an

approximate degeneracy of the outer barriers for the 2+Q and

l"0 channels.

Recent results of (22), have indicated two separate fission

paths, corresponding to Y'deformed and octupole-deformed outer

saddle points.

It is shown in (22) that the inclusion of the Y-deformed fission

path explains the high Pf values measured at energies above the

barrier.

One may ask if this Y"deformed fission path can successfully

compete with the "normal" fission path even at suboarrier energies.

In ref (22) energy difference of * 0.3 MeV between the saddle

points is suggested, the Y-deformed being the higher one.

To make predictions in subbarrier fission, however, one has to

know the shape of the Y-deformed barrier and also calculate the

corresponding mass parameter.

The analysis of subbarrier photofi3sion data has indicated near

degeneracy of the outer saddle points for the 2+0 and l"0 channels

(10,13, this work), which is in agreement with a mass-asymmetric

outer saddle point.

Because of this unclear situation, we just want to point out,

that the interpretation of subbarrier fission might be more

complex than hitherto assumed, but on the other hand, subbarrier

fiss&on experiments show no conclusive evidence for the existence

of competition from a Y-deformed fission path in this energy

region.
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TABLE 1.

The parameters describing the double hump barrier,

as obtained from the best fits to the experimental data.

>v Channel

Parameter ^-x

EA
ETT
h
huA
h ( üII
h(üB

V0

1 *«vr

(MeV)

(MeV)

(MeV)

(MeV)

(MeV)

(MeV)

(MeV)

(MeV)

|
i

0*0
Back et al

5.90+0.2

2.15

6,12+0.2

1.0
0.90

0.62

0.0

0.0

0.1

2*0
First

5.90+0

2.20

6.10+0

1.0
0.90

0.65

0.05

0.0
0.1

fit

.2

.2

2*0
Second

5.95+0.

2.20

6.15+0.

1.0
0.55

0.6S

0.05

0.0

0.1

fit

2

2

! i-o
Second fit

6.7+0.2

2.7

6.0±0.2

1.01
0.57

0.52

0.04

0.0

0.1

1"1
Second fit

i

6.8+0.2 i

i
6.5±0.2 i

1 . 0 i
-
0.6

1.0 j
0.0

0.1 !
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Figure Captions

Pig. 1, Some measured angular distributions (circles) normalized

to the maximum value. The dashed curves represent the

components of the angular distributions, as given by

the best fit of the constants a» b and c. The solid

curve is the sum of these components. Both the experi-

mental values and calculated components represent

histograms, the width of each bin being 15°» but for

greater clarity, the curves are drawn.

Fig. 2. The figure shows in lower part experimental yields {k)

the solid curves are fits to the yield points. The

upper part shows corresponding evaluated cross sections

(solid curves). The points (4>) are data from Axel et al.

CT^J : dashed curve gives the final calculated fit.

0c: dashed curve - a fit with barrier parameters similar

to those of Back et al. Dash-dot curve results with

the changed resonance parameters.

aa: dash-dotted curve assumed energy dependence of the

cross section which approximately corresponds to the

barrier parameters given in Table 1. The resonance

structure disregarded.

The solid curves represent the theoretical test cross

section and the yield.

The dashed curve is the evaluated result.

c/b (e.g. c'/b') as a function of maximum y-energy.

Our measurements ($). Measurements of Ref. 16.17 (k),

respectively. Errors shown are statistical.

b/a (e.g. b'/cl) as a function of maximum v

Our measurements ($). Measurements of Ref. 16, 17

(k) respectively. Errors shown are statistical

The shape of the double hump barrier used in the model

calculations. The parameters describing the barrier

are defined.
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