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1. - INTRODUCTION,

The low energy photofigsion of nuclei has been studied, up to now, by using photon sources ob

tained by electron bremsstrahlung(l'g) or by radiative neutron capture in selected elernents(lo'm)

or by posgitron annihilation in flight(M‘). Esach of such beams presgents characteristics which often
limit its use and make very hard the experimental data analysis,

In this paper we show the improvements that can be attained in performing photofigsion expe-
riments at energies Ey £ 10 MeV by using the monochromatic and polarized photon beam available
at the Frascati Laboratories.

The photofission study at photon energy Eys 10 MeV is very interesting because it permitsto
deduce information ol the levels in the transition state nucleus and on the structure of the poten-
tial barrier at the scission poinnt, Such information is generally deduced by the analysis of photo-
fisglon cross-section and fragment angular distributions measured at different excitation energies
near the figsion threshold,.

The photofiggion of even-even actinide nuclei is a very gimple case because the low-energy

photon absorption occurs through electric dipole and quadrupole processes which produce com-



pound-nucleus states only with .J = 17, 2t
The photofission cross-section in the giant dipole resonance (GRD) region hag been widely
studied hy using different photon beams and different fragment detection techniques (see Caldwell

et al.(m)

, and references therein),

The experimental data for 238U and other actinide nuclei at photon energies from fission
threshold up to .Ey = 9 MeV show discrepancies both on the behaviour and on the absgolute values,
ag clearly evidenced in Fig, 10 of ref, (14).

The angul ar distributions of fission fragments, measured by unpolarized photon k)earns(s'loln),
have permitted to deduce information only for three low-energy fission charinels in the transition
state of the nucleus. Up to now the presence of the (K, J) = (0, 2+), (0, 17) and (1, 17) channels has
been observed, K is the J-projection on the nuclear symmetry axis,

In a recent experiment(l"r’) on the electrofission and photofission of 238() & more significant
el ectric quadrupole contribution in the 6-9 MeV energy region has been suggested; this contribu
tion cannot be clearly seen in an angular distribution analysis using the conventional photon beams.

A significant improvement in the information on the fission channels can be obtained by using
a monochromatic and polarized photon beam, as demonstrated by some of us 1A a previous workl 16),

The advantages attained in performing photofission experiments with a polarized photon beam
are described in Sect, 2,

A photon heam with the required characteristics is at present available at the Frascati Nation
al Laboratories (LADON facility(17)),

The main characteristics of this photon beam are described in Sect, 3,

The experimental technique for the measurements of photofission cross-seection and angular

digtribution ig reported in Sect, 4,

2, - FRAGMENT ANGULAR DISTRIBUTIONS,

The energy levels of a fissioning nucleus in the trangition gtate are characterized by the quan
tum numbers J (tot al angular momentum), X (projection of J on the nuclear gyrometry axis), M
(component of J along a space-lixed x axis, for example the incident beam direction) and the pa-
rity . In the low-energy photofission of even-even nuclei, compouhd-nucleus states with J =
= 1=, 2% and M = T1 are excited.

Assuming that the fission fragments are emitted along the nuclear symimetry axis, the frag-
ment angular distribution depends on the probability distribution of the symmetry axis direction,
Such a distribution has been calculated by Wheeler(18) and, in the case of fisgion induced on even-

even nuclei by unpolarized photons, is expressed in the following form:

Ty o 2041 l J |2 l J lz
W (@) yumn [ d, k@] + a0y k) (1)
where dJ . are real functions of ‘@ (the angle of fragment emission with respect to the beam di

M, K



rection) and are defined in ref, (18).

I the absence of polarization in the incident beam, the fragment distribution in a plane perpen
diculdy to the z-axis (azimuthal distribution) is isotropic because all azimuths of J about this axis
are equally likely,

By usihg & linearly polarized photon beam, we have shown(16) that the fragment angular distri

bution in the fission of even-even nuclei, is given by:
2J+1 1 J 2 J 2 J I

where P is the photoh polarization degree and @ is the azimuthal angle measured with respect to
the polarization directioni, In the case P =0, eq.(2) gives eq.(1); in the cage P =1 (highly polariz
ed photort beam), eq.(2) clearly indicates that the fragment distribution is strongly dependent on
the azimuthal angle .

Till now the analysis of the experimental angular distributions in photofission of 238y and oth

&r even-egven huc:lei(s’ 10, 11)

has permitted to deduce information only on three fission channels
characterized by the quantum aumbers (K, J) = (0,21, (0,17) and (1,17).

Using the extra information supplied by the new degree of freedom related to the polarization
direction, we can try to get more data on the fission mechanism. In particular we can try to digent
ahgle the behaviour of a larger number of fission channels.

At low energies Ey£9 MeV, we are looking for the following five channels: (K, J) = (0, 1),
(0, 24y, (t1, 17), (f1, 2N, (t2, 2™),

The azimuthal distributions WI‘]{(W/Z,‘ @) and W (1t/ 4, @), expected for the considered five

channels, are reported in Figg. la and 1b, respectlvely.

420 LA ANSRL ARES IS A RS N 20 L -i | E— x LR
- a) ya - b) :
16} (0,2Y) / . 161 w
o 12+ . -
= 1 ,
> 08k 0.1} = )
;I s o 4 )
C)Zi - \-:::‘*---—“- ~1
s (2,257 |
OO“ | Lo (1."2 +)| \T“Tw ’ ) ' ] ]
0 20 40 60 80 O 20 40 60 80

tpo kpo
FIG. 1 - Fragment azimuthal distributions in the fission induced on even- even nuclei by
1,01:a11j polarized photons., a) Distributions WJ (m/ 4, @); b) Distributions WK(M/Z ),



FIG, 2 - Fragment angular distributions

WIJ<(0 ,7/2) in the fission induced by photons on
even-even nuclei, The continuous curves areob
tained for I =1, the dashed ones for P =0, -

in Wigg, 1 and 2 are collected in Table I,

The angular distributions VV;Q(Q L0/2) ex-

pected for the same five channels and cal

culated for P =1 (continuous curves) and

P =0 (dashed curve‘s) respectively, are re -

ported in Fig, 2,

Comparing Fig. la and 1b we observe
that the azimuthal distribution WIJi(:rc/z, )

for the (0, 2+) channel is identically zero;

on the contrary, for the same chatinel, the

digtribution Wg((ﬂ?/él, ®) is strongly increas

ing. In Fig. 2 we can algo deddce that inthe

case of the (0, 2'"') channel excitation we ha

ve for P=1 and ¢ =n/2 an angular distri-

bution that is twice the one obtained for

P =0, As a consequence, we can better ob

serve such a state by measuring the

W(m/4,®) and W(0, 5/2) distributions by

means of highly polarized photon beams,

The analytical expressions of the azi-

B

muthal and angular distributions, plotted

TABLE 1 - Analytical expressiong of the azimuthal and angular distributions of fisgion fragments
of even-even nuclei for individual dipole and quadrupole channels.

Channel WJ 11 J. J, 0
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4 4 4 8 4
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5. 9% | Sstner Letn20) - Ep(sin?o - LeinZzay | 2+ 3P0 2 sin2e) |2 (3451 . B ain

(T2,2M . 8(sm 9+4om 20) - 8F’(sm ] 75in" 2 9) g +8P(1 2 sin” @) 32(3+]P)- 1Bfti’sm @

The improvetnent on the obtainable information on the fission-channels, consists in the fact

that at least four channels can be analysed with polarized photons, by considering the distributions

W(0,m/2) (angular distribition in a plane perpendicular to the polarization direction of photons)




and W(r/4,¢) (azimuthal distributions of the fragments emitted at 0 =m/4),

If all five considéred channels are involved in the reaction, the total distributions W(0, 7t/2),
WH{m/4, P) can be written ag
1

(9, m/2)+ o (0, m/2)+

2 1
g = /
{0, @/ 2) 00» ZWO (9, w/2)y+ 0 W 1 1

2
0, 1% W (9, m/2) +

1,2 1

+ 0, WZ(O, w/2) =a+b sinzg + csim2 29,
s 2 2 (3)

S )
Wi/ 4, 9) = 0 oW, (/4,9)+0y Wy ) (74,9) %1 Wy (4, 9)+ %, 2™ (4, )+
222ﬂ/4¢»-A+Bsm‘P ,

where the coefficients O j are proportional to the cross-sections for photofission through the
)
corresponding channels, and WK have the analytical expression reported in Table I,

Thirg, the followihg gsystem of linear equations for the Ok 3 unknowns is obtained:

'3 5
879,177 %,2 -
b = "(1+P) Bhepe -21-m e +201-P)g
0,178 1,178 1,273 Oy, °
¢ =Buipyg L -2(14P) o, L+t (14+P)0 (4)
i6 0,278 1,21 33 9,2 * '
A=201.P) g +-5(3+P)o, +2(1-P)g. _+-2(14+P) ¢ = (3+P)o
8 0,17 16 1,17 Tgl P oy ot 75 1,27 9,2 °
3 3 15 5 5
= (= - - — - - - e
B=P(F051°5 9%,1"F %,27§ “1,2° 16 %2,2 -

Fror the best-fits of ’;he experimental distributions W(@, m/2) and W(m/4,9) we determine
the parameters a,b, ¢, A and B,

In the case of tinpolarized photon bearns, we can meagure only the angular distribution W;L(Q)
from which the coefficients a,b and ¢ can be determined and then is not possible to analyse more
than three fission channels.

On the contrary, in the case of measurements with polarized photons, we obtain the system
(4) the matrix of which has rank equal to 4, consequently we can analytically deduce the contriby
tions of at least four channels,

At photon energi_e:s we are analysing, the excitation of the (0, 2"'), (0,17), (1,17) channels has
been ascertained, In order to identify the fourth channel among the five -.considered (it is possible
to egtimate the contribution solving the system (4)), we can analyse the behaviour of the angular
digtribution measured for ¢=0, In fact the W‘IT{(O, 0) distributions, valued for P =1 and drawn in
Fig. 3, indicate that the contribution coming fr'.om the channel (1, 2+) is gtrongly different from

that of the (2,27) channel,



Moreover we want to remark that an improvement
in the information on the fission channels can be obtain
ed by using polarized photons also in the casewhere on
1y three channels are excited. That is shown in appen-

dix.

MG, 3 - Fragment angular distributions wY (0, =09
in the fission induced on even-even nuclei by totally
polarized photons.

3. - PHOTON BEAM,
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The monoenergetic and polarized LADON photon beam is produced at the Fragcati National

Laboratories by backward Compton scattering of Laser light on high energy electrons. An Argon
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FIG, 4 - a) Photon Mux; b) Fractional energy resolu
fion (Full width half maximum), The dashed lines ha
ve been obtained by a Monte-Carlo calculation with
the best estimates of the électron beam parameters,
The solid lines delimit the uncertainty we have inthe
knowledge of these parameters,

Q
Ton Laser (4 = 5145 A) and the elec
tron storage ring Adone (B

= 1,5 GeV) are used.,

Srax

The main characteristics of the
Y-ray heam are(17),

a) a photon energy continuously ad-
justable between ~ 5 MeV and
~ 78 MeV, for an electron ener-
gy ranging from 0.37 GeV to 1.5
GeV ;

b) a beam intensity between ~ 104
and ~ 10° photons/sec, depending
on electron energy, electron cur-
rent, Laser power and photon ener
gy resolution;

¢) an energy resolution between ~1%
and ~10%;

d) an almost total linear polarization
(P=1); ‘

e) a low background of photons of dif
ferent energy.

The photon iritensity measured
with a Nal(T1) detector and a Lead
Glags Cerenkov counter is reported
in Fig. 4. The experimentalresults
have been obtained for an electron
current I,= 75 mA, a Laser energy

per pulse of 3x 1077 g (20W x 15 ns)



and-an acceptance solid angle of 2,5x 10"8 sr. The dashed line in Fig. 4 has beefi obtained by a

Monte-Carlo calculation with the best estimates of the electron beam parameters, the solid lines

delimit the uncertainty we have ih the knowledge of these parameters.

The beam energy resolutionhagbeenmeasured
with a Ge(Li) detector for y-rdy energies up to 12
MeV and with a 1809 pair spectrometer for photon
eriergies higher than 30 MeV, At 15,1 MeV an in-
direct measurement of the energy resolution has
been obtdined by the resonant scittering of photons
on 12¢, The experimental data are reportedin Fig, 4.

Fig. b shows the compariSon betweeén an expg
rimental photon gpectrum at Ey®78 MeV, obtain-
ed with the spectrometer after bremséstrahlung sub
traction, an the corresponding Monte-Carlo calcu-
lation,

The piolarization of the y-ray has heen verified
by a scattering experiment of 15,1 MeV photons from
a 12¢ target aid by an experiment on deuteron photo
disintegration(lr‘”u The results of the polarization
degree P of the photon beam are 0.9910.02 and
0.97710.06 respectively, The two measures sgree

with the theoretically predicted value of ~ 0,999,
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F1G, 5 - Experimental photon spectrum

obtained 8t E =178 MeV with the pair
spectrometer compared with & Monte-
Carlo calculation (dashed line),

4, - FISSION FRAGMENT DETECTION AND EXPERIMENTAL PROCEDURE.

The fission experiments are performed by detecting the fragments by means of solid state

track-detectors (SSTD).

For fission cross-section measurements, a thin target of the sample and a detector strip

are tightened together in order to ensure a complete surface contact in such a way to obtain a

2iv-geometry,

The various types of track detectors ha-

TABLE II - Critical angles 0, and detection ve a "critical angle" 0., defined between the

SRS T—

efficiencies in 2m-~geometry of various solid
state track detectors for fission fragments.

Detection
Detectors OC efficiency
Soda-lime glass 35°30" 42, 6%
Mica 4930! 91,8%
Macrofol (Bayer) 3° 95, 2%

a different detection efficiency

fragment direction and the detector surface,
For fragments impinging the detector surfa-
ce with an angle 0 < 8¢ the tracks fail to re-

gister. Congequently the various SSTD have

(19)'. Thevalues

of 0, and the corresponding efficiencies in
"2mw.geometry" for some SSTD are collected

in Table I, The data are from ref, (19),



Among the various track detectors, we have choosed the mica and the macrofol (Bayer) asthey
are found to have a very high efficiency and they are also obtainable in very thin layers. This en-
able us to irradiate simultaneously several target-detector pairs without to sensitively degradethe
spectrum of the y-ray beam. The selected detectors are able to withstand high exposure doses of
photons and, also, to discriminate fission tracks against high background of less ionising radiations
ag, for instance, y-rays and a-particles.

After the exposure, the detector layers are etched by an appropriate chermical solution and the
lission tracks are counted under an optical microscope.

In order to obtain the ahsolute values of the fission cross-section, thin targets of known thick-
ness are required, In the present experiment the targets are prepared depositing by thermal eva-
poration a layer of the sample onto very thin Al plates, The thickness and the uniformity of each
layer are measured by an optical interferometer and by the charged particle backscattering tech-

nique, The lirst method, which requires an appropriate evaporation technique(zo)

, allows us only
to measure the layer thickness with an experimental accuracy of 0,005 wm, The second one, de
scribed in detail in ref.(21), gives directly the number of atoms per cm? of the sample with an ex
perimental accuracy better than 5%,

A cylindrical chamber placed co-axially with the photon beam direction is used for the measu
rements of the angular and azimuthal distributions of the fission fragments. A detector foil (mica
or macrofol) covers the internal wall of the cylinder and the target of the sample ig mounted on

the base of the chamber, as .shown in T'ig, 6,

photon beam photonjbeam
D
— 1/

—

s SUPOR R

FI1G. 6 - Schematic diagram of the
track registration geometry used
for the angular and azimuthal di-
stribution measurements, T = fig-
sioning target; D = SSTD foil. The
right-hand drawing illustrates the
position of the detector foil during
irradiation, The left-hand drawing
shows the unfolded detector foil,

) es

This cylindvical chamber allows us to obtain simultaneously the angular distributions at va-
rious azimuthal angles @ and the azimuthal distributions at various emission angles 0 by means
of only one irradiation at a fixed photon energy.

In fact, by measuring the track density (number of fission events per surface unit) registred



in a "vertical" strip of width Aa, along the cylinder axis, we obtain the fragment distribution

against the angle 0 of emission with respect to the photon beam direction, at a fixed value of the
azimuthal angle gpi'Aq; . This is the angular distribution W(9, ¢fixed)‘ An other strip of detec-
tor, symmetric to the first one with respect to the photon beam; gives an identical information.

The medsurements, moteover, of the figsion trdck density registred in a-"horizontal® strip
of width 41, at a distance r from the line base of the cylinder, allowsiug to deduce the fragment
distribution against the azimuthal angle ¢ at a fixed emission angle 8 T A40. This is the azimuth
al distribution W(0s,0q:P).

The Fig, 6 show the track registration geometry used for the fragment distribution measure
ments. By using a cylindrical chamber of radiug R =2 cm and length L =20 ¢m, we can measure
angular distribution between 0,1y ¥ 60 and 0,,,, ~ 80°, with respect to the photon direction. The
values 0,44y depend not only on the geometrical arrangement of the chamber but also on the thick
ness of the fissioning sample because of the effects of the fragment absorption in crossing the
target,

In order to neglect the loss of fragments due to the absorption, the thickness s of the target

‘must satisfy the following condition :
_i g D (5)

where © is the shortest range of the fission fragments in the sample,
In the case of 238y, being ¢ *8 mg/ em? (ref, (22, 23)), the target thickness must be s £ 1.4
2

mg/em®, if one wants to detect fission fragments also emitted at Bmax ¥ 80° with respect to the

photon beam,
The experimental set-up drawn in Fig, 7 allows us to perform simultaneously the measure-

ments of the fragment distributions and of the crosg-section,

| D /[l)
| T \‘-—zz-_-‘-m;&:mg \
/ | _
I photon beam
— i — e ] ‘\Lf
T

fission fragment distributions and of cross-sections. A = cylindrical cham
ber; D = SSTD foil; T = target,

In this condition, the outher surface of the first detector of the stack collected also the fission

fragments emitted at 8 =0° from the target placed on the base of the cylindrical chamber,
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APPENDIX.

In order to show the improvement in the information on the fission channels that can be attain

ed by using polarized photons also in the case where only three channels are excited, we have per

formed a numerical sirnulation. We have as-

sumed the experimental data of the fission {rag
ment angular distribution obtained for Ey=1.38
MeV-and P =0 by Dowdy and Kr‘ysinski(ﬂ). The
eXperimental points and their errors have been
deduced by Fig. 3 of ref, (11) and are plotted in

Fig, 8 (closed circles),

T"rom the least-square fit of these experi-
mental points (dashed curve of Fig, 8), we have
obtained the a, b and ¢ coefficients and then,
solving the first three equations of the system
(4) Tor P =0, we have estimated the three un-

knowng ¢ a and o,

0,2 %, 1 RE The obtained va

lues are reported in the first column of Table III,

TABLE Il - Values of the partial cross-
section 6g 7 for photofission throughthe
.c-.ot'rw.‘sspc,mcf'i.n;_; channel (K,J). Arbitrary

units,

P -0 P
% 9 0,025 ¥ 0,019 | 0.036 % 0.009
o, | 0.473 t 0.025 | 0.461 T 0.011
o 0,452 1 0,017 | 0.436 ¥ 0.011

15

e 1.0
=

0.5F .

OO I L | | ) I i [ i
0 ZO’ AO 60 .\3" 80

F1G, 8 - Fragment adgular distribution W(@)
in 238U photofission at Ey =7,38 MeV., Ex-
perimental points: e data from ref, (11);
& data evaluated by us (seetext), The dash
ed curve represents the leagt-square fit in
the case P =0, the continuous one is the best
fit for P =1,

Startihg from these values of ()’OJ 9 0"0, {
and 01,9, We have evaluated the angular distri
bution W(@,/2), expectedin the cage P =1,
Then a set of errors, extracted by a gauss
ian population with a relative standard devidtion
equal to that of the initial experimental data, ha
ve been added to the obtained points, So we have
got the data reported in Fig, 8 as cloged trian-
gles. In the same figure the continuous curve re
presents the least-square fit from which we ha-
ve deduced the a, b and ¢ coefficients and their

errors,

Solving the first three equations of the system (4) in the case P =1, we have estimated the

and ‘71

0,1 )1

unknowns, reported in the second column of Table III.

From Table 1II we note that the values of the partial cross-sections agree within the experi-

mental errors in the two cases, but the errors on the cross-sections obtained for P=1 are low-

N
er than the ones for P =0,

(0, 2ty contribution.

A strong improvement is obtained particularly in the estimate of the
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