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1. - INTRODUCTION,

The photofission.of heavy elements at photon enerpgies k > 100 MeV has been largely studied
in several laboratories {1-17 only by bremsstrahlung photon beamns because of the lack of suitable
powerful monochromatie gamima sources with variable energy.

The photofission yields per equivalent quantumn g (k) are measured for several values of the
maximum energy k., of the bremgstrahlung spectrum. The fission cross-section f(k) is deduced
from the experimental yields by solving the integral equation of the process (Volterra linear equa
tion) in the form

k
glk ):j Tl k) H(k) di (1)
[8}

m

where WN(k, km) is the number of photohg per unit k interval,

Several numerical methods (18-23) have been developpedinorder to solve equations of the ty-
pe (1), that, as it'is well known, dre particularly "unstable'. Considerable difficulties are found
if the kernel ./V(k,km) has a very weak dependence on the energy (20) ag in the case of measure-
ments made with bremsstrahlung beam from. an amorphous target. This could g)a‘rtially explain
the discrepancies among the f(k) behaviours reported in the litteratura (2, 3,5,6,8-17),

In previous papers (24-26) an improvement in fission measurements was obtained by uging
the quasi-monochromatic photon beam from the Frascati electronsynchrotron by coherent brems
strahlung of 1000 MeV electrong striking a diamond single crystal. This photon beam was charac
terized by a "quasi-monoenergetic'' main peak lying on a continuous spectrum (27) The experi-
mental yields, for ki) = 1000 MeV fixed etergy, resulted to depend noticeable on the energy k; of
the photon main peak. The accuraté knowledge of the used photon spectra and the application of
an appropriate unfolding method to the experimental data permitted to deduce (25,26) the photofis
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sion cross-section with higher reliability than the f(k) behaviour obtained by other authors by brems
strahlung photon beams.

The experimental yields measured for 9 elements with 73 ¥ Z £ 92 resulted congistent with
cross-sections that clearly show a resonance centred at photon energy of about 340 MeV in a very
good agreement with the energy of the first baryon resonance in the pion photoproduction, The
energy dependence of the obtained cross-sections was adequately explained 26, 28) by assuming
a photomesonic mechanism of the fission process with a nuclear fissility increasing with photon
energy at least up to 500 MeV.

The experiment with the coherent photon beam was performed by changing the energy k. of the
main photon peak in the range from 220 MeV to 550 MeV; thus the results are reliable in this ener

gy region. For experimental reasons it was not possgible to work at energies k;i < 220 MeV.

The opportunity to extend the photofission measurements at lower energies, with particular
care for the region near the photomesonic threshold, has been offered by the monochromatie pho-
ton beam from annihilation of positrons onhydrogen reslisedatthe LEALE Laboratory of Frascati (29",
This photon beam shows a monoenergetic peak at the correct annihilation energy with a bremsstra
lung continvous tail,
The main characteristic of the photon source are described in Sect. 2.

The energy of the monochromatic photon peak can range from 100 MeV to 300 MeV,

This enable us to perform measurements ifi an energy range where the accurate knowledge
of the photofission cross-section could permit to deduce informations on the energy dependence
of the nuclear fissility at energies where both the role of nucleon clusters (quasi-deuteron model)
and of single nucleons (photomesonic model) are relevant in the photon absorption by the nucleus.

In order to estimate the cross-section with good.reliability it is necessary to know exactly
the shape of the used photon spectra. Photon energy spectrum measurements are performed by a
magnetic pairs spectrometer - described in Sect. 3 - that enable to measure on-line the spectrum
of the photon beéarm during the irradiation of the photofission samples.

The results of the search for the experimental conditions at which it is advantageous to use
the annihilation photon beam in order to perform fission experiments, are reported in Sect. 4.

The behaviour of the photofission yields has been calculated taking into account the improving
of the annihilation to bremsstrahlung ratio Ng/ Ng as a function of the collection angle of the pho-
ton beam. Meanwhile intensity and energy resolution of the photon peak decrease. For this reason
we looked for & compromision between a large value of the ratio Ny/Np and a suitable intensity
of the photon beam in order to have reasonable exposure times,

The experimental technique we used to detect the tiggion fragments is reportéd in Sect. 5.

2. - PHOTON BEAM.

The monhochromatic phdton béam is obtained by positrons annihilation on an hydrogen target,
0. 011 radiation lenghts thick. The absolute value of the positrons current on the target can be me
asured by a Faraday cup (used also as beamn catcher) put in the focal plane of a damping magnet,“
after the annihilation target. The expected features of the photon beam have been evaluated by ta-
king into account the positron beam characteristics, the multiple scattering and the energy loss
in the target (30),

In Fig. 1 the results of the calculdtion performed for a 0. 011 radiation lenghts thick hydro-
gen target, at two different angular collection conditions, in the erergy range 100 + 300 MeV,
are given. The dashed curves give the rumber of annihilation photon per incident pogitron. The
solid lines give the number of annihilation photons per second, The dotted curves give the FWHM
energy resolution of the annihilation peak.

Photon yield measurements are performed with the aid of a Wilson type quantameter modified
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FIG. 1 - Photon beam features for 0. 011 radiation lenghts hydrogen target at a)
0.0 5.8 mrad and b) 17. 5 T 5, 8 mrad photon collectron angle 8 y « The dashed
lines give the number of photons per incident position. The golid lines give the

numbier of annihilation photons per second (Cu converter, 100 p. p. 8. repetition
rate), The dotted lines give the FWHM annihilation peak resolution;

in the integration system according to Komar suggestions (31)

: , in order to obtain a constant sengi-
tivity in the energy range 5 MeV + 5 GeV.

By two bending magnets which give a vertical deflection (32) the positrons diréction way be
changed. by 0° up to 1. 5° with respect to the one of the photon collection.

As it is known (33) (see Fig, 2), the increasing of the collection angle 0 y of the photon beani
respect to the positron one, improves the annihilation to bremsstrahlung ra.io. Meanwhile, intensi
ty and energy resolution strongly decrease with angle. In Fig. 2 the behaviour of the ratio
R= NA/NB (Np = number of annihilation photons, Ny = number of bremsstrahlung photons, with ener

ty above 5 MeV) versus the mean photon collection angle, at a fixed collimation and for two positron
energies, is reported.

3. - PHOTON ENERGY SPECTRUM MEASUREMENTS,

A rectangular flat pole C-type magnet already existing in Frascati Laboratories (dithensions
40x 90 cm?2, gap 15 em; PS in Fig. 3) is used as an on-line paifs spectrometer (34,35) The elec-
tron positron pairs are deflected at ~ 110° and are detected by two multiwires proportional cham
bers (useful areas 26x13 em2), The spectrometer characteristics are: momentum acceptance

no 14%; resolution better than 0. 17%; energy dispersion a 0, 77 MeV/cm. The overall distance
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FIG. 2 - Behaviour of the ratio R= NA/ NB (NA F num
ber of annihilation photons, NB = npumber of brems-~
¢trahlung photons, with energy above 5 MeV) versus

s < 9y> ata fixed collirnation (T 4 mrad) and for

, ) U two position energies (E += 150. 51 MeV full line;

5 10 15 mrad  Eet+ = 200, 51 MeV, dashed line).

o

FIG. 3 - Photon beam layout. BgBy bending magnets; H hydrogen target; D dam
ping magnet; 'C7C8 collimatorg; PS pairs spectrometer; T experimental; Q quan
tameter.

between the conversion targets and the wires chambers is under vacuum. In Fig, 4 a picture of
the vacuum chamber is shown, Five aluminum targets can be inserted on the photon beam: three
rectangular shaped (1x55, 3x55, 10x55 mrnz, respectively) 0, 005 mm thick; the fourth and the
fifth, circular, 55 mm diameter, 0. 005 and 0. 01 mm thick, respectively. A target out position

ig also available,

The counting rate expected with an aluminum converter 1. 10~ 4 radiation lenghts thick, for
photon energies 295 + 300 MeV and photon yields 5 - 104 7/sec is about 40 counts/sec.

At present, in both arms of the spectrometer electrons (positrons) are detected by a four

plastic scintillators hodoscope Ey + E, (P1 + Py4) {dimensions 10x1x 2 em3) followed by a fifth
counter E5(P5) (dimensions 10x0,5 cm3). In Fig. 5 the block diagram of the electronics igreported.
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FIG. 5 - Block diagram of the electronics for the detection sy~
stem in the pairs spectrometer.

Signals from the various counters are transfered to a PDP 15/40 computer, which gives on a
gcope an on-line energy spectrum of the photon beam,

4. - PHOTOFISSION MEASUREMENTS.

In photoreaction experiments the optimum condition is represented by a monochromatic pho-
ton beam, as the experimental yields measured at different energies of the photon peak directly
give the cross-section without solving the integral equation of the process.

By using a quasi monochromati¢ photon bearn, as that described in Sect, 2, ‘a sensible impro
vement respect to a bremsstrahlung photon beam is obtained if the contribution to the gtudied pho
toreaction due to the monochromatic peak is relevant compared to the contribution due to the con-
tinuous bremsstrahlung tail.

In order to investigate the suitability of the use of a photon beam from annihilation for photo-
fission experiments we calculated the behaviour of the yields expected starting from an assumed
f(k) cross-section and making different hypothesis on the value of the ratio NA/NB- This ratio, as
previously said, increases by inereasing the collection angle 8y  of the photon beam,

in the calculation the studied nuclei were divided into two groups:

a) nuclei with fission threshold at energy below the giant resonance (Z » 90);
b) nuclei with fission threshold at energy above the giant resonance, but below the threshold of
pion photoproduction (70& Z < 83).

The yields were cdlculated by folding the eq. (1) with the kernel Ak, k) properly evaluated
taking into account various experimental condition of the photon spectrum.



At present, only preliminary measurements were performed with the magnetic pairs spectro-
meter. The photon spectrum from annihilation of positrons was calculated starting from the elec-
tromagnetic cross-section and taking into account positronbeam characteristics, multiple scatter-
ing and energy loss in the target and in the crossed media,

The photon spectra were estimated for 11 positron energies, spaced 20 MeV from 100 MeV to
300 MeV and two different 0y, 0+ 5 mrad and 17.5 * 5 mrad, respectively,

The calculations were not extended at angles higher than 17. 5 mrad, due to the strong decrea-
ing of the photon intensity and to the low figsion cross-sections expected in the energy region con-
idered,

s
In order to solve the integral (1), the kernel Nk, k) was calculated at equally spaced values

of k, with 5 MeV steps and corrispondently we assurmed a f(k) cross-section, as we shall say later
on.

The numerical integration was performed by means of the Sim
gy of the incident positron as upper limit of the integral (1),

pson formula, assuming the ener

4.1 - Nucleil with Z > 90,

In the case of photofigsion of Z 3 90 nuclei, the contribution due to the dipole absorbtion of
photons (gilant resonance) is relevant because of the low fission threshold energy.

For our calculation we chose 2381 for which the f(k) is known enough in literstore (36) for
kX 100 MeV,
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In Fig, 6 the assumed f(k) cross- - 2
section is reported. The dashed curve
{k & 100 MeV) shows the behaviour de
duced from the results of other au- i
thors (36}, the continuous one (k » 100 100!
MeV) represents the behaviour obtain-
ed by the coherent photon beam of Fra-
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The continuous curves reported in
Fig. 7 are the results of the g(lkyy,)
yields expected at two different valites
of 8y . Inthe same figure the dashed
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curves represent the gB(km) yields cal
culated by considering only the contri-
bution arising from the bremsstrahlung
photons holded in the spectra.

) K (Mev) 238
FIG. 6 - Photoffision cross-gection of U versus

the photon energy Km of the annihilation peak. Dagh-
éd curve: behaviour deduced from literature. Conti-
nuous curve: behaviour obtairied by Frascati coberent
photon beam.

The comparison between the curves
of Fig. 7 clearly indicates that the an-
nihilation photon beam at #, = 17.5 mrad
is more resolutive than the photonbeam at 0 y = Omrad. Inthe lastcase, infact, the contributiontothe
yields from the monochromatic photon peak is very small with respecttothe one fromthe bremsstrahlung
photons. The gp(k,,) contributionis certainly relevant inthe Uranitim photofigsion because of the high va
lue of the cross -sectionat 10-20 MeV photon energies, asFig, 6 shows, and of the large number of brems
s:tr’ahl‘u%g photons, \ _ , . . ,

In Fig. 8 the values of the ratio [g(.km) - gplky)] /e(ky,) at two different angles © y are re-
ported, This ratio represents the contribution to the yields coming from the annihilation photon
peak with respect to that from the whole spectrum,

The continuous curve, calculated with the spectrum at 4, = 17. 5 mrad, just shows the advantage
that one reaches by using the photon beam with a higher ratio Na/Ng.
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4. 2 - Nuclei with Z € 83,

For Z £ 83 nuclei, the coritribition due to the absorbtion of photons from the giant resonance
is negligible because of the high fission threshold energy.

We performed the calculations on Bi by assuming the f(k) behaviour obtained in the previous
measurements

As the data were in arbitrary units, we calculated the f(k) values in barn by evaluating the to
tal absorption cross-section on Bi at 340 MeV, following the procedure previous ly described 225)’
and assuming a constant fissility equal to 0.12, as suggested by Vartapetyan et al. (14) The ob-
tained f(k) cross-section is reported in Fig. 9. Taking into account the low photcfission ¢ross-sec
tion f6r k < 80 MeV, in folding the eq. (1) we neglected the value of the product A1k, ky,)f(k) for
k < 80 MeV respect to its value averaged between 80 MeV and 300 MeV,

In Fig. 10 the g(k, ) behaviours obtained with the photon spectra at ¥, = 0 mrad and 19), =17.55
mrad (continuous curves) are compared with the gplk,,) values (dashed curves) expected by taking
into account only the bremsstrahlung photon tail of the spectra.

The values of the ratio rg(km) - gB(km)] [glkyy,) at &y = 0 mrad (dashed curve) and Fy=17.5

mrad (continuous curve), respectively, are in Fig. 11.
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Non forwarlésé?%he photon beam is clearly advartageous, At i7. 5 mrad, in fact, the monochro
matic part of the photon gpectrum predominates in determinating the fission yields, since in the
case of Bi the contribution of the bremsstrahlung tail is small because of the low fission cross-
section for k < 80 MeV,

As a consequence, the annihilation photons behave as a mornochromatic beam.

5. - FISSION FRAGMENTS DETECTION,

In previous works (11, 24-26) we used glass sandwich detectors for fission ¢cross-section mea
surements. This technique consists in putting a metal target of the sample bétween two glass pla-
tes. Each sandwich is exposedtothe collimated photonbeam which impinges orthogonally tothe plates,

After the exposure, the glass plates are etched with a HF solution and the fission tracks, ob-
served by an optical microscope, appear circular, as Fig. 12 shows,

The scanning system permits to discriminate the fission tracks from the damage of the glass
plates due to the irradiation, especially in the case of large exposure doses for samples with ve-
ry low fission cross-sections.

If the cross-section behaviour, and not its abgolute value, is looked for, very thick tar-
gets (0. 2 pm) are used. In this case, we are able to collect a sufficient number of fission tracks
in reasonable exposure times.

In order to obtain the absolute values of the cross-sections thin targets of known. thickness
are requested. The sandwich detectors are prepared depositing by thermal evaporation a layer of
the sample directly into the surface of one of the two glass plates. The plates are tightened toge-
ther in order to ensure a complete surface contact. The thickness and the uniformity of each
layer are measured by an optical interferorneter and by the charged-particle backscattering tec-
hnique. The first method, which requires an appropriate evaporation technique , allows only
to measure the layer thickness with an experimental accuracy of 1t 0, 005 pm. The second one,
described in detail in ref, (36), gives directly the nutnber of atoms per ecm? of ‘the sample with
an experimental accuracy better than 5%.
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