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Photoexcitation mechanisms investigated through the fission channel
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An approach for the delineation of the compound nucleus excitation energy, from the photofission cross
section at intermediate energies, is worked out. An application for182W, Au, and Ta is presented. The potential
of this formalism, for the study of pion properties inside the nuclear medium, is discussed.
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Pion propagation in nuclear matter is a key issue in p
physics, and the available information so far obtained
come mostly from pion absorptions studies@1#. However,
pions interact so strongly that whatever process they ind
is likely to originate in nucleons in the low-density nucle
surface. On the other hand, since nuclear matter is very tr
parent to photons, pion photoproduction would occur,
principle, with equal probability in the nuclear volume. Th
would allow the study of pions behavior in thedense portion
of the nuclear medium, too. In this report we propose a n
formalism for the analysis and interpretation of photonucl
reaction through the fission decay channel, as an alterna
for the study of pion-nucleus interaction. This formalism w
applied in the interpretation of recent electrofission data
tained at Sendai for182W, Ta, and Au.

The absorption of an intermediate energy photon initia
an intranuclear cascade~the fast step! in which particles of
the continuum leave the nucleus~preequilibrium emission!
all along until thermal equilibration~compound nucleus for
mation!. In the second step~the slow step! the compound
nucleus evaporates or goes into fission. Thus, becaus
preequilibrium emissions, the excitation energyEx of the
compound nucleus is only a fraction of the incident pho
energyv. For photon energies above the pion thresh
mp ~;140 MeV! the amount of energy deposited (Ex) is
strongly dependent on the ‘‘story’’ of the photopion as, e.
if the pion escapes or not from the nucleus. Therefore,
experimental extraction of the functionEx5Ex(v) would
provide us with information about pions in the nuclear m
dium, as shown below.

Assuming that the fission decay proceeds through c
pound nucleus formation, the experimental photofiss
cross section is given by@2#
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sg, f~v!5 (
~Ac ,Zc!

sc~Ac ,Zc ;Ex!•Pf~Ac ,Zc ;Ex!, ~1!

wheresc is the cross section for the formation of the com
pound nucleus (Ac ,Zc), Pf is its fission probability, and
Ex5Ex(v).

In the photon energy range pertinent to this paper,
Ac andZc distributions are not broad. In fact, we know fro
Monte Carlo calculations that, forv'200 MeV,
Āc>A21.5 and thatZ̄c>Z20.5, where (A,Z) is the target
nucleus@3#. Thus, we can simplify our approach by assu
ing that only onecompound nucleus is formed: the mea
compound nucleus (Āc,Z̄c) with a mean excitation energ
Ēx5Ēx(v). With this approximation we obtain

sg, f~v!5sc~Āc ,Z̄c ;Ēx!•Pf~ĀcZ̄c ;Ēx!. ~2!

We also note that@4#

sc~Ēx!

Ēx

5K•
sT~v!

v
, ~3!

wheresT is the total photoabsorption cross section, andK is
a factor phenomenologically introduced in Ref.@4# and
physically defined in Ref.@5#.

Substituting Eq.~3! in Eq. ~2! we obtain

v•
sg, f~v!

sT~v!
[Fexp~v!5K•Ēx~v!•Pf~Āc ,Z̄c ;Ēx!. ~4!

The quantityFexp(v) is entirely obtained from the experi
mental data, while the functionK•Ēx•Pf is obtained by
means of a theoretical calculation~details below!. The solu-
tion of Eq.~4! for Ēx(v) is achieved graphically; this is don
for 182W, Ta, and Au~see below!. The reasons for the choic
of preactinide nuclei were discussed at length elsewh
@2,6#.

The electrofission cross sectionsse, f of
182W, Ta, and

Au, were recently measured at the Tohoku University Lin
~Sendai! — the results are shown in Fig. 1; experimen
details in Refs.@2,6,7#. It is interesting to note that thes
three preactinides exhibit shoulders at the same energy p
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54 3295BRIEF REPORTS
tion (Ee'220–230 MeV; see Fig. 1! — this is a convincing
evidence to the fact that the same ‘‘physical effect’’
present in all these nuclei. These structures are associate
course, with the corresponding ones in the (g, f ) curves.

From the virtual-photon theory we know that

se, f~Ee!5E
0

Ee
sg, f~v!NE1~v,Ee!

dv

v
, ~5!

whereNE1 is theE1-virtual-photon spectrum, andEe is the
incident electron. In Ref.@2# is the detailed justification for
the use of only theE1 component.

The delineation ofsg, f was performed both by the un
folding of se, f @Eq. ~5!# using a least structure unfolding
routine, and by means of a new deconvolution techniq
which does not depend on virtual photon spectra and unfo
ing procedures~details in Ref.@8#!; the results from these
two techniques are identical. The curve in Fig. 1 represe
the sg, f solution for 182W. Since the results for182W, Ta,
and Au are similar, we discuss the data analysis with m
details only for 182W.

By combining sg, f with sT taken from the literature
@9,10# we calculatedFexp(v) @Eq. ~4!# — Fig. 2. The extrac-
tion of Ēx5Ēx(v) is accomplished by the graphic resolutio
of Eq. ~4!. To this purpose we calculated the right-hand te
of Eq. ~4!, that is,KĒx•Pf(Ēx), by means of well-known
statistical based relations@11,12# and procedures@3,12# for
Pf , plus the assumption that the level density is described
the so-called Fermi gas expression@11#. Since atĒx*30
MeV shell effects in nuclei are small, we used liquid-dro
quantities calculated by the method of Myers and Swiate
@13#, in order to obtain fission barriers and neutron bindi
energies for all nuclei participating in the fission-chain dec
~see Ref.@3# for more details!. The constantK was obtained
by imposing normalization ofsg, f

calc @Eqs.~2! and ~3!# to the
experimental (g, f ) curve aroundv5160 MeV, where struc-
tures are absent. We found out thatK'5 for the three nuclei,

FIG. 1. Data points: electrofission cross section of Ta, Au, a
182W ~left-hand scale!. Solid curve: unfolded photofission cross se
tion of 182W ~right-hand scale! — uncertainties are;10%. The
dashed curves are to guide the eyes.
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which compares well with results obtained for actinides@4#.
The result for the functionK•Ēx(v)•Pf(Ēx) is shown in
Fig. 3.

Finally, combining the result forFexp ~Fig. 2! with that
from Fig. 3, that is, by imposing~Eq. ~4! to them, we got
graphically the functionsĒx5Ēx(v) shown in Fig. 4. Al-
though the magnitude ofĒx(v) is uncertain within
;10–15%, its shape is by far more accurate. In fact, t
shoulders exhibited byĒx(x) can be observed by a mere
visual inspection of the (e, f ) primary data~Fig. 1!. In this
sense, uncertainties arising from the calculation of th
smooth curveK•Ēx(v)•Pf(Ēx) do not generate structures in
the solutionĒx5Ēx(v); they affect absolute values only.
But, anyway, we checked our calculations forPf(Ēx) by
comparing them with lower energy (g, f ) data (v&140
MeV!; reasonable agreement~within ;10%) was obtained
for the three preactinides.

d
FIG. 2. The experimental quantityFexp, defined by Eq.~4!, as a

function of the incident photon energy. The solid curve was o
tained from a simulation where photopions escaping from t
nucleus are not considered.

FIG. 3. The quantityK•Ēx•Pf(Ēx), as a function of the mean
excitation energyĒx , obtained fromPf calculated in the way de-
scribed in the text.



r
th
g

r
os
an
m
d
b
ke
i

es
s a

f

-

ilib-

ner-
rgy

c-
ns
nu-

rgy

we
ns-

-
are
tion

uld
reti-

ety

3296 54BRIEF REPORTS
We would like to point out that the purpose of this repo
is the presentation of an analytical method to deduce
average excitation energy of the compound nucleus, usin
main input the photofission cross section. This (g, f ) cross
section can be obtained from electrofission, as in this wo
or directly from tagged-photon experiments, as, e.g., th
planned to be carried out in Saskatoon with actinides
preactinides@14#. Regarding the physics to be obtained fro
Ēx5Ēx(v), we note that this is an enterprise which deman
detailed theoretically based calculations and, therefore, is
yond the scope of this brief report. However, we would li
to comment on the following aspects of the results shown
Fig. 4.

~1! We know from literature that at photon energi
v*150 MeV the cross section for pion photoproduction i

FIG. 4. The mean excitation energyĒx , as a function of the
incident photon energyv ~uncertainties, not shown, are;10 –
15 %!. The dotted-curve~right-hand scale! representslp , as calcu-
lated in Ref.@15#, as a function of the pion kinetic energyTp ; note
that, in our case,Tp5v2mp ~see text!.
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steeply increasing function ofv, up to the peak of the delta
resonance (;300 MeV!, in contrast to the flat behavior o
theQD-cross section atv,150 MeV.

~2! On the other hand, our results forĒx(v) exhibit dis-
tinct shelves atv'170–200 MeV for Au, Ta, and182W; that
is, in this energy rangeĒx(v) does not respond to an in
creasingv.

~3! INC–Monte Carlo calculations@3# indicate that the
number of protons and neutrons emitted at the preequ
rium stage does not vary substantially forv'170–200
MeV. In this case, the flat behavior ofĒx(v) would be a
consequence of an accentuated increase of the kinetic e
gies of the emitted particles in a narrow photon ene
range; this is unlikely to happen.

~4! The pion mean free pathlp calculated by Hecking
@15#, as a function of the pion kinetic energyTp , exhibits a
broad maximum aroundTp>40 MeV corresponding to
v>180 MeV, since for photopionsv>Tp1mp ~neglecting
recoil! — see dotted line in Fig. 4.

~5! Quite compelling is the fact that the maximum oflp

is ;6 fm, while the radii of the three investigated prea
tinides are in the interval of 6.5–7 fm. Thus photopio
would have a greater probability of escaping from these
clei at energies around the broad maximum oflp , which
encompasses the region of the shelves (; 170–200 MeV!.
Therefore, the nucleus would lose more energy in this ene
region, preventing its warming up.

~6! From these arguments, we are tempted to say that
found experimental evidences supporting the ‘‘nuclear tra
parency to pions’’ calculated by Hecking@15#, at least quali-
tatively.

~7! The physical nature of the shelves atv'230–250
MeV ~less apparent for Ta! is still an open question. How
ever, preliminary calculations suggest that these shelves
associated to the competition between pion reabsorp
mechanisms by two and three nucleons@16#.

It is our hope that the issues discussed in this report co
be retaken by other research groups, particularly the theo
cal aspects of our findings.
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