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Abstract. A theoretical approach to describe electro- and photofission processes at intermediate energies
was worked out. Photopion reabsorption mechanisms by two and three nucleons (2NA and 3NA) were
incorporated in the calculations. The comparison with electrofission data for preactinides showed that
a substantial 3N A component should be added in the pion absorption to fit the data near photopion
threshold, in accordance with a recent theoretical estimate. It was also shown that the shape of the fission
response curve is sensitive to detailed aspects of the pion mean free path.

PACS. 25.20.Lj Photoproduction reactions — 25.85.Jg Photofission

1 Introduction

An increasing interest in pion-nucleus interaction has been
observed in the last few years [1]. We note in this regard
that, (a) the number of nucleons participating in pion ab-
sorption is one of the most intriguing questions in this
field [2—4], and that (b) the pion interaction with nuclear
matter, as described by its mean free path A., is an open
issue too, particularly for low energy pions (<60 MeV) [5].

From the theoretical point of view, there are many cal-
culations for the pion absorption probability by two, three
or more nucleons inside the nucleus [6,7]. Experimentally,
there are data for two and three nucleons absorption mech-
anisms, obtained with stopped-pions and pions with ki-
netic energies > 60 MeV. There is, however, a large gap
between ~ 0 and =~ 60 MeV uncovered by experimental
data, as can be seen in Fig. 1.

In Fig. 2 is shown A;, as a function of the pion
kinetic energy 7T, calculated both in the semi-classical
approach [8] and in the optical model approach developed
by P. Hecking [5]. The main feature of this latter result
is the presence of a structure around T, =~ 40 MeV
indicating, thus, that the nuclear matter is transparent to
pions with energies comprised in between ~ 20 MeV and
~ 60 MeV.
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Recent electrofission measurements in preactinide nu-
clei show that pion related effects can be observed in the
fission excitation curve. It was shown, in particular, that
the structures in the photofission cross sections of Ta, Au
and '82W near the pion threshold, as derived from elec-
trofission measurements, are related to the strong pho-
topion reabsorption probability, similarly to the stopped-
pion absorption regime [9,10]. Such (v, f) structures reveal
theirselves clearly as inflexions in the electrofission cross
section curves (see discussion in [9] and [10]).

In this article we show that the shape of the inflexions
systematically observed in (e, f) curves of preactinides,
around = 140 — 150 MeV electron energies, is determined
by the fine characteristics of the A\ = A, (T;) curve for
T, ~ 0 — 60 MeV. It is also shown that the magnitude
of the (e, f) cross section is sensitive to the number of
nucleons participating in the photopion reabsorption pro-
cess allowing, thus, to determine the competition between
2NA and 3NA (two and three-nucleons absorption pro-
cess, respectively). We take advantage of these two pecu-
liarities to deduce A, and 2NA/3NA competition from
182W (e, f) experimental data.

The paper is organized gs follows: in Sect. 2 we discuss

Oe,f

the relationship between and o0, ¢; in Sect. 3 we

compare the energy absorption efficiency of the different
mechanisms competing in the photon absorption, and we
show how this efficiency influences the photofission cross
section. Section 4 is dedicated to the analysis of the elec-
trofission cross section, and in Sect. 5 we show the results
for Ay and 2NA/3NA competition obtained from the
experimental data. In Sect. 6 we present our conclusions
and comments.
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Fig. 1. Contribution of the 3N A mechanism to the total pion
absorption as a function of pion kinetic energy. The curves
are calculations by Simicevic [7] (continuous line) and by Oset
et al. [6] (dashed line). The full squares are the experimental
results for ®He, from [1] (Fig. 24, page 350); the open square
is the recent result for ® He obtained in [19] (see text). The full
circles are experimental results for pion absorption on complex
nuclei leading to three protons in the final state, extracted from
[1] (Fig. 22, page 348), multiplied by a factor 4 (error bars are
not shown)
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Fig. 2. Pion mean free path in nuclear matter as a function
of the kinetic energy. The curve a is taken from [8]; curve b is
calculated in [5]; and curve c is the best curve we found to fit
the (e, f) data (see text)
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2 Relatioship between inflexions in electro
and photofission cross section

The analysis and interpretation of the structures in the
photofission cross section by means of electrofission data,
require a careful search for inflexions in the electrofission
yield curve.

We have shown recently [11] that for preactinides,
where the photofission threshold is around 25 MeV, we

have
Vel o 1(B)1(B), )

where o, s is the electrofission cross section, £ is the inci-
dent electron energy, o s is the photofission cross section,
and

E+dE
I(E) = - / N(w, E)dw; 2)

N(w, E) is the virtual photon density, and w the virtual
photon energy.

Since I(E) is practically constant between 100 MeV
and 200 MeV, it follows that

do
iz (E) _ _ 0y, (E)
dgEvf (Eo) - R(E) O—’y,f(EO) (3)

for E and Ej (a reference energy) in that energy range
(details in [11]). We note, from (3), that o, ; is directly
related to the slopes of the experimentally obtained elec-
trofission curves.

3 Energy absorption efficiency

The photofission cross section at intermediate energies can
be expressed as [12]

0y,f(E) =Koy q(E)ePs (ZCN,ZCN;GE) , (4)

where, now, E is the real photon energy, o, is the
photoabsorption cross section, Py (Zc N, ZCN: eE) is the
photofission probability of the average compound nucleus
(ZCN,ch)7 K is a phenomenological factor which is
practically independent of energy (as discussed in [12] and
[13]), and

€ =

|

; ()

where E, is the mean excitation energy of the compound
nucleus. In fact, € can be interpreted as the “nuclear effi-
ciency for energy absorption”, and it is the key quantity
of our approach, as discussed below.

In Fig. 3, obtained from Arruda-Neto et al. [12], we
show the excitation energy FE, as a function of the photon
energy E . For a wide photon energy range ( E < 200 MeV
and E between 220 and 1200 MeV), E, increases roughly
linearly, indicating that e is approximately constant in
this range. Where € is not constant, i.e., E, is not a lin-
ear function of F, one can identify the opening of a new
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Fig. 3. Mean excitation energy as a function of the photon
energy, adapted from [12]
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mechanism in the photon absorption or a fast modifica-
tion in the relative strengths of the mechanisms that are
contributing to the photoabsorption process (see [12] and
[14)).

From the discussion above, we may conclude that each
photoabsorption mechanism (m) has its own efficiency
(e(m)) in absorbing the energy of the photon, and that
for a given mechanism this efficiency is approximately con-
stant with the photon energy. It is reasonable assuming
that the resulting energy absorption efficiency for the nu-
cleus is

O_m
e= 3T (), (6)
9v,a
where o7, is the photoabsorption cross section through

the mechanism m .

In the energy range of this work, the photon may be
absorbed through the quasi-deuteron mechanism (QD )
and/or by pion photoproduction (7). The first is a pure
2N A mechanism, while we assume that the 7 mechanism
may result in pion reabsorption by a 2NA or a 3NA
mechanism or, still, in the escape of the pion from the nu-
cleus. If P3(F) is the probability of pion absorption by a
3N A mechanism and P,(Ty) is the absorption probabil-
ity for pions with kinetic energy T, we have that

o2 AE) - 0T (E) o9D(E)
ora(B) B BE) et o m) 7
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for the 2N A mechanism;

2D p e 24D
0ra(B) T 0 W(E)
for the 3N A mechanism; and
o) o7 ,(E)
CT%a(E) - (1 Pa(E)) Uﬂy,a(E) (9)

for the case in which the pion escapes from the nucleus.
Then, the mean efficiency for energy absorption, €(F),
in this range is

e(E) =
{P (B) (1 - Py(m)) ZelE) o7 (E) } (2N A) +
“ 0y a(E)  0y4(E)
Pu(E) Po(B) 2 (3 ), (10)
0y,a(E)

where we have neglected the low energy escaping pion
contribution. We note that an escaping pion would
carry away from the nucleus an energy equal to
my + T 7 =140+ T, (MeV), where T, is the escap-
ing pion kinetic energy; therefore, the energy left for the
compound nucleus would be E, = E — (140 +T",) . For
photons with E < 180 MeV, E, < 40 — 1", ; the fission
cross section of preactinides at E,— ~ 40 MeV is nearly
three orders of magnitude smaller than at E, = 180 MeV
(when the pion is absorbed), while for E < 170 MeV
only sub-barrier fission takes place. Therefore, the fission
process following the escape of a pion is negligible, in the
energy range of this work, since the average excitation en-
ergy of the compound nucleus is quite low and/or smaller
than the fission barrier (~ 25 — 30 MeV).

Additionally, we have also neglected nucleon recoil af-
ter pion reabsorption, on the grounds of Pauli blocking
arguments. As pointed out elsewhere [8], the m/N phase
space in the final state is reduced by the effects of the
Pauli principle. As a consequence, the cross sections ratio
Oge/0abs , where “ge” and “abs” stand for “quasielastic”
and “absorption”, respectively, decreases to less than 0.1
at T, = 25 MeV. Most of the analysis performed in this
work refers to T, ranging from O to ~ 30 MeV. By as-
suming that at these low energies the pions keep almost
unchanged their direction and energy (7), after under-
going quasielastic collisions, that is, T ~ T , the absorp-
tion probability is given now by P, = Py (T )+PeePa(TL),
where P,(T,) and P,(T.) are the absorption probabili-
ties without and with a quasielastic collision, respectively.
Also, Pye = 0qe/0reac (< 0.1) and P,(T;) =~ P,(T%);
thus P, ~ P,(Tx) - (1 + Pye) < 1.1 P(T), which is re-
sponsible for an overall uncertainty of less than 5% in the
calculation of ¢(E) (10).

It was developed by Arruda-Neto et al. [12] a formalism
relating the excitation function of the compound nucleus
to the energy of the nucleon initiating the intranuclear
cascade (F,) as

= _ 1 oon(Acn, Zon; En)

UK

En, (11)

0v,a
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where ooy (Acn, Zon; Ey) is the average compound nu-
cleus cross section, and Aoy and Zoy its mass and
atomic number, respectively.

Deppman et al. [13] adapted this formalism for the case
of the photon being absorbed by a quasi-deuteron pair. In
this case, the energy of each nucleon can be considered
E, =~ FE/2. Assuming that each nucleon will trigger an
independent cascade process in the nucleus, and that the
excitation energy of the compound nucleus will be the sum
of the excitation energy of each cascade, from equation 11
we get

_ 1 Acn, Zen: EJ2
E;QNA) - oon(Acn, Zon; /)E.

(12)

Ov,a

‘We make here this same hypothesis for the case of three
nucleons, and following the same procedure we get

— 1 Acn,Zen: E
ESNA) _ 1 oon(Aon, Zoni E/3) ) (13)
K Oy,a
The ratio
—(3NA - =
3Na) B oon(@on. Zon: E/3) (14)

c2NA) ~ FCNA

xT

oon(Acn. Zon; E)2)

can be calculated as shown in the Appendix.

It results that this ratio is nearly constant, and =~ 1.5;
that is, the 3N A mechanism is ~ 50% more efficient than
the 2N A one. As shown below, this fact is very important
in the description of the pion absorption process.

4 Analysis of the (e,f) data

As discussed above, our goal is the extraction of infor-
mation on pions inside the nucleus (as e. g. A, and
2NA/3NA competition from the electrofission cross sec-
tion. By using a novel technique developed at this Lab-
oratory [11], it is possible to reconstruct the (e, f) cross
section directly from the photofission cross section o ¢
which, according to our approach, contains explicit infor-
mations on photopion reabsorption. These informations
will appear as fitting parameters, as described below.
The quantities entering as inputs of o f, as given by

(4) and (10), are:

(a) 0%, calculated by means of the well-known quasi-

deuteron formalism, using parameters determined in

[15], while for the deuteron cross section we used a

parametrization given by P. Rossi et al. [16].

(b) o7 ., obtained from the so called “universal curve”
fitted by Kondratyuk et al. [17] after subtraction of
the QD-component.

(¢c) Py(Acn, Zon,€E), calculated through a statistical
model routine using a parametrization given in [18],
plus the fact that for preactinides Aoy = A4 — 1.4
and Zoy = Z — 0.5, where A and Z refer to the
target nucleus (see [18] and references therein).
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(d) €e(2NA) = 0.5 and ¢(3BNA) = 0.75 because, as dis-
€BNA) 15

cussed above, (2N A)

The quantities considered as fitting parameters are:

3, the probability. en on an

1) P;, the 3NA bability. Wh ly 2NA and
3N A mechanisms are relevant in the pion absorption
process, P is given by

o(3NA)

P = CGNA) 1 o(BNA)’

(15)

where 0(2NA) and o(3NA) are the corresponding
cross sections.

Ar, the pion mean free path for absorption. This
quantity is introduced through the absorption prob-
ability P, since

P,=1—exp (—)\£>7

where R is the nuclear radius. Also, in our approach
T, 2 E — my; thus, the function A, = A (T%) con-
verts itself into A = A\ (E).

(16)

With all these inputs and fitting parameters we obtain
an expression for e(E) (10), which is the chief quantity
for the calculation of o ; (4). The expression for ¢(FE)
takes now the form,

T O’QD
e(E) =P,(E)-B- % 4 0.5 2%, (17)
O~y Ov.a
where
B =0.5+0.25 P;. (18)

d
From the calculated o ; we obtained % by using

(3) and choosing Ey = 100 MeV as the reference energy;

in addition, we imposed, at Ey, e = {0c f}lexp and
dO’e f dO’e f

22 = : . The constant K appearing as a fac-

dE { iE |, ppeatiig
tor in (4) cancels out in (3). Next, we integrated numeri-
d

cally %¢.f in order to get o¢ 5 as a function of A (E) and
P
5 Results

The electrofission cross section of '82W, recently measured
at Sendai [9], is shown in Fig. 4.
By a mere visual inspection of (17) we note that only

the term P,(FE) could “generate” a structure in the func-
T QD

T2 and —1%
Ony.a On.a
of E. On the other hand, structures in ¢(F) manifest
theirselves as structures and inflexions in o,y (Fig. 5)
and o. s (Fig. 4), respectively. The only role played by
the term B is that of displacing the curves up or down.

are monotonic functions

tion €(FE), since



A. Deppman et al.: Investigation of low energy pion-nucleus interaction

400F T
[ (a) ]
8of ; ]
60r ¢
4ot $ 4
r ) ]

20} °

lllljlllllllllll

oL
100 120 140 160 180 200

LALALEN S B SN B B B B N L B

- 100 .
a i
£ L (b) ]
~ s8oF ]
> L ]
o [ ]
5 60r ;
o [ 1
40 b
m - -
a ]
@ 20 ]
|
— 0 il 1 lJI]llIlllJl
- 100 120 140 160 180 200
3100:]"']"’!‘"l"'l""_-
[ (c) ]
80 ]
60F .
:

20

i B A N S B B B A A

oL s
100 120 140 160 180 200
ELECTRON ENERGY (MeV)

Fig. 4. Electrofission cross section of '82W as a function of the
incident electron energy. Data are from [10]. The curves are the
result of our calculation assuming only a 2N A mechanism for
pion absorption (labeled 1), or considering contributions from
both 2NA and 3NA (labeled 2) as discussed in the text. In
figure a) we used the semi-classical A, from [8] (curve a in
Fig. 2); the Hecking calculation [5] (curve b in Fig. 2) was
used for A, in figure b); and in figure c) is the calculation
using A as described by curve c in Fig. 2, which provided the
best fit to the (e, f) data

The starting point of our analysis was the attempt to
reproduce the inflexion observed in the ¥2W(e, f) data
around 140 — 160 MeV (Fig. 4) assuming, for the sake of
simplicity, that P3 = 0 (i.e., B=0.5). The results corre-
spond to curves 1 in Fig. 4(a,b,c), for three choices of the
function A; = A;(E) or, in other words, for three distinct
choices of pion absorption probabilities P, (16).

For the calculation of curve 1, in Fig. 4a, we used a
Ar(E) obtained from the Fig. 5.2 of [8] — also shown in
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our Fig. 2-curve a, while for curve 1 in Fig. 4b we used
a theoretical calculation of A\;(FE) performed by Heck-
ing [5] which corresponds to Ar-absorption (Fig. 1 in [5]:
curve-II-dashed, p = pp); see our Fig. 2 — curve b. As
we can see, the A\;(F) from [8] is inadequate, while that
from [5], although providing better agreement in terms
of magnitude, could not reproduce the (e, f) inflexion.
We observed by means of simulation that the shape of
the function A, = A;(FE), calculated by Hecking [5], is
reasonable but its magnitude is not. In fact, by increas-
ing the magnitude (and keeping the shape fixed) we were
able in reproducing quite well the observed (e, f) inflex-
ion (curve 1 in Fig. 4c).

It is quite instructive to note that the higher is the
Ax(E) magnitude the more pronounced is the (e, f) in-
flexion, but this process causes a lowering of the (e, f)
cross section magnitude.

In order to fit the magnitude of the data points it was
necessary to add the term 0.25 P; to B (18). The best
fit was obtained for P52 0.35 (curve 2 in Fig. 4c).

Uncertainties arising from the ingredients of (10) are
greatly reduced, since we take ratios of the calculated
(v, f) cross section to obtain o. s (3). The overall un-
certainties of curves 1 and 2 (Fig. 4) are better than ~
15% in their relative magnitudes.

We note, additionally, that for E < 140 MeV where
only the @D-mechanism plays a role, the (v, f) cross
section takes the form (see (4) and (17))

0y,f(E) =05 K 0$2(E) Py (Acn. Zen; 0.5 E) - (19)
since, now, 0,4 = ogf . We used this expression for the

calculation of o, ¢ in the energy range 100 — 140 MeV
obtaining, thus, an excellent agreement with the (e, f)
data (Fig. 4). This is a good evidence to the fact that the
inputs used in our calculations are reasonable.

6 Conclusions and final remarks

Finally, we can drawn the following conclusions:

(1) the probability for the 3N A process is P3 = 0.35,
provided the pion mean free path be that shown in
Fig. 2 - curve ¢, which was able in reproducing the
inglexion observed in the (e, f) experimental curve of
18 W,

(2) our finding that Ps 22 0.35 agrees well with a calcula-
tion performed by Simicevic [7] in the range T, 20 —
40 MeV. Quite recently, moreover, H. Hahn and col-
laborators [19] measured positive and negative pion
absorption on *He at T, = 37 MeV; it was found
that the probabilities for 3NA are 0.14 + 0.04 and
0.65+£0.12, respectively — the average is 0.39+0.13,
which also is in good agreement with our finding;

(3) the inflexion exhibited by the experimental (e,f) curve
of 1¥2W, (and other preactinides), around 140 MeV,
strongly suggests that the nuclear matter is transpar-
ent to low energy pions, with a mean free path given
by curve c of Fig. 2, since only in this case an inflexion
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Fig. 5. '82W photofission cross section calculated according
to our model. The solid line is obtained considering a 3N A
contribution equivalent to Ps = 0.35, and the pion mean free
path given by curve c in Fig. 2. The dashed line is calculated
assuming that there is no 3NA contribution, and using the
pion mean free path from [5]

is obtained in the calculated curves (Fig. 4-c). This is
in qualitative agreement with the calculation of Heck-
ing (curve b in Fig. 2). We refer the reader to [5] for
more details on the issue of nuclear transparency to
pions.

(4) in Fig. 5 we plotted the photofission cross section
as a function of the photon energy, according to
our model. The solid line was calculated by using

= 0.35 and the pion mean free path given by
curve ¢ of Fig. 2. The dashed curve was obtained
by assuming that there is no 3N A mechanism, and
using Hecking’s mean free path (curve b in Fig. 2).
The fast increasing of the solid curve is due to the
presence of 3N A pion reabsorption. This mechanism
is more efficient in absorbing the photon energy and
leads the compound nucleus to a higher excitation en-
ergy, comparatively with the 2N A mechanism. Since
the fission probability is an increasing function of the
excitation energy, this results in a higher fission prob-
ability for compound nuclei following 3N A. The val-
ley between 150 — 175 MeV is more pronounced in the
solid line because the pion mean free path is higher
in this energy range (see Fig. 2).

We mention, as final remarks, that the photonuclear
process is quite effective to probe the behavior of pions
inside the dense portion of the nuclear matter, while in
pion scattering mostly the nuclear surface is probed. In
fact, Oset [20] pointed out recently that the magnitude
of the indirect photoabsorption cross section, 0,4 (which

A. Deppman et al.: Investigation of low energy pion-nucleus interaction

corresponds to photoabsorption where the pions are ab-
sorbed), can provide more information about the pion ab-
sorption probability than the pion absorption cross sec-
tion obtained from the scattering of real pions on nuclei.
In this regard we can say that, being the shape of the elec-
trofission curve very dependent on A, this cross section
reflects the magnitude of 0;,4 and, therefore, allows us to
access the absorption of low- energy pion in heavy nuclei,
as demonstrated in this work.

Appendix

The 31N A excitation energy of the compound nucleus

The compound nucleus excitation energy, FE., is given

by [13]
E, - (
s
5-8.
> 70 (K _EF))
S=8, k=1
. (Eo — Ep)
0y,a(E)

M8

(1= 7S)0'® (Ey — EF)

1
0
)

+
M8

Il
o)

(A1)

where v is a constant depending only on the nuclear struc-
(5
ture,

,a
energy Ey will trigger a cascade with S steps (see [13]

and references therein), S,, = ——, EF is the average

1
Fermi-energy of the nucleons in the target nucleus.
The initial energy FEy is given, for the 3N A process,
by
-
Ey=—+ +EF,
3
and assuming that each of the three nucleons will trigger
an independent cascade process, the resulting compound
nucleus excitation energy will be the sum of the excitation
energy contributions from each cascade:

(A.2)

7= S (1 - 150)0 ) (E/3)

S=5.
oo S—S. E
" o) ) (43)
$=8. K=1 7.a(E)
defining, as done in [13], k so that
oo S Sc
S=5. S=5.
(A4)
where -
O'CN(E) = Z O'(S), (A5)
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we get

oon(B[3) = K(B[3) 2oy a(E).  (AS)

Since K(FE) is approximately independent of the en-
ergy [13], we can write

oon(B/3) = K0, (B), (A7)
and then,
(3N A) = Ee _ 1 oen(E/3) (A.8)

E K o0,.E)

For the 2N A process, and for the same reasons, we
get

(2N A) = % = % % (A.9)
So,
€BNA)  ocon(E/3)
@NA) = oen B/’ (4.10)

This ratio can be calculated by using (A.5), once it
depends only on the nucleon’s mean free path inside the
nucleus.
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