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ABSTRACT

The absorption of stopped T in ®!Ta and 2%°Bi has been investigated by
studying prompt and delayed y-ray spectra, Absolute cross—sections for the yield
of isotopes per captured T in (% ,xn) reactions, as well as the relative pro-
bability of populating nuclear states of different spins have been measured for
the hafnium and lead isotopes, respectively, A spin as high as 20 has been ob-
served in the production of ?%"Ph. The ground-state rotational bands of the
hafnium isotopes are excited to spin values up to 16. Neutron multiplicities as
large as 15 have been observed for both targets. A neutron multiplicity of = 8

is most probable for both tantalum and bismuth targets.

The strong interaction monopole energy shift €, and width [, for the 4f
level are found to be EG(ISITa) = 540 + 100 eV Eo(zogBi) = 1790 + 150 eV}
TU(ISITa) = 225 * 57 eV; TU(EogBi) = 1166 £ 70 eV, The quadrupole moments, de-
termined from the hyperfine splitting of the 4f pionic atom level, are

Q =3.30 £ 0.06 b and Q = -0.50 + 0.08 b for '®'Ta and 2°%Bi, respectively.
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INTRODUCTION

Many experiments have been performed to loock into what happens in heavy
nuclei after pion capture [1—12]. It is generally accepted that pion capture on
nucleon pairs dominates [13]. The pion rest mass is then equally shared between
two nucleons (neglecting binding effects). If the absorption takes place in the
nuclear surface region, one of the nucleons is likely to escape the nucleus,
which may result in a large nuclear angular momentum change. The other nucleon,
when captured by the nucleus, causes a considerable nuclear excitation followed
by the evaporation of nucleons, predominantly neutroms [5] with a maximum number
of about 8-9, If the absorption takes place in the interior of the nucleus the
emission of a larger number of evaporation neutrons is posgsible (maximum number
i 17,Isee [6,143). In this case, however, the angular momentum should be smaller.
Two observables relevant to these features of the pion capture process are thus
the number of emitted neutrons x (neﬁtron multiplicity) in a (7 ,zn) reaction
and the nuclear angular momentum I. In addition the relative probability of pion
capture on #p pairs relative to that on pp pairs or heavier clusters can be studied
by measuring the total yield of isotopes with an atemic number onme unit lower than

that of the target nucleus,

Recently, experimental groups at Dubna [2] and SIN [5] reported that nuclear
states with high spins were populated in pion capture. The Dubna experiment,
using activation techniques, showed, for example, that a high-spin isomer with
I = 37/2 in '77Hf was produced in the '?!Ta(m™,4n) reaction, This group alse
reported [6] that up to 16 neutrons were emitted in a 29lge(n”,2n) reaction. The
SIN group studied prompt gamma-ray spectra following piom capture in 18546 and
17514 isotopes [5]. In these experiments it was shown that the maximum cross-—
section ocecurred at & = 4 and 5, respectively, and that the rotational spectra

were excited up to 12 for different Dy and Yb isotopes.

The above results suggest that pion capture could be a convenient way of
producing high—spin states in nuclei far off the stability line. In order to
investigate the populétion of high-spin states and neutron multiplicities, we
measured the y-ray spectra of the produced isotopes. In contrast to earlier ex-
periments we recorded the prompt as well as the delayed y-ray spectra and the long-
lived activation produced. As targets we selected one spherical (*°°Bi) and ome
deformed ('%!Ta) nucleus. The reason for choosing these particular nuclei was
the fact that high-spin states are fairly well known in & wide region of isotopes

of Pb and Hf.



EXPERIMENTAL TECHNTQUES

The experiment was performed at the CERN Synchro-cyclotron {SC) muon chaunel,
using pions of an energy of 125 MeV. The circular beam spot on the target had a

diameter of about 10 cm. In order to slow down the pions, we used a graphite de-

grader.
Twe different targets were used in the experiment:

i) a Ta target consisting of two plates (each 2.49 g/cm® thick) of metallie

tantalum of about 14 cm X 10 cm, constructed in the shape of a cross, and

a Bi powder-target (1,22 g/cm?) contained in a thin plastic cover of the
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same shape and dimensions as the other target.

A stopped pion was defined by a combination of four scintillation counters
and a Ceremkov counter (see Fig. 1). The number of stopped particles per second
was about 5 X 10%. Two Ge(Li) detector systems were used, both viewing the tar~
get at angles perpendicular to the direction of the incident beam. On one side

¥ Ge(Li) detector

of the target, at a distance of 16 em, a semi-planar 15 cm
(efficiency 2% at 1.3 MeV) was used, and on the opposite side, 32 cm from the

target, a closed-end Ge{Li) detector {(efficiency 10%Z at 1.3 MeV), mounted in a

:Compten suppression device [15]. The NaI{TI1} crystal {(# = 25.4 em; L = 25,4 cm)

of this latter system was shielded by a cylinder of 5 cm of lead. Another 5 em

of lead was placed between this eylinder and the target.

The experimental set—up was arranged in the same way for both targets,

choosing three different time windows:
time window l: (prompt) recorded y-rays emitted up to 50 nsec after a 7 stop.

time window 2: {delayed 1) recorded y-rays from 50 nsec up to 1 psec after a

T stop.
time window 3: {delayed 2) recorded y-rays from l ysec up to the next T stop.

The spectra were measured in 2048 channels, For the large diode the selected
energy range extended up to 2 MeV, and for the semi-planar detector up to about

1 MeV.

In order to correct for y-rays resulting from the muon comntamination in the
picn beam, spectra were collected for a stopped muon beam on the Bi target.
Furthermore, the radicactivity of the targets was measured, immediately after the

pion irradiatioms.

The efficiency of the detectors was calibrated with a set of absolutely
calibrated sources, Because of the rather thick targets self-absorption in the

targets was taken into account in the evaluation. Minor corrections of the
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detection efficiency had to be applied for losses in the fast Ge(Li)-telescope

coincidences owing to the limited time resolution of the detectors.

For energy calibration, several well-established nuclear y-ray transitions
occurring in the spectra were used., In addition, transitions produced in the
background (n,n'y) reactions in 19F, 23Na, 1277 [from the surrounding NalI(Tl)
crystal], 2741 (from the detector cap), and some Pb-lines from the lead shield
could be used. These lines were observed in all three time gates. The main
background lines are listed elsewhere [15]. Additional calibration energies are
available from the pionic X-ray tfansitions in the prompt spectra, where one can

use the calculated electromagnetic energy values of the levels with n 2 5,

Special care was taken to determine the background lines produced in all
kinds of reactions in the surrounding material. In the Compton-suppressed spectra
most of these lines are transitions in '27I and in the stable Pb iscotopes, pre-
sent in the shielding. Relative neutron fluxes during the three time intervals

1271, Integrated

were determined from the intensities of several transitions in
neutron flux ratios of 1.0:0.7:8.0 were observed for the three time intervals,
corresponding to the time windows of 50 nsec, 0.95 usec and about 10 usec, res-—
pectively. These figures show that the prompt neutron flux (during the prompt

time window) is much higher than the delayed ones.

Since the time windows were kept identical for both targets, it was possible
to determine the background contamination in any spectrum, Ta or Bi, by comparing
that spectrum with all the others. In particular, y-rays due to inelastic neutron
scattering in the Pb shield of the Compton-suppressed Ge(Li) detector showed up
clearly in the Ta measurement and were used for correcting the Bi measurement.
Furthermore, background lines in the spectra from the Compton-suppressed Ge(Li)
detector could be subtracted by comparison with the spectra from the semi-planar
one, as the small detector is not disturbed by background lines from the NaI(TLl)
crystal. The evaluation of the generally weak nuclear y-rays of interest was
difficult and partly impossible in the prompt neutron-induced and pionic X-ray
background. These difficulties are not present in the delayed spectra. Figures 2

to 6 show a characteristic set of measured gamma-ray spectra.

EXPERTMENTAL RESULTS

3.1 The picnic X-rays

The pionic X-rays of 2°°Bi and !%'Ta are seen in the prompt spectra shown
in Figs. 2, 4, and 5. Because of nuclear capture by the stroug interaction, the
pions almost never reach orbits with o < 4 and £ < 3. The X-ray transition to
the last level therefore exhibits the usual features of a strong interaction in-
duced energy shift €4 and a line broadenihg I'y, as well as a pionic X-ray hyper-

fine pattern for our target nuclei,



Shifts

From the energy calibration, as described in Section 2, we determine the
energies of the 5g > 4f and 6g ~ 4f transitions in “°%Bi and !'®!Ta. The e, (4f)
is then derived from a comparison between the calculated values for these tran-
sitions and the experimentally determined centre of gravity of the hyperfine

pattern (see Table 1 and Refs. 16 and 17).

Widths

In the data analysis of the hfs the experimental Gaussian line shape is
folded with a Lorentzian one, representing the natural width of the line. The
instrumental resolution was obtained as described in Ref. 18. The measured
pionic X-ray Lorentzian line shapes gave Fexp(Ta) = 328 + 57 eV and Fexp(Bi) =
1329 + 70 eV. Taking the electromagnetic broadening of the 4f level {see Table 1)
inte account, one obtains values for T, (see Table 1) which are in good agreement
with earlier reported values [19]. The electromagnetic broadening of the 5g
level has to be subtracted in a different way (quadratically) and is therefore
negligible. The resulting values for Iy and £, for the pionic 4f level agree

well with general systematics of the 4f level [20].

Quadrupole moments

For a detailed description of the formalism and analysis of the experimental
data of the effective quadrupole moment, the reader is referred to our already

published analysis of *%1Ta [18].

Since the 2°°Bi nucleus is almost spherical, it has a very small spectro-
scopic quadrupole moment Q. However, owing to the rather large ground-state spin
T =% of 299Bi the hyperfine splitting of the 4f level could be determined.
This was done in a similar way as is described in Ref. 18 and in the following
we use the notations defined there. The correction for the magnetic hfs was
applied using interaction constants A, of 5.719 eV and 1.366 eV for the 4f and 5g
levels, respectively, The electric quadrupole interaction constantsAg were cal-
culated to be 737.2 eV/b and 188.2 eV/b for the above-mentioned levels, respec-
tively. Using these interaction constants an effective guadrupcle moment
Qeff(Bi) = =0.53 * 0.09% b was determined from the energy splitting AE = =447 + 76 eV
between the '’% - '% and the 1% -+ '%, members of the 5g ~ 4f pionic X-ray hf
complex. The finite size corrections were calculated to be 1.1% for 2pri, whereas
€2, the strong interaction quadrupole shift, was calculated from the experimental
value for £5(4f) (see Table 1) and the theoretically calculated ratio g-./gq = -0.018
assuming the “°?Bi nucleus to have a B, of approximately —-0.02. The spectroscopic
quadrupole moment, corrected for the strong interaction, is then Q = -0.50 £ 0.08 b
as obtained from pionic 2°°Bi. 1In Table 2 our experimental result is listed to-

gether with earlier reported values [21—28].
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The final results on the 18iry quadrupole moments [see Ref, 18] are
Qeff(Ta) = 3.58 £+ 0.03 b and for the spectroscopic guadrupole moment
Q= 3.30 * 0,06 b (see Table 1).

3.2 Nuclear y-ray transitions

The population of levels in different lead isotopes with A = 207 - 194 pro-
duced in 209Bi(ﬂ",xn)(zng_x)Pb reactions as well as hafnium isotopes with
A& =179 — 166 in the 131Ta(ﬂ',a:n)(lal_m)Hf reactions has been determined by com—
paring energies and intensities of the various y-ray transitions with the decay
properties of these isotopes. The isotopic yield per stopped pion was obtained
by normalizing the expérimental Y-ray intensities to the calculated pionic X-ray
intensities (see Section 4.1), The results are presented in Tables 3 and 4 and
in Figs. 7 to 15. 1In these fipures we have plotted yields as a function of neutron

multiplicity or nuclear spin.

The experimental results illustrated by Figs. 7 to 1l can be summarized as

follows:

i) The total yield of all pion capture processes leading to isotopes in Pb and

Bf are found to be 0.74 £ 0.07 and 0.79 * 0.06, respectively,

ii) The average multiplicity of neutrons emitted is 7.9 and 7.5 for '*!Ta and

2094, respectively (see Figs. 7 and 8),

iii) A neutron multiplicity as high as 15 is observed for both targets (see

Figs. 7 and B and Tables 3 and 4).

iv) The yield for 2 = 13 in Hf and ® = 15 in Pb is as high as 5% of the meximum
isotopic yield, corresponding to about 0.8%7 of the total yield given above
[see (i)].

v} The half width of the isotopic yield curve is = 5 for Hf and 8 for Pb.

vi) The yield curve is almost symmetric for Hf but asymmetric for Pb (possibly

indicating an overlap of two unresolved bell shaped curves).

vii) In Hf isotopes high-spin states (l4-16) are populated with about the same

yield independent of the multiplicity (see Figs. 9 and 10).

viii) The y-ray yield as a function of spin of the initial state decreases ex-
ponentially in the case of the Hf isotopes. This seems also to be the case

for the lighter Pb isotopes up to A = 203 for spins up to I = 10,

ix} In the population of high-spin states relative to that of low-spin states
in Hf isotopes there is a minimum for intermediate multiplicities (see

Fig. 11). This is not the case for the lead isotopes.

x) The largest angular momentum observed is I = 20 for 2°“Ph (x = 5).

xi) There seems to be a particularly enhanced population of I = 9 and I = 17

states in 29%Pp,



DISCUSSION

4.1 The pionic cascade

The pion cascade has to be discussed in order to find out from which £ state
the 7~ is captured predominantly., We assume the initial population and the cas-
cade mechanism te be the same as for muons [13] except for the initial main
quantum number now being n = 20. In addition, we introduce the measured absorp—

tion width ‘into the cascade and scale it for other n, £ states.

A cascade program based on these assumptions shows that = 907 of the pion

transitions populate the 4f level.

4.2 Pien absorption in the nucleus

‘Because of conservation of momentum and energy, the pion cannot be absorbed
on a free nucleon and experiments have shown [7:’ that absorption on one nucleon

ig a rare process also in nuclei.

Conservation of charge restricts the two-nucleon absorptiom to np and pp

pairs corresponding to the processes

T +7np > n+n (a)

T +pp>n+op . (b)

Process (a) sheuld lead to Pb and Hf isotopes, respectively, with the two targets
used. Regarding process (b), there should be about equal chances for the proton
and neutron to leave the nucleus because the Coulomb barrier (v 14 MeV) is small

compared to the kinetic energy of the proton (v 70 MeV).
If the probability of pion capture only depends on the concentration of

nucleon pairs, the fraction of np capture processes is

N - 2

P s
np 1

NZ + 7 Z{Z - 1)

an expression which has a value of about 0.76 for heavy nuclei. The corresponding

fraction Ppp is thus 0.24, Hence, the yield per stopped pion of Pb and Hf isotopes

should be about 0.76 + 1/2 + 0.24 = 0,88 and the yield of T1 and Lu isotopes

gshould be about (.12, neglecting pion absorption on thtree, four, or more nucleons.

However, after heating the nucleus the probability of producing a [W-,p(m—l)n]
reaction is about 15% of that of producing a (7 ,zn) one. Introducing this correc—
tion, we find that the expected yield 0.88 for process (a) mentioned above should
be reduced to v~ 0.75. It is now interesting to find that the experimental yields

of Pb and Hf isotopes are 0.74 % 0.07 and 0.79 * 0.06, respectively.
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We therefore conclude that the capture on #p pairs dominates in heavy nuclei
corresponding to the fact that np pairs are more frequent than pp pairs. Our

data, however, do not allow for any statement about capture on preformed clustets.

4.3 Neutron multiplicity and angular momentum

Nuclear de—excitation and neutron multiplicity have been dealt with by a
number of authors like, for example, Locher and Myhrer [29], Gadioli et al. [30]
and Iljinov et al. [31]. In order to be able to compare our experimental results
with the semi-empirical calculations of these authors and with our own calculations,

we first briefly discuss some possible modes of pion absorption.

In Fig. 12 two extreme positions are indicated for pion absorption, namely

the surface {case a) and the interior (ecase b) of the nucleus.

In case_a, where the pion is absorbed on a nucleon pair in the nuclear sur-
face, one nucleon leaves the nucleus with an energy of about 70 MeV, whereas the
other starts a multiple scattering process, exXciting it to about 70 MeV. Subse-
quently, the de-excitation will occur by evaporation of thermalized neutroms; a
process with a maximum neutron multiplicity of about 8, since the average neutron
binding energy is about 8 MeV [14]. Qur measurements show (see Section 3,2) that
the guerage neutron multiplicity is 7 to 8, indicating that an appreciable amount

of absorption in heavy nuclei does not occur in the nuclear surface.

The fast neutron, in leaving the nucleus, forces it to twist around, a pro-
cess which can be considered to be the opposite effect to the introduction of
angular momentum by fast particle reactions. A 70 MeV (p = 370 MeV/c) neutron
leaving a lead nucleus tangentially introduces a maximum angular momentum
Ly, = R ¥ p of about 16h, assuming the nucleus to be a uniformly dense sphere of
radius R. (In the Ta case the L, value is smeared out by about 4h owing to the
deformation of the nucleus, B, = 0.265.) In the case of neutren multiplicity

x = 7 one would then expect low angular momenta.

The average angular momentum I in the case of isotropic neutron emission is

related to the maximum possible angular momentum L, by

This gives values for L of 11.6h and 12.1h for '®!Ta and 2°°Bi, respectively.

To get the total spin, we must add the angular momentum F, composed of the initial
target spin and the angular momentum of the pion Rﬂ at the moment of capture.

This leads to average F values of (F) = % and (F) = !'!% for 181pg and 2°?Bi,
respectively, as observed in the hf pattern of the 5 = 4 X-ray transitions. From
this simple argumentation, average angular momenta of residual nuclei of about

13 are obtained, in disagreement with ocur obgervations.
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By also including intc our considerations the Fermi momentum of the pion
absorbing nucleon pairs, the maximum observable angular momentum in our nuclei
could therefore be as high as 25h. The maximum spin observed in this experiment

is T = 20 in *°%Pb.

We conclude that case a alone cannot be responsible for the absorption of the

In_case b (Fig. 12) the absorption on a nucleon pair takes place so far in-
stde the nucleus that both nucleons are absorbed. The maximum value x = 15 to 16
found in this work and other investigations is a comsequence of a simple energy
balance of the pion absorption in the interior of the nucleus. The (1 ,15n) reac-
tions in '%!Ta and 2?°Bi have Q values of 22.5 MeV and 24.6 MeV, respectively
(see also Table 5). These extreme cases of pion absorption in the interior of
the nucleus should therefore give rise to 15 evaporation neutrons with an average
kinetic energy of 1 to 2 MeV. Hence, the maximum value of the neutron multiplicity

x is set by the pion rest mass and the Q values of the (7 ,xn) reactions.

The evapotration neutrons in case b, being randomly emitted, should not in-
duce very high angular momenta. One therefore would not expect population of

high angular momenta in Pb and Hf nuclei together with high neutron multiplici-

ties (x > 10)}.

This is, however, not confirmed by our measurements, at least not in the
case of Ta, where the ratio of production of high-spin states relative to that of

low—-spin states increases with neutron multiplicity for & > 7 (see Fig, 1l1).

Returning to the semi~empirical calculations menticned at the beginning of
this section, we take the work of Iljinov et al. [31] as a basis for our dis-
cussion, They use the so-called intranuclear cascade model for calculating the
energy dissipation after pion absorption and add Fermi motion to the nuclecns.

For the neutren energy distribution these authors find a narrow low-energy peak

(a few MeV broad) corresponding to evaporation neutrons (essentially case 5) and

a broad bump at about 55 MeV, corresponding to fast neutrons due to events mainly
in the nuclear surface {(case a). They also calculate the multipliecity distribution
and find a maximum yield at & = 7 for absorption on a nucleon pair. Absorption

on a quasi-ualpha particle leads to a very asymmetric yield distribution with a
maximum at ¢ = 11, It thus seems that our experimental yield with a maximum at

x = 8 confirms that ™ absorption on a nucleon pair dominates entirely in the

case of a ‘®!Ta target. In the case of ?°°Bi there is a slight yield excess for
high x values, which in the model of Iljinov et al. [31] could be due to an absorp-

tion on guasi-alpha particles.
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It should be pointed out that our yield measurements disagree with the cal-
culations of Iljinov et al. [31] for very low neutron multiplicities (x < 3).
The calculations by Gadioli et al. [30] give qualitatively similar results. 1In
the particular region of small x their results are in better agreement with our
results (see Fig. 7). Their calculaticns for Ta, however, do not reproduce the

narrow multiplicity distribution of this experiment (Fig. 8).

Also Locher and Myhrer [29 ] obtain results for the neutron multiplicity in
agreement with earlier experimental results [5]. They work with a model for the
absorption which resembles cace ¢ above, using experimental data for the nucleon

emission spectrum and cross-sections for (p,on) reactions.

Caleculations of the angular momentum of the residual nucleus have been
carried out [31]. The ptebability distribution obtained has a maximum for spins
4 to 5 and drops down almost linearly to zero for a spin of 17. It should be
peinted out, however, that nuclear spins and the pion angular momentum have been
neglected in this calculation. This prediction is at variance with our observa-
tion which shows highest probability for lowest angular momenta and an expenential

decrease for high I.

In the following we try to relate the (ﬂ-,mn) reaction, as far as angular
momentum distributions are comncerned, to conventional nuclear reactions resembling
the T absorption most. Therefore, we have calculated for the (n,rn) reaction, with
x ranging from 2 to 10, the statistical angular momentum distribution before 7y
emission, using a slightly modified version of the optical model calculations
described by Lindén et al.'[32]. As a result we obtain a distribution with an
asymmetric bell shape. Taking the 17%4¢ (n,6n) ! 7*Hf reaction as an example, the
maximum cross—section occurs for spins 5 and 6 with a direct population of the
ground state as well as the T = 15 state of about 1% of the maximum yield. To
compare this calculated distribution with experimental data on gamma intensities,
we have to integrate the calculated curve above the spin value of interest. Such
comparisons are shown in Figs. 13-15 where in some cases we have averaged the
calculated yields over three incident neutron energies, in steps of 10 MeV. This
averaging is done to simulate the energy distribution of the neutrons produced in

the primary pion capture process.

In Fig. 13 we show caleculated data for the 1“Hf{n,ﬁn)l“Hf reaction compared

to experimental data on the (ﬂ_,Tn) and (ﬂ_,9n) reactions in !®!Ta,

In Figs. 14 and 15 we show similar plots for the 2°°Bi data. The (7 ,an)
experimental results do not seem to be in agreement with our caleulations for any
values of x. FEvidently, the (T ,zn) reactions have more specific features which

are not reproduced in (n,zn) and (o,xn) calculations.
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CONCLUDING REMARKS

Some of the observatioms listed in Section 3.2 can be explained in terms of
a relatively simple model for the pion absorption mechanism and subsequent nuclear

processes. The bulk of the absorption seems to occur on nucleon pairs, preferably

on xup pairs.

As far as neutron multiplicities are concerned, we tremark:

The average neutron multiplicity is reproduced by all calculations based on
a two-nucleon absorption mechanism, implying that it is not particularly sensitive

to details of the energy dissipation in the nucleus.

Shapes of multiplicity distributions are more sensitive to absorption mecha-
nisms. In particular for low multiplicities the calculations differ. At high
multiplicities the nuclei Ta and Bi differ significantly inasmuch as Bi shows an
enhancement for high z. This is tentatively ascribed to additional absorption on

o clusters in Bi, which would be absent in Ta.
Very low (x £ 3) and very high (x 2 13) multiplicities are equally improbable,

Concerning the high spin states we remark: the observed maximum angulatr
momentum is compatible with simple kinematical considerations. The average spin
induced is about I = 6 in Ta, corresponding to a spin of about 4 introduced by
the absorption mechanism alone, regarding the fact that absorption takes place
from (F) = % states mainly. The population of high spin states is enhanced for
low multiplicities (x < 7}, as qualitatively expected from simple kinematics. It
decreases for increasing multiplicities, according to the fact that for such mylti-
plicities no sufficiently fast neutrons are available for inducing high L values.
In the case of Ta, however, the population of high spin states is again enhanced,
when going to multiplicities higher than x = 7. Spins as high as 16 are populated

in Hf even for multiplicities @ = 14. This phenomenon is mot understood.

Whereas for Ta the population of spins decreases exponentially with increasing
spin, this is not true for all multiplicities in Bi. In particular 2°“pp shows a
pronounced rupture cf spin population at I = 9, In fact it seems as if mainly
I =9and I =17 states were pepulated. The population of very high spins in

other isotopes unfortunately could not be studied sufficiently in detail.

Tt is obvious from these points that, although many cbservations may be ex-
plained by simple considerations, there are other features which contain more in-
formation since they requite a more detailed knowledge of the absorption mechanism

and of the actual structure of the nucleus to be explained.

It may finally be remarked that with pion absorption one reaches a high nuclear
excitation (up to 140 MeV) and that the introduction of a negative charge leads

to residual nuclei, which may not be so easy to produce in other reactions.
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Table 2

Values for the spectroscopic quadrupole moment Q in 2098] from
the present experiment together with previously reported results.
The strong interaction correction to Qg¢f = -0.53 £ 0.09 b

is discussed in the text.

Method and year Spectroscopie
of publication guadrupole moment Ref,
Qg in b

Optical spectroscopy (1967) -0.37 + 0.04 [21]
Muonic atom (1967-1968) -0.37 * 0.05 [22]
Optical spectrescopy (1968) -0.379 + 0.015 [23]
Atomic beam (1970) -0.385 * 0.040 [24]
Optical spectrosceopy (1970) ~0.41 * 0.04 [25]
Muonic atom (1972) -0.37 + 0.03 [26]
Theory,on Ll spectrorcony | o4 [27.25]
Pionic atom (1977) -0.50 =+ (.08 This paper
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Table 3 {cont.)

Transition

Isotope I. -1 E I Remarks
i 7 f
(keV) (per stopped n~)
203ph Y%~ > gs 126.5 0.013 £ 0.012
. S
gs: 7 13+ 5 gs 825.2 0.048 + 0,004
%~ + gs 866.5 0.0037 £ 0.0009
%~ ~ gs 740.1 0.0029 + 0.0009
%~ » gs 896.9 0.0005 + 0.0012  Also %°7Pb
%> gs 933.4 0,0017 + 0.0008
("% ,%) ~ gs 1198.6 0.0009 + 00,0008
(%, %) ~ gs 1203.1 0.0009 *+ 0.0008
AR 838.7 0.028 =+ 0,002
2t 1Y 258.6 0.028 * 0.009
+ 21pt 174.0 < 0.05 Alsc 7'Ge
+ 27 874.0 0.011 + 0.003
Total intensity on gs of 2°°Pb: 0.078 + 0.013
205pp %™+ gs 703.4 0.0026 = 0.0008
N Bj -
gs: %™ o Yo 759.2 0.0051 * 0.0009
. 1y -
2.23 keV: % h= > gs 1043.7 < 0.009 Also 1271
(% ,%) - gs 1264.7 0.0033 + 0.0009
134~ > gs 1013.8 < 0.018 Also 27A1
9y — 7 -
2 /2
29f- 29/2_} 284.1 0.0040 = 0.0013
25— o 19,7 1175.1 0.0022 + 0.008
2= > 1% 1147.4 0.011 + 0.005
2% > 1 534.9 < 0.024
1oLt 4 17+ 323.2 0.020 =+ 0.006 Also 2°*Pb
L7+ 5 13,2 683.5 0,020 +* 0.001
2% = 25T 430.2 0.005 + 0.002
Total intensity on gs of 2°°Pb: £ 0.038
207pp T+ gs 569.7 0.030 * 0.005
. 1/ =
gs: % %~ - gs 807.3 0.009 + 0.001 Also 2°°pb
13+ » 5%~ 1063.6 0.036 + 0.005 Also 1%fPh
o % 1434.0 0.004 + 0.001
ThT o+ kT 1769.7 0.004 + 0.001
Total intemsity on gs of 2°7Pb: 0.039 + 0.005
20771 %t > gs 351.0 < 0.028 Also 2°2T1
N 1y -
gs: (A7) > Bt 997.0 < 0.0025 + 0.004
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Table 5

Reaction Q-values for (TT-,:CH)
reactions on '%!Ta and *°°Bi,
respectively, as obtained from
the Table 1975 Mass Excess
Predictions [14].

Reaction Q-value
(MeV}

20983 (w ,18m)'%'Pb 4.1
209pi(m ,17n) 1 %%Pb  +6.1
209pi(m ,16n)!°%Pb  +14.5
209pi(r ,150)1%%Pb  +24.6
8lra(n ,18n)'%%fF -7.1
Yelra(n ,17n) 'OYHE  +3.6
181ra(m ,16n) 8°HE  +12.2
Vlra(r ,15n)15°HF  +22.5
8lra(n ,13n) 1%%RF  +40.7
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Figure captions

Fig, 1
Fig, 2
Fig. 3
Fig. 4
Fig. 5
Fig., 6
Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12

..

L1}

Experimental arrangement of the counter telescope and Ge(Li) detec-—

tors.

Prompt and delayed Y-ray spectra from pions stopped in a 7.04 g/cm?
Ta target using the Compton-suppressed Ge(Li)-NaIl(Tl) detector com-—

bination (low energy region).
As Fig. 2 but high energy region.

Prompt and delayed y-ray spectra from pions stopped in a 3.45 g/fcm’

Bi target using a 15 cm® semi~planar Ge(Li) detector.

2

Ag Fig. 2 but with a 3.45 g/cm” Bi target (low energy region).

As Fig. 3 but with a 3.45 g/cm® Bi target (high energy region).

Yield of Pb (filled circles) and Tl (open squares) isotopes from

pion capture reactions in Bi versus neutron multiplieity, x. The
histograms represent calculations by Gadioli et al. [30] for re-

actions (7 ,zn), the dotted histogram, and [W‘,p(m - l)n], the

dashed one, in Au. The full line serves as a guide for the eye.

Yield of even Hf isotopes from pion capture reactions in Ta versus
the neutron multiplicity, x. Note that the vield refers to the

4% + 2% transitions rather than the 2% - 0% ground state transitions.
These latter all have energies of 80 to 100 keV and, owing to the

rather high internal conversion coefficients (a > 3), they are

tot
hard to detect, The full line serves as a guide for the eye. The
histograms represent calculations by Gadioli et al. [30], the dotted
and dashed histograms are the calculated yields of Hf and Lu iso-

topes, respectively.

Yield of different members of the ground state rotational band in

even Hf isotopes populated in the '®!Ta(m™,zn) reaction.

The same data as in Fig. 9 now plotted versus the spin of the ¥y

emitting level with the neutron multiplicity as a parameter.

The ratio of the population of high-spin states to that of low-spin

states in even Hf isotopes versus x, the meutron multiplicity.

o

A simple illustration of possible mechanisms for the 7w~ absorption,
a) The pion is absorbed on a nucleon pair in the nuclear surface.

b) The pion is absorbed in the interior of the nucleus.



Fig. 13
Fig. 14
Fig. 15
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The experimental y-ray yields of the *®'Ta(n™,7n)!”"“Hf and
1811a(n™,9n) ' 7?Hf reactions versus the nuclear spin of the de—excited
level. The dashed lines represent the calculated integral of the
statistical angular momentum distribution for a !'7%Hf(n,6n)!7"“Hf
reaction before y emission, using the optical model. Incident mneu-
tron energies used in the calculation presented in the figure are

50 and 70 MeV, respectively. The full line is the averaged yield
over three energies in 10 MeV steps as explained in the text. The
normalization to the experimental points is made for the 4% -+ 2%

transitions.

The experimental y-ray vields of some *%°Bi(n™,xn) reactions versus
the nuclear spin of the de-excited level. The full lines represent
the calculated integral of the statistical angular momentum distri-
bution for the 2O?Pb(n,lm)“th and 20-"Pb(n,101f1)198Pb reactions be-
fore ¥ emission, as explained in the text. For the (ha,4n) reaction
we show the averaged yield for incident neutron energies between

50 and 70 MeV, for the (n,10n) reaction for energies between 80 and
100 MeV., The normalization to the experiment is made to the low-

spin transitions.

The experimental y-ray vields of the 2°°Bi(7™,5n)2°*Pb reaction
versus the nuclear spin of the de-excited level. The full lines re-—
present the calculated integral of the statistical angular momentum
distribution for the 20-"Pb(n,lm_)z[“‘Pb and 2%7Pb{n,10n) *%Pb re-
actions before ¥ emission, as explained in the text. The dashed
lines represent the calculated yield for the 2%“Hg(a,3n)*°*Pb re~
action [32], which seems to be in better agreement with the data
than the (n,zn) calculations. The dashed-dotted line serves

as a guide for the eye.






5
%/// )

ral
3
N



L1 L 1 Ls [ | L | s L T T | 1 el 2
] ; E—— =t R —— i
] WLZ R T r-- = = -
. FTo- A =T
] r - - E Y
Z C : =2 5
i S - j z -
> C C 1 z
Z o L ; -
= 5 e -
3 ! C 4 o E
] o - T wn
- - F 4 8 -
3 e Y T . z
— % . | <L —
- L — _ =
- E C - j ') = om
7 C & C
] o n Z E
i o - 2 N
] - [ e
1 i
] P —— E r 1 i
- ye g uwu | EE9ES - _,_j—- - j E
= Vo R - z N
- ) - ] =
— —r — —=
- o (=]
] C~ 7 Cr
- - - -
] Z 5 C
J - 4 -
. . =
] : S 3
1 e LT LT SHOLL 7T5S C d z
] WO, O 2L R EEL TEve C Z Z
N ey, C 3 E
:1 0"".9 ———— C ] -
4 [ D =~ =
1= - ——— ey w Lo
1= g0 | M 7 E C z ’
qesmsr . PH D2t C -
1% sy — - ] -
. g H IR F
E STy e L &: 4
1 G- 4¥L BYGRE i . e - =
E £ =
g Pl - ] s
. e
] B35 = _
4 L 4 F
do—gx L |ggre T h| == r
3 EE A ro., o o
=1 - 4 H 5 =
- N4 iy fv’?({ Ol it F = — L3
] R I 3 z
Z o 1 C 7 C
» - -
il <y e gy g L C
- ) LTy T I -
] ) [T L 4 C
] ’9.9,, . C
= 8 Ly
] = E - . [
T T T T T ] 1T T T T T T T T 1 T T T
T a -
"o NE ""‘9 L3

-——  SJUNOD Lo J2QUINN

- BJUNOS O Jagquini

Channet

Fig. 2



s

- Jequlfiu
.Snm

13uuDy)

_m.___"..___.___.____ _____—_.ntL_—____.___._

{srL-sups! Q3Avi3a oL

?ﬁ&é@f igé%é%%

éﬁ w}*

(R J._.._..__.MII_I_I_|||_I_I_|JJ.‘._ T
B A= a0,

P P s i O O 1 Y o S I I R I |

lat=1t
RPN IS T iy B B |

PR T I SR R TP B I R A I

i gy R gy

ool

ot

-

T Tyt L I LI O e e e |

_.,
i
il i

' oM

_ Coi

B i

1
— Bz
CoE

LI | _ =TT LI

s oo [Sote]]
[} f 1 11 it 111 111

— oo

|i ‘ I ___ v_|aam
A B
: %
| )
- 5 i og
s
» L
o & P
_ — Lok
e !
i o
i /.
; W
., {506 ~ 0} LldWOHd oL \ s
i
v, Tl :
.__|_I.|_|_I_|_I_I_I_|4|_..__.___|_..._._I_|.I_I_I_I_.. T T _____ LIS T e I N I | .__:.__._____.__:_.______

SIUNGT 0 J2QUINP

-

SIUNOD O JIQUNN



o
&
' _ T i
1 ki !
. :
i : {
[ - i
E
& e
I i
& 8
& E)
] +..q =3
~§ &
7 L

HI3L - L NOLIINiHA
(SUQS - 0) LdWOYd 19

o G
uu.ran._ »

|
|

g

=
006 o2

Q0LL =t

AR ]
LELH mpe

B 6 <L Lf77F

L BB

_____—.___—4_____——____q._______1___w___—ﬁ___—._—_________—__‘—.__1___—___ TTT
3

TTFTTT [ T T T A TTT T T[T I TTT 7T

t Ly
- d3gunu ]SuUUDY
oos aoat aneg ana noL ana 2an ooy jalaty oor aat a
10 ___.__._nL__ ___—..____ ___.;__m____.-________ __—m____._________._l_l_l—.n_l_l_l_!.._.__m__._.__—___.,______— ___ _____LL.—._V
i
[
ok, " i -
q, _"J. s i, _
j f;,.“._ Jm ./"_ ..f ;
- . i . H‘ -
» )
4 i -
_ H -
. __1.‘_ -
—] H—.. e qo_.
i i
wr 0
A _
: ~
l“ . ’ N _ [l
i HOEL -1 NOLIDNIS " ;
({sl-su06) 03avI130 @ |
| __ :
_ TT T TrTT _ T+ T T .._.l_l_.lx._l_l_lql.‘l_| ATTTITTITT r " TTar11 TTr It «l._l_l_|_ 1T l__|_|...— TTTT T JI_|_“ P~ Tt TT1TrT17T1T _I.I_I_I_IﬂJ__||_|. _I_Iﬂ._l_l.l
_uu_: aaat [ulv] 3 ans Lae qJa9 LG- . rae _u_nm anz Cai j
___ _.LI_—___..._____.___—_h——._—_n____.____.____._______.___—___.———___w___h—.__w__.—wu____.h___.__—___—]v._—_._‘___.
N \ -
¥ Y _ ]
. ab
] i WJ{.}%J‘H—._‘.} —F
. ALY, M,

o

TTTTTT T 7T %

SIUNOD 0 Jaquiniy

-

SiUNoD o Jaguwnn

S —



1 L1111 | 1 | 8 | 1 g

3 Wiz —_— [~ 5 ~ -
] 0t —_ - - u i
] = - =
1 —e . Z
] @ ad 0= 2 50% - n b !

. c 02 ‘%’ - J @ i

I r=s 4 € -8k

-4 2 i} = C= 25

] g . 3 - ' 2 ~8
_ | [T —— N ] s _E
1 o e G NL GR0E —=— I = e [T
7 O—Eood s T C = L ¢
J - "t P » ‘ ) -

] - = - - E -

] % = L a < P

— Eo—’ o - Lonl
- —— — ol
1 % ——r -7 ] 8 £ g
- 0 T B = - g
- ‘o % - 1 @ b5
@ — F - =
7 1 r b -

] L ] 1=
7 C 7 I

—] —_ . —_—0
- F = s R
- o - T

I — o ] o
— F 2 =

I — -
. . L
3 C ] r
B L C

. = = [ =
m - Fs T Fw
E Gelge Ln 7 TR . z -

] Mg -0l =2 - Z
1 o beg e e - [ :l z
- —_—e - L

- - o -

E am 2 BYQO‘SE? . |-__:'
Z - -3 wka
z = : '

a Wz 27 7 VI == o o o
u L —=" = - B
4 R R p— Z " F
- og I By ™ = B

. 00 e i‘* —a — o
19 : = L= o
Ju =z L : C
1z =% Co 3
7 4 -
—u — = . i
—m —" - - .

G §YL 951E = cios -
3 = . oA - =
] — oz -
- T -y =t - - :
v E
- % Y g 4 ompgg, T r ] -
] W 5, ¢ a 3 1 B
£, - = L )
- - .S"é = [ e :l' F

— o 2 = == —=
_ £a. — LoE L =
] By e . g Fa L
i L = -
= ‘_“;_"]. :i Ll
] Ty C z
» & = I z
ot O ey, ) A ~ :] =

_ Fe'um Lo -3
- [ - N 5
1 L BEL OPE'ZR — - : c
] T ] : .

- A L 4 L
B _— E 1 i
a = B

— .
= = - -
T T T T T T

o =

- SIUNGD o 1aquunp

-

SIUNGI 40 43GWNN

F1'g_. 5



. ‘
9 *b1g4
- 13QWRU [auUDYD
DDGN a1 nget anst aa9([ oosi aar1 angtl 0Oz oo1tl aant
AL ,__—______—__H—__-._ _—H___-__—..___—____n___.__—n____.‘._.;____.___—_____.___._____F________.. L1h 11 Lg)lr
§§ N
& 5
| am-‘? ommm
&
o
e
n
[a]
| =
3
3
: n
3
_| e%w —qaot
.
.
o
* ot
_ *
1
m {sril-sups) Q3aavIaa @ -2
| ey @SEDL
_4I—|_.4.._ TTTT LT T _ T 1 TTFTT _ L e O e e e | _ rMreTTIITTT. TTrm1 _|_|_|_|‘|_.I___.ﬂ I_I_I_I_I_!._._. rT ._I_I_Ij..._._l_l TrIr ._I_I_I_Iqlu.ﬁ jljl.JJ T TT1T13
02 108 onel afLl aoa) c_u.mn [ihER] ongel (1A Bart oooi
|—|_|_.._.__________ _.—_—____—___— ____—H______“..—.__-__“____n___—____——_n_.___——____.____._________.n___—___—_
Y fiﬁm%ésj;
— — 0ns
=
_ c
3
o
o
®
& g
= (]
— ", O
& .. —oooic
& al s 2
1 = s F "l b n
. % [ a
o ] b
.....Q o LA (-
.(44 _-U‘ m H
o o [
- =
o
z
— - 0041
{SU0S - 0) LdwOdd 18 s
Wk
cawom ST0%E
___—____—qd—__—____ﬂ.____ﬁ_—._‘___—_ _______—_— TTTTTTTTE TTTFTTT T TFrTTFITT rTyrrrrrIy “___—_a__*___ﬁ_ﬂ_l_lj




196
i

200
|

204
l

208
I

13 15

i
2l

10°

_
T
o}
=

_u paddois Jad pi@ia

Neutron multiplicity

Fig, 7



Yield per captured -

A 178 174 170 166

3
|

102

W

el 1 ! | | |
107 3 5 7§ W B ®
Neutron multiplicity

Fig, 8



Yield per captured m~

10°

—
2

10-?

180 A 178

174 170

166
|

10°°

| T

| | |

6 8 10
Neutron rultiplicity

Fig. 9




» 172 Hf

i1

I

fr1 1

!

L
16 1

uoid paddols

o
(=

1ad p2iA

Fig. 10



ly 04 =129/ 11, (6= 2) - 1, (67 47)

102 |-

10'—

10"

w 'l oo

0 5 10
Neutron multiplicity

Fig. 11



Case aq Case b

Evaporation
neutrons

o ¥Ta(n,7n) "Ht

A 18'Tc1(1r£',9n) "2

o
o
|
[
|
L)

o (n,6n)-1,(Es) dE,

3
(%)
T

Intensity (I—1-2) per captured




Yield per stopped pion

10°

1077

103

Jo(n,10n)

A 2%gji(n7,7n)*%Pb
. ZQQBi (T'L',gﬂ) 200Pb
x 2R (- 13n) *Pb

S o (n,10n)
/




Yield per stopped pion

1072 —

107

o Bi(n",5n) *Pb




