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The X-ray spectrum of muonic and pionic 2*’Np has been investigated with muons and pions stopped in a NpQ, target. The
nuclear spectroscopic quadrupole moment was determined to be O0=3.88610.006 b from the splittings of the muonic 5g—4f
hyperfine complexes. The B(E2) |-values for the first and second excited states were evaluated as 3.17+0.08 and 2.77 £ 0.10 2%b?,
respectively. A comparison between the muonic and pionic 5g—4f hyperfine complexes yields the strong interaction parameters
for the pionic 4f state. For the first time a change of sign as function of Z for the strong interaction quadrupole shift €,(4f) has
been observed. The standard optical model predictions agree reasonably well with the measured strong interaction monopole
shift, ¢,(4f), and width, I",(4f), while they disagree with the experimental value for ¢,. A stronger s-wave repulsion in the optical

potential could explain this effect.

From the study of muonic and pionic atoms of a
deformed heavy actinide, interesting aspects can be
learnt about electromagnetic and strong interac-
tions. The latter induces shifts, ¢, and widths, I, on
pionic X-ray transitions, the observation of which has
been used to construct a semiphenomenological
optical potential [1]. This potential plays an impor-
tant role, not only in pionic atoms but also in
describing near-threshold photoproduction, radia-
tive capture and in a slightly modified form low-
energy pion-nucleus scattering. The non-spherical
part of the strong and the electromagnetic interac-
tion gives rise to a hyperfine splitting of each pionic
or muonic level. Furthermore, by comparing the
pionic and muonic hyperfine splitting patterns, strong
interaction monopole and quadrupole parameters can
be extracted. The results contribute to the investiga-
tion on the earlier observed deviations between
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experiment and theory in pionic atoms [2]. As
pointed out by Dey et al. [ 3], errors reflecting uncer-
tainties in the calculation of multi-electron systems
and in estimating the electric field inhomogeneity at
the nucleus and the effect of the polarization of the
electron core do not exist in muonic and pionic
atoms. In the domain of intermediate energy states
for pionic and muonic atoms, where the orbit size is
large compared with nuclear dimensions and yet
small compared with the orbits of atomic electrons,
the exotic atom is “hydrogen-like”. The corrections
for finite size, vacuum polarization, magnetic dipole,
and electric hexadecapole effects applied to the
quadrupole hfs are small for the 5g—4f transitions.
They add up to only a few percent.

The present experiment not only serves to meas-
ure the nuclear spectroscopic quadrupole moment
from muonic and pionic 2*’Np atoms but is also
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aimed at investigating the behaviour of strong inter-
action parameters I"o(4f) as well as €,(4f) and €,(4f).
In earlier studies a change in sign for €, has been
observed, when going from the 4f to the 3d level in
the nuclei Ta and Re [4]. As the pionic states popu-
lated in 2*’Np are much more bound than those in
Ta, Re, Au, Pt, Pb and Bi [2,4], deviations in the
strong interaction parameters such as a possible
change of sign in ¢, within the pionic 4f level, there-
fore, are best looked for in the mass region of the
heavy actinides.

The experiment was performed with muon and
pion beams at SIN, Switzerland. The pion beam was
tuned to 100 MeV/c, whereas the muons had a
momentum of 50 MeV/c. Stop rates of approxi-
mately 106z —/s and 10° p /s were obtained in a 0.92
g/cm? thick NpO, target, containing 9.981 g of 2*’Np.
The experimental set-up includes a multidetector
BGO Compton suppression spectrometer. The
measuring technique has been described earlier [2].
The energy calibration was taken from accurately
known energies of muonic X-rays and nuclear y-ray
transitions induced in the target and its aluminum
encapsulation by the incident particle beam. The
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neutron induced background transitions were well
separated in time from the prompt X-rays, by using
a time-of-flight path of about 60 cm between target
and detector.

Regarding the muonic 2p—1s, 3d—2p and 4f—3d
transitions one should note that several low-lying
excited states belonging to the rotational band of the
Nilsson ground state configuration 3*[642]1 in
237Np are mixed appreciably with the muonic 3d, 2p
and Is states. Therefore, the spectroscopic nuclear
quadrupole moment is derived by fitting the observed
hyperfine splitting in both the muonic 6g—4f and
5g— 4f transitions, which have energies in the region
of 0.86 and 0.55 MeV, respectively. This method has
the advantage of not being sensitive to the finite
nuclear size and the dynamical mixing of nuclear
states. The K, L and M X-ray data were only used to
determine approximate nuclear charge distribution
parameters, namely the Fermi parameters ¢=7.00 fm
and ¢=2.3 fm, respectively. In fig. 1 we present the
hyperfine splitting of the 5gq,,—4f;,, and 5g,,,—4f;,»
muonic X-rays, the transitions of which occur with a
much higher transition rate than the 6g—4f com-
plexes. From the latter a moderately accurate value
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Fig. 1. The muonic 5g— 4f hyperfine complexes of 2*’Np are shown, the muonic 5g,,,— 4f;,» complex to the left and the 5g,,,—4fs/, X-ray
complex to the right. The hyperfine splitting of the two complexes is pronounced, the strongest two components of each complex being
split by AE=2.608 +0.019 keV and AE=2.863 10.021 keV, respectively. The solid line is the fit to the experimental data of the hyperfine
complex, including some weak nuclear y-ray transitions from 2**U and *"U.
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of 0=3.864+0.055 b is obtained from the measured
energy splitting. The energy splitting of the two Sg— 4f
complexes is 10.864+£0.022 keV between the main
transitions. The splitting of the two main compo-
nents of each complex allows for two independent
determinations of the quadrupole moment. From the
energy splittings of 2.608 +0.019 and 2.86310.021
keV for the 5go,,—4f;/> and 5g,,— 4f5,» muonic com-
plexes, respectively, a spectroscopic nuclear quadru-
pole moment of O0=3.886 +0.006 b is derived.

Older results [ 5-8], though less accurate, agree well
with the present result. The ground state of >*'Am
and the 59.537 keV state of »*’Np have the same
Nilsson quantum numbers: 3~ [523].. Therefore,
within the framework of the collective model, the
quadrupole moments of these two Nilsson states
should be equal, except for a small correction due to
a change in nuclear deformation and a size correc-
tion proportional to 4%, From nuclear y-ray reso-
nance measurements [9], the ratio of the quadrupole
moment of excited state to that of the ground state
and the results from muonic >*'Am [10] one arrives
at a value of 0=3.9+0.2 b, following the same pro-
cedure as in ref. [8].

The present experimental result, Q= 3.886 £ 0.006
b, is an improvement in accuracy of more than an
order of magnitude for the value of the spectroscopic
nuclear quadrupole moment. The B(E2)|-values
from the first and the second excited states were
evaluated, using the transition energies of the muonic
4f-3d, 6g—4f and 5g—4f transitions. They amount
10 3.1710.08 e?b? and 2.77 +0.10 e?b?, respectively.
These B(E2)|-values do confirm the old Coulomb
excitation results, 3.1+0.8 and 24+0.4 e%b?
respectively, as reported by Newton [6] but are much
more precise.

In the analysis of the hfs of the pionic 5g—4f com-
plex, i.e. the determination of the hyperfine splitting,
lorentzian line width, energy and intensity, it is
important to include the instrumental line shape of
the photopeak, see ref. [4], since otherwise the
obtained lorentzian line widths are not adequately
represented by the fit. Subtracting from the fitted
values the radiative widths of initial and final levels,
we obtain a strong interaction monopole width of
I'4(4f)=3.88+0.26 keV and a monopole shift of
€(4f) =5.26+0.14 keV (with respect to the point
Coulomb energy). These results have to be com-
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pared with the values predicted by the standard
Kisslinger optical potential [11-13] I'¢(4f)y,=
4.161£0.92 and €y(4f),,=4.54+0.75, respectively.
The present measurement on the pionic 4f level and
earlier results in other nuclei [2,4] agree reasonably
well with the calculated values, contrary to those for
the 3d level [2].

A quantity much more sensitive to the interplay
between s- and p-waves in the n—N interaction is the
strong interaction quadrupole shift, €,(4f), about
which very little information is available. Besides the
strong interaction monopole shift and width, the
observed hfs of the pionic 5g—4f transition of the
strongly deformed 2*’Np nucleus also yields the
effective electric quadrupole constant, AST(4f)=
3.801+0.08 keV. This quantity is directly propor-
tional to the effective spectroscopic quadrupole
moment, Q°7, From the difference between AT and
the calculated electromagnetic quadrupole constant
A,(4f) =4.295 keV in pionic 2*’Np, the strong inter-
action quadrupole shift, €,(4f) = +0.49+0.08 keV,
is obtained (for the notation see ref. [14]). The for-
mulae for calculating the quadrupole shift from
experimental data for muonic and pionic atoms can
be found in refs. [3,14]. In table 1 experimental val-
ues are also presented calculated from other
experiments.

The agreement of ¢,(4f) with standard optical cal-
culations, €,(4f);,,=0.010.1, is rather poor. In addi-
tion, there is a change of sign for both the calculated
and experimental values for the strong interaction
quadrupole shift €, as one goes from the 4f to the 3d
level, whereas the monopole shift ¢, remains positive
(i.e. attractive). In the case of 23"Np we observe, for
the first time, that the sign of the experimental value
of €,(4f) is opposite to that of the calculated one and
to that of the other elements in the same pionic shell
(see table 1). This effect is very similar to the change
of sign of the strong interaction monopole shift ¢,
observed in the pionic 2p level by Abela et al. [15].
The effect of changing sign in both cases can be
ascribed to the increasing importance of the repul-
sive s-wave part in the strong interaction when the
overlap between pion and nuclear wave functions
becomes larger in deeper pionic orbits (see also the
anomalous I'; in 3d and Is shells [2]). This change
of sign is predicted to occur by theory for both ¢, [ 1]
and ¢, [14] the experimental values are not repro-
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Table 1
Strong interaction quadrupole shifts for the pionic 3d and 4f levels of some heavy deformed nuclei.
Nucleus A5 (exp) Re 4, P eheory Ref.
(keV) (keV) (keV) (keV)
pionic 4f level 165Ho 1.389+0.027 1.336 —-0.053+£0.027 —0.020 [16]
165Ho 1.419+0.009 1.336 —0.083+0.009 —0.020 [17]
L 1.688 £0.032 1.609 —0.079+0.032 —0.028 [16]
'81Ta 1.72410.011 1.643 —0.081£0.011 —0.031 [N
81T 1.750+0.016 1.643 —0.1071£0.016 —0.031 [4]
Re 1.163+0.010 1.117 —0.046+0.010 —0.023 [4]
2098 —0.37 £0.05 —0.302 —0.07 +0.05 —0.009 [18]
Z"Np 3.80 £0.08 4.295 +0.49 +0.08 —0.018 this paper
pionic 3d level 81T 9.1 0.5 9.610 +0.5 *05 +4.55 [4]
Re 5.4 0.6 6.479 +1.1 06 +3.24 [4]

duced correctly, however.

The individual contributions to the €,(4f) in 2*’"Np
for the pionic 4f state are calculated to be: e,(s)
=+0.901 keV and ¢,(p) = —0.919 keV ™', As pointed
out by Koch and Scheck [14] the p-wave part is less
important in €, as compared to €,. Therefore, when
going to heavier nuclei the pionic 4f level is more
deeply bound and the repulsive s-wave interaction
will become increasingly important, a change of sign
in €, is expected before it occurs in €,. A similar can-
cellation effect could also be the reason for the smaller
theoretical values of €,(4f) in comparison with the
experimental values for 23*U and 2*’Np.

In conclusion the muonic X-ray spectrum of 2>’Np
provided us with a model independent nuclear struc-
ture information regarding B(E2)|-values and the
nuclear  spectroscopic  quadrupole  moment
Q=3.88610.006 b, which could be determined from
the hfs of the muonic 5g—4f complexes to an accu-
racy of about 0.2%. The intrinsic quadrupole
moments of the nuclear ground states show a smooth
systematic increase with increasing atomic mass in
the heavy actinides and the present result fits well
into this regular trend [19]. The present value for
the intrinsic quadrupole moment, Qy=10.88+0.02
b, is also in good agreement with theoretical calcula-

% Unfortunately the sign definition [14] of the strong interac-
tion quadrupole shift €, 45T =4, —¢,, yields a negative value
of ¢, for an attractive interaction (p-wave), opposite to the
definition of the monopole shift ¢,.
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tions [20]. The pionic X-ray spectrum provided val-
ues for the strong interaction monopole width and
shift of the pionic 4f level. For the first time a change
of sign for the strong interaction quadrupole shift
€,(4f) was observed. The standard optical model
calculations are in disagreement with the experimen-
tal value for e,(4f), while the strong interaction
monopole parameters I'o(4f) and ¢,(4f) agree rea-
sonably well with these calculations.
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