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Abstract

Pionic X-ray intensities have been measured for 57 elemental
targets. For each transition, in addition to the broad maximum as a
function of Z expected from the Auger effect and the strong absorp-
tion, local intensity maxima are observed near Z values of closed

atomic shells.
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Introduction

The intensities of X rays from exotic atoms (u~, 7~, K') have
been observed to vary with the atomic number of the stopping tar-
get. A comprehensive survey [1] of kaonic X ray intensities has
shown intensity variations with Z of a factor of four. Some pion-
ic X ray intensity variations were also reported by Kunselman [2].

At present, there is no comprehensive theory to explain the
details of these intensity variations. However, some general fea-
tures of the intensity curves as a function of Z can be understood
qualitatively [3] in terms of the Auger effect reducing the inten-
sities of transitions at low Z and nuclear absorption of the
strongly interacting particles reducing the X ray yield at high Z.

The present paper reports results of an extensive survey of
the relative pionic X ray intensities for 57 elemental targets
from lithium to uranium. Because of the availability of relatively
higher pion beam intensities, it has been possible to study the
more interesting low yield transitions with |An| > 1 in addition

to making more precise measurements of the |an| = 1 transitions.

Experimental procedure

The experiment was performed on the low momentum meson channel
M9 at TRIUMF. The 100 MeV/c 2 x 105 n~ beam was degraded in poly-
ethylene, so that approximately one-half stopped in the target.

Pion stops were identified by a 1-2-3-k coincidence in a four-
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2 g/cm?. |f the pion stopping distribution has the form exp(-y2x2)
where x is the distance in g/cm? measured along the target detector
axis, x = b (a negative number) is the upstream face of the parti-

cular target, and x = a is the downstream face of the target which

is the side where the X ray detector is located, then in a one-

dimensional approximation the probability of the X ray escaping

in the direction of the detector is

a a
S = [ exp(-y2x2) + exp(-ula-x]) nx\\ﬁ exp (-y2x2)dx
b b
= exp(-pa+[p/2y]2?) - mﬂﬁA<MMMAwwW - M“MM«wwo\~<v ,
where u = :u:Ono * Yincoh®

The accuracy of this one-dimensional treatment was checked at
a limited number of u values by three-dimensional computer simu-
lations of the target-detector geometry. The agreement with S was
found to be within 5% even at the highest absorption values of
3 cm?/g. From the three-dimensional calculations the effective
solid angle was found to be 0.035 sr.

Allowances were made for the Z dependence of the distribution
of = stops in each target when calculating § in two ways:

1) the depth in the target of the center of the stopping distri-
bution was made equal to the range in the particular target of

the 12.2 MeV pions emerging from the degrader; and -

ii) the spatial width of the stopping distribution was made
proportional to the range of 12.2 MeV pions in the particu-
lar target.

The pion beam intensity was adjusted occasionally by re-
positioning the slits at the dispersed focus at the mid plane of
the pion channel. The possibility of this affecting the momentum
spread of the pions, and therefore S, was investigated by repeated

runs at different slit settings but no significant effect was ob-

served.

Errors

The various errors in X ray intensity per pion stop are dis-
cussed in this section, with particular attention being paid to
errors which might be systematic in Z. The errors in the case
|an] = 1 are summarized in Table 1 under the headings ''relative"
and '"'"normalization".

1. Relative errors are those which would cause a scatter of
intensity values about their correct value in the absence of
normalization errors. Only relative errors are shown in the
figures. The relative errors include statistical uncertainties
due to the finite number of counts; these were in the range 1
to 3% for [an| = 1, and 5 to 25% for |An| = 2 and 3. Errors
due to target positioning were estimated from repeated runs to

be approximately 2%. Errors from dead time corrections were
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ments (see next section). This has been done for all transi-
tions with a single factor 0.70 which is compatible with our

estimated normalization error of n25%.

Results

The figures show our normalized X ray intensities per pion
stop with their relative errors discussed in the previous section,
but for other data [2,7] show absolute values and errors. Pruy's
work [7] in particular was concerned with obtaining absolute
values. Figs. 1 and 2 show the 3-2, L4-2 and 5-2 transitions. In
these transitions the pion wave function overlaps the nucleus and
the X ray intensities are consequently increasingly depleted by
nuclear absorption, particularly towards larger Z values. At low
Z, competition from the Auger effect is responsible for the low-
ered X ray intensities in these transitions. The curves are pre-
dictions from a standard computer code which modelled the follow-
ing processes in the atomic cascade of the pion: electric dipole
radiation, pion decay, nuclear absorption [8], and A% = #1 K and
L Auger processes, assuming that 2 K electrons are always present.
In this model the initial atomic states were assumed to occur only
at n = 17 with a distribution in angular momentum of (2%2+1)exp(-a%).
The solid line corresponds to a = 0, the short dashes to a = 0.1,
and the long dashes to a = 0.2. Our 7.1 ¢ 0.3% value at Z = 5 is

the average of separate runs 6.1 £ 0.5, 7.8 ¢+ 0.5, and 7.3 t 0.5%.

There are no previous data for comparison with the pr and 5-2
intensities shown in Fig. 2.

Figs. 3 through 6 show |an| = 1 transitions where nuclear ab-
sorption and Auger processes are less dominant, and more striking
intensity variations, presumably of atomic origin, are seen to
occur. In the 4-3 and 5-4 transitions the dependence agrees well
with previous work [2]. The errors in the higher transitions 6-5
and 7-6 become progressively larger because of increasingly large
self-absorption corrections.

Figs. 7 through 10 show the |An| = 2 transitions, which are
less intense than the |an| = 1 transitions, since the latter in-
clude the transitions between highly populated "circular orbits"
£ =n-1. The |on| = 2 transitions (apart from 5-3 transition)
show intensity variations larger than |an| = 1, a result which
is expected since the cascade through a particular circular orbit
tends.to sum the intensities over the complete range of previous
2 values [9]. Only isolated intensity values have been reported
previously [2] for |an|= 2, and these are shown on the figures.

The low intensity 8-6 transitions were not completely re-
solved from the high intensity 6-5 transitions at low Z; e.g.,
the energy separation in units of the instrumental full width at
half maximum was 1.40, 1.79 and 2.70 at Z = 50, 60 and 70, re-
spectively. A pair of these overlapping, or close to overlapping,

peaks was fitted simultaneously with a common value of the instru-
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effect (e.g. for Z = 6, Auger probabilities are larger than radia-
tive rates for n>4 [3]). The Auger process also depletes the low
Z X ray intensity in an indirect manner: Auger transitions are
favored at low Z and tend to produce lower angular momentum states
than do radiative transitions. This is because radiative transi-
tions prefer A% = -1 with large |An|, while Auger transitions pre-
fer A2 = -1 with a minimum |An| consistent with energy considera-
tions [3]. Thus Auger processes at low Z indirectly cause more
mesons to be lost during the cascade.

In addition to the broad maxima caused by the strong inter-
action and the Auger effect, there are sharper peaks whose origin
may lie in a combination of the strong interaction and some atomic
effects. Since the dominant initial atomic capture process is an
Auger process, the electronic configuration of the host material
Z may affect the probability P(Z,n,2) of a meson being captured
into an atomic state with quantum numbers n, 2, and affect the
nuclear absorption probability.

It is not meaningful to fit the observed peaks by various
Z dependent initial distributions in the cascade model because
of the large number of free variables. In fact, the assumptions
made in the predictions that all captures occur at n = 17 with a
distribution (22+1)exp(-a%) have no firm basis and are more in the
nature of a convenient parameterization [11] which is in mmumqmd

use.

We have attempted to evaluate the pion data and the kaon data
[1] shown in Fig. 14 following the observation [1,12] that the
intensity peaks tend to occur near elements with closed electron
shells. The Z = 36 shell has the best correlation with well de-
fined maxima in the cases = 4-3, 7 6-4, 7 7-5, = 7-4, = 8-5,

K 6-5, K 7-6, and with less definite maxima in = 5-4, 7 5-3 and

K 8-7. The Z = 50 shell shows well defined maxima in 7 8-6,

K 7-6, K 8-7, K 9-8, and lesser maxima in m 6-5 and perhaps mr

m 4-3, = 5-4, n 6-4 and K 10-9. The Z = 18 shell has badly de-
fined maxima in = 5-3, m 6-3 and K 6-5, and perhaps at = 4-3,

K 5-4 and K 7-6. The Z = 18 shell is also approximately correlated
with a minimum in the muon xm\xn intensity ratio [13]. The z = 85
shell has poorly determined maxima in the K 8-7, K 9-8 and K 10-9.
There is also a suggestion of a maximum in a few cases at the end
of the lanthanide rare earth sequence at 7 = 72.

Although theoretical studies of the initial distribution have
been attempted [14], there is no comprehensive theory incorporating
electronic shell effects. It might be expected that the interpre-
tation would be simpler for elements than for chemical compounds
where the electronic configurations of the valence electrons may
be altered according to the nature of the chemical bond. There is
also the possibility of the formation of ''large mesic molecules'
where the initial mesonic orbits are comparable to the size of the

molecules of the target [15].
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