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Lines of the kaonic x-ray spectra of 24 elements ranging from Z =17 to Z=92 have
been measured. Kaons are absorbed at the nuclear surface from circular orbits. The
sudden cutoff of transitions to successively lower principal quantum numbers at certain
values of Z indicates that nuclear matter (probably neutrons) extends above the conven-
tional nuclear surfaces. A peak in one of the spectra corresponds to x rays from Z~ -

hyperonic atoms.

Negative kaons are sensitive probes of the nu-
clear surface because they are absorbed on the
surface by overlap from circular orbits.! In 24
elements ranging from Z =17 through Z =92 we
have measured x rays emitted by the hydrogenic
system K~ +nucleus. The data indicate that ka-
ons are absorbed at larger distances from the nu-
clei than would be expected from conventional nu-
clear dimensions. An attractive, although not
unique, explanation of the experiment is to as~
sume a nuclear skin of neutrons as has been sug-
gested by many authors.?

Using the same K~ beam of the Bevatron but
with larger Ge(Li) detectors® we have extended
the previous K~ -mesonic x-ray experiment? to
medium and heavy elements. Figure 1 shows
some examples of the spectra as they are ob-
tained from the data-acquisition system. No
backgrounds have been subtracted and no correc-
tions have been applied for detector efficiency or
target absorption of the x rays.

Table I gives Z, the transition, energy, and in-
tensity of the observed lines with the above cor-
rections applied. The following comments con-
cern Table I:

(a) The natural isotopic abundances of the ele-

ments were used except as noted for Ca.

(b) Kaons were assumed to stop in the elements
of compounds in the ratio of the charge of the el-
ements to the molecular charge, e.g., 20/(20
+34) stopped in the Ca of CaCl,.

(c) The listed energies are the Klein-Gordon
equation® values with the proper reduced mass
and without further corrections. The experimen-
tal data agree with them except where deviations
are indicated by putting the Klein-Gordon value
in parentheses. The vacuum polarization and the
small nuclear-size correction account for most
of the deviations. Present accuracy is insuffi-
cient to establish a residual difference, if any,
due to nuclear or other effects. The energies of
the shifted lines are based upon the emissions of
1%3Ba at 2176, 302, 356, and 384 keV, and the er-
rors are about +1 keV.

(d) Intensities are given in x rays per stopped
kaon. The values are approximate and are in
fair agreement with Eisenberg and Kessler® ex-
cept where nuclear capture predominates. The
errors were estimated by considering the peak-
to-background ratio, the magnitude of the cor-
rections for target self-absorption, and the
agreement between two detectors where applica-
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FIG. 1. Examples of kaonic x-ray spectra.

ble. Some of the intensities of the lines that should not be subject to nuclear capture were unbeliev-
ably low, e.g., the 10l - 9% and 9% - 8j transitions in W and Ir. We could find no experimental reason
for these apparently abnormal intensities.

If we observe the intensity of a particular transition » -n-1 as a function of the atomic number Z,
we find that this transition becomes unobservable at a certain Z. See Table I. For example, as Z in-
creases, the last transition from n="T-6 occurs in ;,Gd (or ;,Tb). We interpret this cutoff to indicate
that the nuclear-capture probability is greater than the radiative-transition probability at n=7 and Z
=64. Likewise the n=5-4 lines cut off at ,,Ni.

We believe that the kaons are captured from circular orbits (2, n—1-n-1, n-2) because of the very
existence of a series of lines such as those in the Pb spectrum. Also, the intensities are in agree-
ment with the calculations of Eisenberg and Kessler. With the hydrogenic system in circular orbits,
its radiative-transition rate is given by

2n— -
MKZ4 24nn n 4(n_1)2n 2
P d=o.535x10“’ o7 sec (1)
ra M, (2n-1)"""
The capture rate can be estimated by taking
_w p(0) 22 -1
Pcap 1)1 +exp[(r-C)/z] R dr sec, (2)

where p(0) is the nuclear-matter density at the center of the nucleus in units of particles per F3, R,
is the hydrogenic wave function for K~, and W is the imaginary part of the kaon-nucleus potential.
Wilkinson” quoted calculations that predicted the series n=4-3, 5~-4, 6-5, and 7-6 would cut off
at Z =16, 33, 56, and 83, respectively. We find, instead, that the series terminate at Z =17, 28, 42
<Z <53, and 64 (or 65). The calculations were based on the Saxon-Woods form for the density of nu-
clear matter with C=1.07A'3 F, z=0.55 F, and W=30 MeV. The calculated values do not agree with
our results except possibly at Z =16, but there are many ways to establish agreement. One method is

1236



VoLUME 22, NUMBER 23

PHYSICAL REVIEW LETTERS

9 JUNE 1969

Table I. Summary of x~ray spectral lines measured.

z K~

Transition Intensity Energy z K~ Transition Intensity Energy
Target nili-—rle2 per K~ (keV) Target nili»nzl2 per K~ (keV)
17 CaCl, 5g 4f 0.6 0.1  84.3 62 Sm 101 9k 0.4 £0.1  118.3
6g 4f  0.06£0.02 130.0 9k 8j 0.4 £0.1  165.5
4f 3d  0.05%0.02 182.2 8 7i 0.5 £0.1  241.5
o K 6h 5g  0.5540.1 J 7i 6h 0.3 0.1 373.9 (372.5)
7h 5g  0.07%0.02  91.8 63  EuF, 101 9k 0.2 0.1  122.2
8h 5g  0.020.01 114.2 9k 8j 0.3 0.4  170.9
5g 4f  0.60%0.1  105.5 8j 7i 0.3 £0.1  249.4
6g 4f  0.04%0.02 162.7 74 6h  0.15%0.1  385.7 (384.6)
20 *%cacl, 6h 5g 0.7 0.4 63.5 64  Gdy,O3 101 9k 0.3 *0.1  126.1
Sg 4f 0.4 0.1 116.9 9k 8j 0.3 £0.1  176.4
8j 7i 0.3 0.1  257.4
20 44caCl, 6h 5g 0.6 0.1 63.5 ¢
250 B 03 io1 1169 74 6h  0.15%0.1  398.7 (397.0)
22 Ti Sg 4f 0.4 0.1  141.8 66 Dy tor 9k 0.2 £0.1 1341
9k 8j 0.2 0.1  187.6
bh 5¢g 0.4 20.1°  77.0 8j 7i 0.2 0.1 274.5 (273.8)
7h 5g  0.06%0.02 123.4 J . . . .
28 Ni 74 6h 0.3 0.1 75.4 68 Er 101 9% 0.4 *0.1  142.4
i 9k 8 0.4 £0.1  199.2
9i 6h  0.06%0.03 157.8 - R o s S of AP
6h 5g 0.2 #0.1  125.0 J . : : :
5g 4f 0.1 £0.05 230.3 4 W 101 9k  0.15%0.1  168.8
) 9k 8  0.15%0.1  236.1
29 E;}(I;;é 7o 6h 0.1 .20.05  80.9 8§ 7i  0.1520.1  345.1 (344.6)
6h 5g 0.3 x0.1 1342 77 Ir 101 9k 0.2 #0.1  182.8
30 Zn 74 6h 0.5 20.1  86.6 9k 8j 0.2 £0.1  255.7
6h 5g 0.6 0.1  143.6 8§ 7i 0.1 £0.05 374.3 (373.3)
32 Ge 71 6h 0.4 £0.2 80 HgCl 101 9k 0.7 #0.1  197.3
6h 5g 0.4 £0.2 9k 8 0.6 £0.1  276.1
33 As 7 6h 0.4 £0.2 8 7i 0.4 0.1  406.3 (403.1)
6h 5g 0.4 0.2 81 TICI  11m 101 0.7 #0.1  149.6
34 Se 7 6h 0.4 0.2 . 101 9k 0.7 %0.1  202.3
6h 5g 0.4 +0.2 9k 8j 0.5 0.1 283.1
8j 7i 0.4 0.1  416.6 (413.3)
42 Mo ol B O TP T 82 Pb,O, 12n 11m 0.3 #0.1  116.6
; 7i 0.25%0.1  110.5 394
j 11m 101 0.5 #0.1  153.3
7i 6h 0.3 £0.4  170.3 o or o2 1ot zo7a
6h 5g  0.15%0.05 283.3 4282.6) ok 8 0.4 0.4  290.1
53 1 101 9k 0.6 #0.1 86.4 8j 7i 0.1 %0.05 426.7 (423.6)
gk 8 0p w0 1208 92 U 12m 11m 0.4 0.4  146.9
j i 0.5 £0.1 176.2
7 6h o k01 2118 @1L7) 11m 101 0.5 #0.1  193.2
-2 0. : : 101 9k 0.4 0.1  261.3
56 BaO 9k 8j 0.3 0.1  134.9 9k 8j  0.25%0.1  365.6
8 7i 0.3 £0.1  196.9 8j 7i 0.1 £0.05 539.0 (534.1)
7i 6h 0.3 0.4 304  (303.6)

to assign different distributions to the proton
density pp and the neutron density p, and to in-
crease W. For example, the density distribu-
tion could be

p(O)p
1 +exp[(r—Cp)/zp]

p(») =

p(O)n
"1 +exp[(r-Cn)/zn] ’ (3)

requiring prdV=Z, fpndV=A-Z, and increas-
ing W to 100 MeV. For the above formulas to be
in agreement with the experiment at Z =64, we
can maintain the conventional charge distribu-
tions, C»=1.07A"* F, and 25, =0.55 F, but in-
crease the radius of the neutron distribution to
1.2x1.07AY3 F and the thickness parameter to

2x0.55 F. At this writing we do not know the cor-
rect value to use for W, but it is difficult to be-
lieve that W could be increased to such a high
value as to account for the observed kaon absorp-
tion. This is evident when we consider that Z
=64 and n="17, the radiation rate given by Eq. (1)
is 1.2x 10 sec™!, whereas the absorption rate
given by Eq. (2), using the conventional dimen-
sions and W=100 MeV, is 2.5x10% sec™!. To
make the capture rate equal to the radiation rate,
W would have to be increased 50-fold. However,
when the distribution of Eq. (3) is used in Eq. (2)
and Cyp is made 20 % larger than Cp, zj, twice zp,
and W is 100 MeV, the capture rate becomes 1.1
%10 sec™'. Obviously the overlap integral can
be made to agree with the experiment by any
number of suitable variations of the three param-
eters. The above changes appear to be more cor-
rection than is needed in the region of Z = 29.
Bethe? suggested that the neutrons outside a nu-
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cleus (7 2 C) should be distributed as
p, (1) =3p (0)exp [-(8Me)V*(r-C) /R],

where M is the neutron mass and € is the neutron
binding energy.

In the next phase of the experiment we will de-
termine the atomic numbers at which the n=6-=5
and n =76 transitions are cut off.

The ultimate ability of kaonic x rays to yield
information on the nuclear-size parameters re-
quires the accurate determination of the kaon-nu-
cleus potential W.

CaCl, targets were used to test for an isotopic
effect between “°Ca and *‘Ca. (The isotopes were
not available in metallic form.) There was no ob-
vious difference between the two spectra. This is
not surprising because one would expect an influ-
ence of added neutrons to be observable as a
change of the intensity of the lowest transition
only for the values of Z at which the transition
disappears. For example, the intensity of the
n =5—4 transition in ,,Ni might be different for
different Ni isotopes. In Ca the n =5 level is not
dominated by nuclear absorption.

%~ hyperons are formed in the targets through
the reactions K~ +p~Z~ +7tand K~ +n =2~ +1°,
and upon capture by target nuclei make hyperonic
atoms. We looked for the x rays corresponding
to emissions from X~ -hyperonic atoms and found
one such line in the spectrum taken with a ;K
target. The peak at 136 keV corresponds to the
hyperonic transition n=6—5. Its intensity is
about 0.015 x rays per stopped kaon whereas the
prominent kaonic line of (K is 40 times more in-
tense. In photographic emulsion 0.08 K~ results
in the formation of &~ hyperons.? Thus the ob-
served intensity is consistent with the interpreta-
tion. However, the hyperonic x rays from the
transition » =7 -6 would be at 82.2 keV but are
not seen. Nuclear absorption probably eliminates
the transition n=5-4. In CaCl, the Ca hyperonic
transition n =7—-6 comes at the same energy as
the Cl kaonic 8%z - 5g line. There is an indication
of a =~ -hyperonic peak from Cl n=6-5 at 109
keV, but it is not beyond statistical fluctuations.
In the next experiment a more intense exposure
should verify the formation of £~ -hyperonic at -
oms. As detectors improve and more intense K~
beams become available it will be possible to ob-
serve Z—-hyperonic x-ray lines of the heavy el-
ements. These lines should show a fine struc-
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ture due to the magnetic moment of Z~. For ex-
ample, in Pb the splitting of the n=11-10 =™ -
hyperonic transition at 370.7 keV would amount
to 0.85 keV per nuclear magneton.

When negative kaons stop in the elements, or-
dinary atomic K-shell x rays are emitted, as ex-
emplified by the 4,Pb spectrum. The energies of
the lines correspond to Pb x rays; so they do
not come from the atoms in which the kaons stop,
else they would have the energies of 4Tl x rays.
We believe these emissions are mainly fluores-
cent x rays stimulated by the kaonic x rays. The
nbserved intensities are consistent with this ex-
planation.

The author expresses his appreciation to the
many persons who made the experiment possible,
and especially to Dr. Richard Pehl for the detec-
tors, Rory Van Tuyl and Jack Walton for the
electronics, Carl Quong for the computer pro-
grams, the technicians for watching the appara-
tus, and the Bevatron crews for furnishing many
hours of beam. Dr. Raymond Kunselman helped
in the running of the experiment. He made nu-
merous computer calculations, including the
overlap integrals; his assistance is especially
appreciated. Professor Emilio Segré contributed
many valuable ideas to the interpretation of the
data.
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