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The analytic theory of nuclear level shifts developed in some earlier papers is
applied to the *He K ~ atom. The experimental data on the shift of the 2p level
indicate that there may be a weakly bound state in the “He K ~ system. The
binding is “weak” on the nuclear scale; the binding energy is e~ 100 keV. The
probabilities for radiative transitions to this level are calculated.

PACS numbers: 36.10.Gv

Three experimental teams, working independently, have recently reported clear
indications of an anomalously large shift of the 2p level in the “He K ~ atom (see the
review by Batty’). The shift is 4E,, = E,, — E{) >0; i.e.,, the 2p level is pushed up-

ward. Table [ shows the experimental shifts and the widths of the 2p level, taken from
Ref. 3. Calculation of these parameters from the optical potential®

2 _
Vope () = — aplr) (1)

yields’ AE,, =02 eV and I',, =2 eV, more than an order of magnitude away from
the experimental values of AE,, and I",,. Anomalously large shifts of atomic levels
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TABLE 1.

N | ABp, eV Tap, eV | €,keV | v/2, kevV | oft¥ | F
1 35+ 12 30+30 94 44 380 — 160
3 5012 100 40 35 38 540 — 530
3 | 4338 55 +34 62 43 460 — 290 i

Note: The quantities €, v/2, and &f" are calculated for the average shift and width of the 2p level, without
consideration of the experimental errors.

vsually occur because there is a (real or virtual) level near zero in a strong potential
V. () (see Ref. 1, for example). Let us examine the situation in the “He K ~ atom from
this standpoint.

Experiments on hadronic atoms are conveniently analyzed by working from the
equation®

l : 2) = 1 lfcs) 2
1 (?—7\ {>\+2§'[¢(1—§’/>\)+1n)\/l§|]}—Z;sﬁ—z—r, A2, (2)

j=1

which relates the shifts and widths of the atomic levels to the low-energy scattering
characteristics. Here A = ( — 2E /E)"/?, E is the level energy, [ is the angular momen-
tum, { = — Z,Z,, a\ is the nuclear-Coulomb scattering length, and A is the effec-
tive radius. For the “He K ~ system we have £ = 2, a reduced mass m = 436.0 MeV, a
length unit L = 2a,; = 62.0 F, and an energy unit E. = 23.2 keV.

The effective radius A/ = 1) in (2) is calculated in the following manner. The
density of nucleons in an a particle can be described well by the Gaussian distribution
plr) = Cexp( — r?/r}); the rms charge radius is (%, )'/? = 74(3/2)"/2 = 1.67 F (Ref. 4).
According to (1}, the interaction potential F; acting between the K ~ meson and the
“He nucleus is of the same form. It can be shown that we have A = — 2.06/r, for a
Gaussian potential V, (with the Coulomb force turned off} or ’

rl(s} = __ cl‘/<r02h >l/2 (3)

(c, = 2.52). Introducing a Coulomb correction to 7 in accordance with Eq. (4) of Ref.
5, we find 7. Using the value of (#2,)"/%, we find &' = —94.8L ! = — 1.53 F |,
A% = — 120L ~'. The Coulomb renormalization of the effective radius is quite signifi-
cant here; this is a distinctive feature of the p wave.’

When we adopt a different model for V,(r), the only change in (3) is in the coeffi-
cient c,. For a square well, for example, we would have ¢, = 2.32 and #{) = — 87.3,
while for the experimental potential we find ¢, = 2.89 and #{) = — 108.6. We accord-
ingly varied the parameter ¥ from — 85 to — 100 in calculating the spectrum of the
“He K — atom. For a given value of #A*, Eq. (2) determines the p-wave scattering
length a'™ and also the positions of the other p levels.
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FIG. 1. Binding energy and half-width of the nuclear level vs the effective radius 7. These calculations were
carried out for version No. 1 in Table I. The values of € and /2 are in keV, and 7} is expressed in units of
L1,

It turns out that in addition to the upward-shifted atomic and p levels
(n =12, 3, ...) the system contains a deeper nuclear level, which distorts the Coulomb
spectrum. Its position depends strongly on the shift AE,, and, less strongly, on the
radius 7. Table I shows the binding energy € and the width y of this state, along with
the scattering length @™ ~a. Figure 1 shows how the calculated results depend on
the parameter 7.

It can be seen from Table I that the experimental position of the 2p level in the
“He K ~ atom cannot yet be regarded as established. As a result, there are significant
differences between the values of € and 7 calculated” from Eq. (2) for several versions
of AE,, and I',,. Nevertheless, our calculations show that with /=1 the ‘He K ~
system should have a bound state with a binding energy on the order of a few tens of
keV. The average radius of this state at €~ 100 keV is 2-2.5 times (#2, )/

A direct test of the existence of this nuclear level would be to look for radiative
transitions to it from atomic levels. In the dipole approximation, transitions from s and
d levels are possible, but in transitions of the K ~ meson from high orbitals the d
levels, rather than s levels, are populated. Ignoring the effect of the Coulomb force on
the wave function of the nuclear level, we find the transition probability to be

8v? 1 4\ e -
wind > vp )~ wo 1—5;'—3<1 —;2> —;;2>i(r1 ag)l™! (4)

where w, = (E. /A ((Z,m, — Z,m,)/(m, + my)]? = 0.179 eV, and v = £ /A corre-
sponds to the energy of the nuclear level (in this case, v~0.7-1). Estimates from this
expression yield w(3d—vp)~3X107° eV and a ratio w(3d—»vp)/w(3d—2p)~(2-
5)X 1072, We might note that the values given for AE,, and I",, in Table I were in
fact found from measurements of nd—2p radiative transitions.
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Another way to observe the “He K ~ nucleus would be to study nuclear reactions
involving K ~ mesons and light nuclei. In the reaction X = + ®Li—d + X, for exam-
ple, this “He K ~ level might be seen as a peak in the missing-mass spectrum for
forward-emitted deuterons.

At first glance, the existence of a level with a binding energy e ~ 100 keV might
seem surprising, since the shift of the 2p level in the *He K ~ atom is relatively small:
5§ =A4E,,/(ES) —E{))~7x 107> We can state a general criterion for the possible
existence of a weakly bound state. Working from the perturbation-theory expression®
for the level shift, and assuming that ¢ is equal to the scattering length for a hard
sphere of radius r,, we find the “critical” value of the parameter § = |E,, — E )|/
(EQ L, —ED)) to be

N (D) (ﬁ )21”
cr @) @+ (n-1- DN\ nay

(5)

With increasing /, the critical value 8. falls off rapidly. With ry/a; = 1/20 and
n =1+ 1, for example, we find 8., ~0.1, 107*, and 10~° for / =0, 1, and 2, respec-
tively. If 6> 6., the perturbation of the atomic spectrum should be regarded as strong,
and the system should have a weakly bound nuclear state [whose position in the case
ro€ag is given by Eq. (2)]. We see that the condition §>8,, holds in the *He K ~ atom.
The condition §R 8, is a quick test of whether “nuclear” levels exist in various ha-
dronic atoms.

We wish to thank V. 1. Lisin for assistance in the numerical calculations and O.
D. Dal’karov, V. E. Markushin, and I. S. Shapiro for a discussion of the results.

PHere p(r) is the density of the nuclear matter, and 7 is the effective KN scattering length, fitted on the basis
of the shifts and widths of the levels of heavier kaonic atoms. We are using atomic units: i=m =e =1,
where m is the reduced mass. The first Bohr radius of the system is ap = |¢ |, and the energies of the
unperturbed Coulomb levels are E&) = — {?/2n” (in units of E. = me'/h?).

3We recall that in the case / = 1 the “radii” #? and 7" have the dimensions of a reciprocal length and are
negative (if there is a level near zero in the potential V).

YEquation (2} is itself very accurate, since the problem has a small parameter, r,/ay ~ 1/20. The uncertainty
regarding 74 generates only a 10% variation in € and ¥ (Fig. 1).
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