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The transition rate for a correlated two-electron jump into the doubly ionized & shell
of Fe followed by emission of only one photon has been calculated using many-body per-
turbation theory. The ratio of the rate for the usual one-electron-one-photon transition
to that of the two-electron-one-photon transition was calculated to be 0.568x 10 in the
length approximation and 0.586&10 in the velocity approximation. These results com-
pare favorably with the ratio of (0.4+ O.B) x10 measured recently by VRlfli et aE.

In a recent Letter by Wolf li, Stoller, Bonani,
Suter, and Stockli, ' results were given for the
interesting process of a two-electron jump into
the doubly ionized K shells of Ni and Fe followed
by the emission of only one photon carrying away
the total transition energy. This effect was ob-
served during an investigation of the noncharac-
teristic part of the x-ray spectra produced in Ni-
Ni, Ni-Fe, Fe-¹,and Fe-Fe collisions. Mo-
mentum-analyzed beams of "Ni'+ and "Fe'+ were
used to induce the x rays in "Ni (1 mg/cm') and
thick natural- Fe targets.

Although this effect was predicted years ago by
Heisenberg, ' Condon, ' and Goudsmit and Grop-
per, ' it had not been observed until the recent
work by Wolf li et a/. ' Also, there do not appear
to exist any calculations of this effect which in-

volve electron correlations. In this paper results
are presented for the rate of two-electron-one-
photon jumps into the doubly ionized K shell of Fe.
Many-body perturbation theory' ' was used to cal-
culate the correlated wave functions starting from
a Hartree-Fock (HF) expression as the lowest-or-
der function. All terms were included which cor-
respond to first-order correlation corrections in
either the initial state or the final state. The ra-
diative matrix elements which are required are
(Pz~P, r, ~g;), where ~g, ) is the correlated initial
state of Fe with the doubly ionized K shell and
configuration 2s22p'2s'Sp63d'4s'. For the final
state jgz) the configuration 1s'2s2p'('P)3s'Sp'Sd'-
4s' was used. The dipole approximation is used
here, but in a more accurate calculation one
would not be restricted to this approximation.
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Since the 2s2p -1s' transition is being calculated,
the details of the configuration of the outer elec-
trons should not be significant and the calculated
results may be compared with the experiment
which involved Fe"beams and thick natural-Fe
targets.

Diagrams representing the terms in the per-
turbation expansion are shown in Fig. 1. Since
Ig&) is represented by a linear combination of
determinants, one must use projections' in ob-
taining the angular factors from the diagrams.
Rayleigh- Schrodinger perturbation theory may
also be used to calculate the angular coefficients.
The diagrams proceed from bottom to top corre-
sponding to right to left in ($&I+r, Ip;). The
dashed line between two solid lines represents
Coulomb interactions, and the dashed line termi-
nating in a solid circle represents interaction
with the radiation field. In the present case this
is taken to be Qr, or the corresponding velocity
form. In the diagrams, Coulomb interactions
above and below the dipole interaction represent
correlations in I g&) and I p;), respectively. " De
nominators occurring after the dipole interaction
are shifted by -e corresponding to the energy of
the outgoing photon and so become the appropriate

denominators for I g&). In diagrams (a) and (b)
the denominators vanish for c2 +62p Ey Epp 0
and this singularity is treated by adding +ig to
the denominator. " These diagrams then have
both real and imaginary parts, with the imaginary
part related to the Auger process. "

The diagrams were evaluated numerically by
the methods of Ref. 7, and the results are given
in Table I. Diagrams (h) (with up = 2p) and (i)
a.ccount for the nonorthogonality of P„in ly, )
with P„ in Ig&) and can be calculated by separate
Hartree-Pock calculations for ~q;) and Iy&). Al-
though this effect is important, the other dia-
grams which involve correlations are also im-
portant and must be included to obtain an accurate
result. These calculations were carried out non-
relativistically and used the Hartree- Pock pro-
gram of Fischer" to obtain the initial HF approx-
imation to Ig;) and Iy&). The calculated value for
(Jo E ' Ef is 471 96 a u OI 12 843 keV as com-
pared with 13.048 keV measured by Wolfli et aL. '

Using the results of Table I, the two-electron-
one-photon transition rate for 2s2p -(1s)' is
6.270 &10"' a.u. in the length approximation and
5.432 F10 ' a.u. in the velocity approximation.
The rate for one-electron —one-photon decay
2s22p'-1s2s'2p' is 3.532X10 ' a.u. in the length
approximation and 3.167 X IO ' a.u. in the velocity
approximation. The ratio of the one-electron-
one-photon rate to the two-electron-one-photon
rate is then 0.563 X10' in the length approximation
and 0.586 x10' in the velocity approximation.
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FIG. 1. Diagrams contibuting to the two-electron-
one-photon radiative matrix element (g&~P,. r,. I g,) for
the 2s 2p (1s) transition. Dashed lines terminating
in solid circles represent matrix elements of r. Other
dashed lines represent Coulomb interactions. ns and
np represent hole states 2s, 3s, 4s, and 2p, 3p, respec-
tively. The symbols ks and pp represent sums over
bound and continuum excited states with /=0 and L= 1,
respectively.
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Total

5.556x10 '
—i 7.475»0

—8,035x10 '
—i4.370 x 10
-1.041x 10 '
—4.297x 10

2.105x 10
1.482 x 10

—6.446 x 10
3.166x 10

—4 350x10
—2.086 x 10

—i1.185x 10

1.100x 10 2

—i3.601x 10
—9-.300 x 10

—i2.106x 10
1.268 x 10
4.045 x 10
1.108x 10
2.269 x 10

—1.484x10 ~

7.393x 10
—1.009 x 10

-8.859x10 '
-i5.707x10 '

~Factor W2 due to 2s2p'(~P) coupling in (g&) is not in-
cluded, Also, the angular factor for the dipole interac-
tion is not included.
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These values are in reasonable agreement with

the value (0.4+0.3) x104 measured for Fe by Wol-
fli e g al. '

It should be noted that the calculation is some-
what idealized because it was carried out assum-
ing an initial state with two 1s vacancies but no
vacancies in the I- shell. It is likely that there
will be a distribution of vacancies in the L, shell"
and that there will be a resulting decrease in both
the two-electron-one-photon and one-electron-
one-photon rates. However, it is expected that
the ratio of these rates will in general change
more slowly with vacancies than either rate alone.
The atom can, of course, also undergo two-elec-
tron-one-photon decays with the transitions 2s3p
-(ls), 3s2p -(Is)2, etc. Although these rates
were not explicitly calculated, a number of the
appropriate matrix elements were obtained and
it is estimated that the 2s3p and 3s2p rates are 5

to 10 times smaller than the 2s2p -(1s)' rate. It
would also be interesting to include relativistic
effects and all multipole radiation.
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At zero temperature, orbital waves propagate in He-A with a dispersion relation
&u=q, v F in the regime T, /EF «ac@«T„ the damping is also studied. In the regime
a ~ «T /EF, undamped orbital waves propagate with the dispersion relation co (EF /
T, ) (q,v F ) ln(T, /q, v F) .

Orbital waves are the Goldstone modes of the A

phase of superfluid 'He associated with the degen-
eracy with respect to the rotation of the anisotro-
py axis l. In a recent Letter, ' orbital waves in
'He-A have beeen shown to be diffusive at finite
temperature, in the collisionless regime as well
as in the hydrodynamic regime. This overdamp-
ing is due to the fact that, when / is moving, the
quasiparticle distribution has to be modified,
even in the limit ~ 0. Therefore, in the motion
E is dragging along quasiparticles, that is, the
normal Quid, which produces the damping.

Since the overdamping is linked to thermally ex-
cited quasiparticles, one may expect that orbital

waves propagate at T = 0 where there are no long-
er quasiparticles. Here we want to complete our
former kinetic-equation analysis in the collision-
less regime to include the T =0 limit which was
not considered in Ref. 1. We find indeed that or-
bital waves propagate at 7.' = 0 with various disper-
sion relations depending on the frequency regime.
These results should hold at finite temperature,
as long as kT «S~,qvF, whereas the overdamped
regime found in Ref. 1 coresponds to kT»S~, qv F.

The transition from one regime to the other oc-
curs for he, qv F -kT.

Let us first note that the collisionless regime
is likely to be the only physical one at low tem-
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