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in Fig. 1(c). The predicted on-resonance dips in
the third-harmonic line tend to be obscured by
the experimental laser spectrum but some evi-
dence for them survives in the focused-beam da-
ta, Fig. 2(h). Numerical calculation taking the
laser spectrum into account yields results for
third-harmonic emission consistent with the ob-
served (P“)? dependence shown in Fig. 1(b). In
addition, the fraction of irradiated atoms excited
to the 947D, level can be determined from the
measured value of F and the result, 1073x 10*?,
also indicates significant but not complete satura-
tion.

The experimental results have been explained
qualitatively on the basis of saturation involving
power broadening and population of the two-pho-
ton-resonant state with hole burning being impor-
tant in a certain range of fundamental power.
While we believe these effects are dominant, a
significant role may also be played by two-step
transitions from the 94 °D,,, to 6s®S,,, level where
one or both steps are stimulated.® Our observa-
tion of such effects in cesium vapor will be dis-
cussed elsewhere. Saturation effects will be im-
portant in schemes using resonant nonlinear in-
teractions to enhance frequency-conversion effi-
ciency.®
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Two-Electron—One-Photon Transitions in Heavy-Ion Collisions*
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Heavy-ion—atom collisions at medium energies (~ 0.8 MeV/amu) yield a considerable
probability for multiple inner-shell ionization. In the Ni-Ni, Ni-Fe, Fe-Ni, and Fe-Fe
cases, distinct lines in the x-ray spectra are observed, . which must be interpreted as a
correlated two-electron jump into the doubly ionized K shell followed by the emission of
only one photon carrying away the total transition energy.

In heavy-ion—atom collisions at medium ener-
gies, multiple inner-shell vacancies may be pro-
duced. If, for instance, both electrons are re-
moved from the K shell of either the target atom
or the projectile during such an encounter, the
remaining holes will be filled up by subsequent
transitions of two electrons from higher-lying
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shells. Normally these jumps will be accompa-
nied by the emission of two characteristic x rays
and/or the emission of two Auger electrons. But
according to the predictions of Heisenberg,' Con-
don,? and Goudsmit and Gropper?® it is also possi-
ble that both holes may be filled up by a simul-
taneous transition of two electrons. In this case
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only one photon with an energy slightly larger
than twice the K transition energy will be emitted.

We would like to report here the existence of
this effect, which has been observed accidentally
during the investigation of the noncharacteristic
part of the x-ray spectra produced in Ni-Ni, Ni-
Fe, Fe-Ni, and Fe-Fe collisions. The inverse
effect, the one-photon—-two-electron excitation,
has already been observed in optical absorption
spectra,»5

The experiment was performed at the Eidge-
nossische Technische Hochschule Zurich EN tan-
dem accelerator. Momentum-analyzed beams of
%Ni®* and %Fe®*, produced in a Middleton-type
ion source, were used to induce the x rays in
8Ni (1 mg/cm?) and thick natural Fe targets. In
the first experimental setup the x rays were mea-
sured with a 30-mm?, 3-mm-thick, Si(Li) detec-
tor (resolution 160 eV at 5.9 keV) perpendicular
to the beam axis. The runs were monitored ei-
ther by measuring the beam current or, in the
case of the thin Ni target, by counting the elas-
tically scattered heavy ions with a cooled Si-sur-
face-barrier detector placed at 45° with respect
to the beam axis. This information was also used
to determine the various x-ray production cross
sections relative to the well-known elastic Ruth-
erford-scattering cross section.

Typical x~-ray spectra obtained at a Ni beam
energy of 40 MeV are displayed in Fig. 1. To
reduce electronic pileup effects to a negligible
amount (<0.02%), the total count rate and the in-
tensities of the characteristic Ka and K8 lines of
the target atoms and the projectile were adjusted
with appropriate pure Al (99.999%) absorbers
placed between target and detector. All four
spectra exhibit at least one small but statistical-
1y significant peak (denoted by X1, X2, X3, X4)
superimposed on the broad noncharacteristic x-
ray continua. These peaks have the following re-
markable property (see Table I): The energy of
peak X1 is slightly larger than twice the Ni Ko
and that of peak X3 slightly larger than twice the
Fe Ka transition energy. There is also some
evidence for further but even weaker lines. Here
we note that the energies of the peaks denoted by
X2 and X4 is slightly larger than the sum of the
Ko and KB transition energies in the correspond-
ing atoms. The following tests were made to en-
sure that these lines are not produced by any
background effect:

(1) The targets were checked for impurities us-
ing the ultrasensitive proton-induced x-ray anal-
ysis method.® No trace elements giving charac-
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FIG. 1. Ni-Ni and Fe-Ni x-ray spectra. The upper
figures show the total spectra. (Trace 1, measured
spectrum; trace 2, spectrum corrected for absorption
and detector efficiency.) In both cases a 720-pm Al ab-
sorber was used. The energy of the peaks denoted by
X1 and X2 in the expanded part (lower) of the spectra
agree with the following transition energies in the Ni
atom: E(X1) =2F (Ka) +AE and E (X2) =E(Ka) +E (KB)
+AE . Those of the peaks X3 and X4 are consistent
with the corresponding transitions in the Fe atom.

teristic x rays at or in the neighborhood of the
peaks under discussion were observed. Since the
excitation cross section for protons is orders

of magnitude larger and at the same time also
the background radiation is much smaller than
for Ni and Fe ions at these energies, the possi-
bility of impurities can definitely be ruled out.

(2) y rays produced by Coulomb excitation can-
not be responsible for the peaks observed be-
cause possible y-ray transitions have different
energies.

(3) Electronic pileup effects can be excluded
also, because of the following reasons: Taking
into account that the total count rate was kept be-
low 50 counts per second during all runs, it is im-
possible to explain the intensity of the observed
peak by the well-known pulse-pair resolution
(< 2 ysec). Furthermore, since the Ka lines are
attenuated more than the KB lines, one expects
the KB-pileup peak to be the dominant effect. But
in all four cases no peak has been observed at
twice the K8 energy. In addition it was also veri-
fied experimentally that the energies of the peaks
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TABLE 1. X-ray energies in keV observed in Ni-Ni, Ni-Fe, Fe-Ni, and Fe-Fe collisions, All
characteristic lines are shifted with respect to the theoretical values because of multiple vacancies

in the outer shells of targets and projectile.

projectile x-ray theoretical pile-up observed
Exp. K -

target emission Ka -energy P a energy E(X1) and E(X3) E(X2) and E(X4) without absorber
angle

Ni (40 MeV

Ni ¢ V) 90° 7.477 7.530 + 0.003 15.228 + 0.010 16.174 + 0.050 15.065 + 0.02

Ni " 3a° 7.727 7.739 * 0.004

Ni 7.477 7.534 + 0.004 15.168 + 0.025

Ni " 90° 7.477 7.527 + 0.004

Fe 6.403 6.471 + 0.002 13.080 + 0.020 13.820 + 0.050 12.917 + 0.080

Ni " a° 7.765 7.770 £ 0.010 15.695 + 0.030

Fe 6.403 6.465 = 0.010 13.080 + 0.020

Fe (41.5VeV) 90° 6.403 6.456 + 0.010 13.025 + 0.020 13.880 *+ 0.070

Ni 7.477 7.543 + 0.010

Fe 300 6.624 6.692 + 0.010 13.428 + 0.010

Ni 7.477 7.531 + 0.010

Fe [s)

Fe 30 6.403 6.472 + 0.010 13.048 + 0.025 13.850 + 0.100

Fe " a° 6.658 6.684 * 0.010 13.449 + 0.025

Fe 6.403 6.460 +* 0.010 13.098 + 0.020

X1 and X3 clearly are larger than those of the
Ko pileup peaks (see Table I).

(4) An investigation was made to determine
whether these peaks exhibit a Doppler shift or
not. For this purpose a second experimental set-
up, especially designed for x-ray angular distri-
bution measurements, was used.” The spectra
induced in the Ni target were taken at 90° and 30°,
and those in the Fe target at 90° and 0°. The re-
sults, also listed in Table I, left no doubt that
the observed peaks must be produced by radia-
tive transitions in the target atom practically at
rest as well as in the projectile.

Considering all results presented so far, it be-
came clear that only the following two effects re-
mained which can explain all properties of these
peaks, namely a two-electron—two-photon or a
two-electron—one-photon transition in the highly
excited target and/or projectile atoms. Although
the first effect is orders of magnitude more prob-
able than the second one, it cannot explain the in-
tensity of these peaks. The two photons emitted
in this transition would have to be registered si-
multaneously by the detector. The probability
for this is negligibly small in the present exper-
iment because of the strong attenuation of the
characteristic K lines (e.g., about 1075 in the Ni-
Ni and 107° in the Fe-Fe case) and the small sol-
id angle of the detector (3.5% 1072 sr).
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Therefore we must conclude that the observed
peaks indicate the existence of a simultaneous
two-electron jump accompanied by the emission
of only one photon with an energy slightly larger
than twice the corresponding K transition ener-
gies. This slight shift can be explained very eas-
ily by the reduced screening in the doubly ion-
ized K shell. If the vacancies are filled by two
L electrons then the transition energy is given by

E =2E, +AE_,

for peaks X1 and X3; if an L and an M electron
are involved, then

Ex=EKa +EKB +AEs ’

for peaks X2 and X4. Neglecting the fine-struc-
ture splitting of the L and M shells, AE is about
equal to the difference between the transition en-
ergies in a H-like atom. For the Ko transition
this difference is given by®

AE,=3®[2% - (Z-s)].

If we assume a screening factor of s = £, the fol-
lowing shifts are to be expected: for Ni (Z =28),

AE_ =180 eV;
for Fe (Z =26),

AE =165 eV.
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TABLE II. Cross sections and branching ratios of one~electron—one-photon (Ka), two-electron—two-photon (Kc
+AE), and two-electron—one-photon (2Ka +AE) transitions. Ko +AE, denotes the energy released in the first ra-

diative electron transition to the doubly ionized K shell.

Projectile o(Ko) 0(2Ka +AEy) o(Ka +KB +AE) Ratio of K to Ratio of (Ka + AEy) to
target (b) (mb) (mb) (Ko +AEg) transitions (2Ko +AE,) transitions
II\\E 4200 =400 4.5+0.8 0.9+0.5 80 £40 (1.2 +0,8) x 10*
Ni . > 40 <4.0 x10%
Fe Thick target 90 +40 (0.3 +0,2) x10*
Fe 2900 £120 9.1+£2,0 1.9+1.0 90 £50 (0.4 +0.3) x10*
Ni 1700 +250 1.6 +0.5 <0.4 >50 <2.0 %104
e Thick target 80 +40 (0.4£0,3) X104

Both values are in good agreement with the mea-
surements, as can be seen from Table I.

It is clear that if two vacancies can be filled up
by a correlated electron jump then of course the
two-electron—two-photon transition also must ex-
ist. Also in this case, because of the reduced
screening, the energy of the x rays emitted dur-
ing the first electron transitions are shifted by
the same amount, producing a small satellite
line adjacent to the undisturbed Ko (or KB) line.
Indeed an examination of the region in between
Ko and KB lines clearly indicates the existence
of this effect, which has already been reported
by Richard, Hodge, and Moore.® Despite the lim-
ited resolution of our detector, it was possible
to estimate the ratio of one-hole to two-hole pro-
duction probability which, for instance, is about
80:1 in the Ni-Ni case, assuming equal fluores-
cence yields. The branching ratios between the
two observed transition modes are compiled in
Table II. The x-ray production cross sections
are given only for the two thin-target cases. It
is interesting to note that in the asymmetric Ni-
Fe and Fe-Ni cases the correlated two-electron
jumps into the K shell of the iron atom dominate,
suggesting that the probability for the production
of two holes is strongly Z dependent. The rea-
son that the effect is also clearly visible in the
Ni-Ni case can most probably be explained by the
well-known enhanced ionization probability for
symmetric systems.

However we would like to point out that up to

now no calculations exist with which the observed
cross sections and/or branching ratios can be
compared. We can only hope that the present re-
sults will stimulate new activities in a field which
has been forgotten for almost fifty years.

The authors would like to acknowledge stimulat-
ing discussions with Professor W. Baltensperger
and Dr. M. Simonius who also drew our attention
to the existence of the effect discussed above.
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