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longer neglect relativistic corrections to the Lan-
dau orbitals. From the condition fw, =mc? the
upper limit for the magnetic field is estimated to
be of the order of 4,14 x10'® G.
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Energies and Relative Intensities of Koo X-Ray Transitions
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Kaa absolute energies and energy shifts relative to twice the Ka energy have been
measured in ion-atom collisions at MeV energies in the region fromZ =12 to 26, ForZ
=12 to 22 good agreement is obtained with Hartree-Fock energy calculations assuming an
E1 transition with two L -shell vacancies in the initial state. Kao to Ka intensity ratios

are also presented.

The study of transitions in which two electrons
both change to more tightly bound inner-shell or-
bitals and the energy is carried off by a single
photon has an interesting history. Such coopera-
tive transitions received extensive theoretical at-
tention in early attempts to understand the energy
of x-ray satellite lines,'”3 and then were neglect-
ed for several decades. The recent observation
by WOolfli et al.* of cooperative Kaa x-ray transi-
tions (resulting from the filling of two K-shell va-
cancies by two L-shell electrons) from Fe and Ni
in high-energy heavy-ion collisions has caused a
resurgence of interest in this area.’”!' These
transitions provide a new testing ground for de-
termining the adequacy of present calculational
methods for obtaining transition energies and
rates.

Final configurations associated with the ob-
served Kaa transitions were not initially identi-
fied by WOolfli et al.* Calculations indicated that
the observed energy was in agreement with an E1
transition [(1s)"2~(2s)"'(2p)"!], but the E2 tran-
sition [(1s)"2=~(2p )" 2] was predicted to be domi-
nant® in highly stripped ions. This Letter pre-
sents the first extensive comparison of the mea-
sured and calculated K aa energies (over the re-
gion 12 <Z<26), together with the measured in-

tensities of the Kaa transition relative to the Ko
transition.

In the present experiment ions accelerated by
a 5-MV Varn de Graaff accelerator were used to
bombard thick targets. The energy of the ions
was generally between 3 and 3.5 MeV, although
in two cases doubly ionized beams of 7.0 MeV
were also used. X rays emitted at 90° to the in-
cident beam were measured with a Si(Li) detector
of 200-eV resolution at 6 keV. In obtaining the
Kaa spectra, sufficiently thick Be and Al absorb-
ers were used to reduce the transmission of the
corresponding Ka radiation to about 10”2 in order
to avoid any possibility of pulse pileup which
might obscure or simulate the Kaa line. These
absorbers resulted in about 10% transmission for
the Kaa radiation. Spectra were also measured
with the absorbers removed in order to obtain
the yield of Ka x rays. Energy calibrations were
obtained by using Fe*® and Am?*! sources and also
by bombarding various targets with proton and he-
lium beams. When helium beams were used, cor-
rections were made to account for the presence
of enhanced satellite lines.?

Figure 1 shows the spectrum obtained from
3.5-MeV Ar* ions incident on a Ca target. A
0.0076-cm Al absorber was used in addition to
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FIG. 1. X-ray spectrum obtained with 3.5-MeV Ar*
ions incident on a Ca target. The same spectrum is al-
so shown with the vertical gain increased by a factor of
10 to show the Kaa and Kaf lines more clearly.

0.0038 cm of Be. Slightly to the right of the cen-
ter are the Ar Kaa and Kap peaks. The Kaf x
ray is produced when one L and one M electron
simultaneously fill the double K vacancy. Peak
positions were determined by the use of a light
pen operating on computer-generated oscillo-
scope displays of the measured spectra. Table

I presents the measured Kaa energies together
with the collision system and projectile energies
used in each measurement. With regard to the
present measurements, several points are worth
mentioning. Three cases involve the observation
of Kaa x rays from target atoms, namely Mg,

TABLE 1. Measured energies of the projectile and
target Kaa x rays for the indicated elements and col-
lision systems. The third column indicates that the
measured Kaa energies are represented to an accur-
acy of about 0.5% by the expression 20.0Z(Z —1).

Koo
energy Kao energy
Z (eV) Z(Z-1) Collision system
12 (Mg) 2655 20,11 3.0-MeV Al* on Mg
13 (Al) 3119 19,99 3.0-MeV Al* on Si
16 (S) 4799 20,00 3.5-MeV S* on KCl
4826 s 7.0-MeV S** on KC1
17 (CD) 5418 19.92 3.5-MeV Ar* on KC1
18 (Ar) 6128 20.03 3.5-MeV Ar* on Ca

6158 7.0-MeV Ar**on Ca

20 (Ca) 7638 20,09 3.3-MeV Ti* on Ca
22 (Ti) 9273 20,07 3.3-MeV Ti* on Mn
26 (Fe) 13025 20.04 3.5-MeV Fe* on Co
and Ni
13 0482 cee 41.5-MeV Fe on Fe
28 (Ni)  15228° 40,0-MeV Ni on Ni

2From Ref, 4.
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Cl, and Ca. In the remainder of the cases the
Kaa x rays were emitted by the projectile. In
all cases Kaoa x rays were observed only from
the lighter of the two collision partners. The un-
certainty of the Koo energy is about 7 eV for Mg
and increases to about 10 eV for Fe. As indicat-
ed by the third column from the left, it was found
empirically that the energies of the Kaa x rays
excited by 3-to 3.5-MeV collisions could be rep-
resented to an accuracy of about 0.5% by the ex-
pression 20.0 Z(Z - 1).

Of course the energy of the Kaa x ray will de-
pend on the electronic configuration of the emitt-
ing atom. This dependence on the state of the
atom is somewhat reduced if one calculates the
energy shift of the Kaa x ray relative to two
times the corresponding Ka energy. Our results
for this quantity are plotted in Fig. 2 together
with the data of WOlfli ef al.* Also shown are the
results of Hartree- Fock calculations!® of the ener-
gy shift for both the (1s) 2=~ (2p)"2 #=6) E2 Ka«
transition and the (1s)2—(2s)"*(2p)"* (¢ =6) and
(1s)"3(2p) 2= (2s)"Y(2p) % m=4) E1 Kaa transi-
tions. (Here n is the number of 2p electrons pres-
ent in the initial state.) It should be noted that it
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FIG. 2. Predicted and measured Ko« energy shifts,
The solid lines represent Kaa energy shifts predicted
by Hartree-Fock calculations. The top solid line as-
sumes an E2 Kaa transition, while the lower pair of
solid lines assumes an E1 transition with a full L shell
(n =6) and with two 2p vacancies (z =4) in the initial
state. The dashed lines are the shifts for » =6 with
multiplet splitting taken into account. The circles rep-
resent data obtained with 3.0- to 3.5-MeV projectiles;
the square was obtained with a 7.0-MeV projectile, and
the diamonds are the measurements of Wolfli e al .,
(Ref. 4) at 40 MeV,
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has previously been shown that the Slater exchange

approximation is inadequate for the calculation

of transition energies when double K -shell vacan-
cies are involved.* The E2 energy shifts are
relatively insensitive to the presence of vacan-
cies in the L and M shells, but as is shown the
removal of two 2p electrons (n =4 curve) in-
creases the E1 energy shifts by about 15%. The
solid curves in Fig. 2 are derived from Hartree-
Fock calculations for particular configurations
and thus represent averages over the various
multiplets that may be produced from a particu-
lar configuration. The two dashed curves were
derived by taking into consideration the fact that
only singlet final states are allowed for n =6 if
one assumes that L-S coupling is valid through-
out this range of atomic numbers. The appropri-
ate multiplet energies were calculated for Mg

and Fe; the dashed curves are linear interpola-
tions between the Mg and Fe energy shifts (E
- 2E.). For then=4E1 transition, both the ini-
tial (1s)72(2p)"2 and the final (2s)”}(2p)~ 3 states
are split into several multiplets. Without know-
ing the transition rates between these various ini-
tial- and final-state multiplets it is difficult to
determine a properly weighted energy-shift curve
corresponding to the n =4 case. However, if one
assumes equal transition rates for all allowed
transitions (°P = %S°, °P°, and °D°; 'D = 'P°, and 'D°;
and 'S—'P°), and statistical population of the ini-
tial states, the resulting shift lies about 10 eV
below the n =4 curve at Z=26. Most of the data
points are in agreement with calculations for an
E1 transition with two L-shell vacancies in the
initial state. Olsen and Moore’® have observed
that essentially the same distribution of L-shell
vacancies accompanies both double and single K-
shell vacancy production. The present result is
therefore in reasonable agreement with the num-
ber of L-shell vacancies observed in high-resolu-
tion measurements of Ko spectra at these ion en-
ergies.'™” However, the data at Z=26 and 28
agree with energy-shift calculations which as-
sume E1 transitions, L-S coupling, and no L-
shell vacancies in the initial state. This agree-
ment of the 40-MeV data* with a calculation as-
suming no L-shell vacancies contradicts the data
obtained by Jundt and Nagel'® from 60-MeV Ni-Ni
collisions which indicate that on the average
about three L-shell vacancies accompany the pro-
duction of a K-shell vacancy. Relativistic effects
cannot explain this discrepancy, because the cal-
culations by Hodge® show that the inclusion of rel-
ativistic effects produces only a small reduction

in the energy shifts, about 6 eV for Fe and 8 eV
for Ni.

An effort was made to determine the Ka hyper-
satellite intensity for Ar incident on Ca in order
to obtain a branching ratio for two of the radia-
tive decay modes of the double K -shell vacancy,
namely, one- and two-L-electron transitions ac-
companied by emission of a single photon. In this
effort a flat crystal spectrometer was used to ob-
tain the resolution necessary to separate the Ko
hypersatellite from the Ko and KB lines. The
branching ratio obtained was 1.0x10™ % with an un-
certainty of about a factor of 2. Calculations by
Richard et al.” predict a value of 0.76x10°3. The
difficulty of this measurement due to the low Ko
hypersatellite intensity deterred us from perform-
ing additional measurements of this type for other
collision systems which were expected to be less
favorable. However, it was practical to measure
the ratio of Ka«a to Ka intensity, and these re-
sults are presented in Fig. 3. The ratio mea-
sured for a given set of collision partners is rep-
resented by the atomic number difference be-
tween the two collision partners. The observa-
tion that the largest intensity ratio for emission
from an atom with atomic number Z is obtained in
collisions with atoms of atomic number Z or Z +1
is consistent with the assumption of a molecular
orbital mechanism for K-shell vacancy produc-
tion.'® These ratios have been obtained by cor-
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FIG. 3. Measured ratios of Ka« intensity with re-
spect to Ka intensity for various collision systems are
indicated by numerals corresponding to 1Z,—Z,|. The
atomic number of the emitting atom, which is always
the lighter collision partner, is given along the abscis-
sa.
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recting for absorption in the Be and Al absorb-
ers by using the absorption coefficients of Viegele
et al.?® and Short and Tabock,?! respectively. Cor-
rections for detector efficiency were performed
using information supplied by the manufacturer
and were small. The accuracy of the intensity ra-
tios is estimated to be about 25%.

The ratio of Kac intensity to Ko intensity
varies from 2.3x107° to 3.8%x1077 over the range
of atomic number studied. The intensity ratio de-
creases with increasing atomic number, as would
be expected, since the K-shell ionization probabil-
ity decreases with increasing atomic number.

Our measurement on Ar, combined with Wolfli’s
measurements? on Fe and Ni, indicates that the

branching ratio is also decreasing with increas-
ing atomic number, consistent with the calcula-

tions of Richard et al.”

In conclusion, Koo energies and energy shifts
relative to two times the Ka energy, as well as
intensity ratios of Kaa to Ka in the region from
Z =12 to 26, have been measured. These energy
shift measurements establish that the Kaa tran-
sitions observed in this study are E1 transitions
with approximately two L-shell vacancies pres-
ent in the initial state for 12 <Z <22. The rela-
tively small energy shifts observed for Z =26 and
28 are not presently understood and suggest that
additional measurements in the region Z > 22
would be worthwhile.
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