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Effects of Core-Level Excitation on the F-Center Formation in KCl and KBr
at Liquid-Helium Temperature
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The spectral dependence of the F-center formation efficiency in KCl and KBr was measured in the
photon energy region of the Cl K and Br K edges at liquid-helium temperature. No discernible increase
in the F-center formation efficiency was observed at either the Cl or Br K edge.
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The production of defects by ionizing radiation in al-
kali halides has been studied for several decades.
Presently, it is known that the primary products of irradi-
ation by x rays or band-gap lights are the F- and H-
center pairs. The F center is a negative-ion vacancy trap-
ping an electron, and the H center is an interstitial halo-
gen atom. Most of the F and H centers are formed by
the nonradiative recombination of electron-hole pairs (e-A
pairs), which are generated by ionizing radiation [1].

However, in the early stage of the studies on the defect
formation, the following mechanism characteristic of x-
ray irradiation was proposed by Varley [2,3]. An x-ray
photon creates a hole in the deep core state of a halogen
ion. This deep core hole decays into several valence holes
on the same halogen ion by the intra-atomic Auger cas-
cade, forming a positively charged halogen ion. If the
holes can remain on the halogen ion for a sufficiently long
time, this positive halogen ion may be ejected from its lat-
tice point due to Coulomb repulsion. After the proposal
by Varley, several experimental works [4-7] to examine
the core effect on the F-center formation efficiency have
been reported. However, clear evidence has not been
shown because of the experimental difficulties, such as us-
ing weak monochromatic x-ray beams or filtered x rays
with broad spectral width.

Recently, Sever, Kristianpoller, and Brown [8] report-
ed a definite increase in the F-center formation efficiency
at the Br K edge in KBr. By using a monochromatic x-
ray source and a sensitive luminescence detection method,
they obtained the efficiency of three F centers per ab-
sorbed x-ray photon above the Br K edge in KBr at
liquid-nitrogen temperature (LNT), contrasting to the
0.4 F centers just below the K edge. They explained this
increment of 2.6 in the efficiency in terms of the addition-
al production of e-h pairs above the edge due to the
Auger cascade. On the other hand, Green er al. [9]
showed that the number of e-h pairs does not increase
above the K edge based on the following discussions: The

dominant process of the e-h pair production is not the
Auger cascade but the inelastic scattering of the high-
energy electrons produced by absorption of x-ray photons
or by the Auger transition. If we use the empirical rule
proposed by Alig and Bloom [10] that it takes about 2
times the band-gap energy to make an e-h pair by inelas-
tic scattering, about 600 e-h pairs are generated in the
KBr crystal by absorption of one x-ray photon of 13.4
keV. On the other hand, only several additional holes are
estimated to be generated by the Auger cascade, being
overwhelmed by the 600 e-i pairs [9]. Therefore, it
seems hard to expect the e-h pairs to multiply by a factor
of 8 above the Br K edge. This conclusion by Green et al.
has been confirmed by our recent experimental results
[11] that the number of e-A pairs produced by x-ray irra-
diation does not increase when the x-ray energy crosses
the Cl K edge in KCIl at liquid-helium temperature
(LHeT) [11]. Therefore, to explain the factor of 8
change in the F-center formation efficiency, both Sever,
Kristianpoller, and Brown and Green et al. had to as-
sume extra stability for the F-H pairs produced by the
recombination of electrons and holes generated by the
Auger cascades.

Rabin and Klick [12] found that the F-center forma-
tion by ionizing radiation is a bulk property when the F-
center concentration is 10" to 10'%/cm? and when the
temperature is as low as LHeT. On the other hand, Sev-
er, Kristianpoller, and Brown [8] measured the efficiency
at the F-center concentration of about 10''/cm?3 at LNT.
It is, therefore, necessary to remeasure the F-center for-
mation efficiency in a sufficient concentration at LHeT.
In this Letter, we report the spectral dependence of the
F-center formation efficiency in the Cl K and Br K edge
regions in KCl and KBr at LHeT.

The monochromatic x rays were obtained from a 2.5
GeV positron storage ring at the Photon Factory, Tsuku-
ba, coupled with double crystal x-ray monochromators.
For measurements in the Cl K edge region, beam line
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BL-11B was used where x-ray flux of about 10'!
photons/sec was provided between 2.6 and 3.0 keV at a
stored beam current of 200 mA. For the Br K edge,
beam line BL-6B which provided x-ray flux of about 10'°
photons/sec between 13.0 and 15.0 keV at the beam
current of 200 mA was used. The x-ray beam was in-
cident at an angle of 22.5° (15°) on a cleaved surface of
a KCI (KBr) crystal. A probe light, whose wavelength
was tuned to the peak energies of the F bands in KCI
(KBr), was incident at an angle of —22.5° (—15°) on
the KCI (KBr) crystal. It was focused on the crystal in
such a way that the probe light examined exactly the
same region of the sample exposed to the x-ray beam.
The beam size of the probe light was less than 1x 1 mm?
at the sample surface and was sufficiently small compared
to the x-ray beam size of 4x4 mm? at BL-11B and 2x6
mm? at BL-6B. The attenuation of the probe light due to
the F-center absorption was measured with a photomulti-
plier (Hamamatsu Photonics R928) and an electrometer
as a function of the x-ray irradiation time. After the first
30 min of exposure to the x-ray beam, the absorption
spectrum was measured. It was then confirmed that the
absorption was solely due to the F centers. The number
of F centers per unit area was estimated from the at-
tenuation of the transmitted probe light and from
Smakula’s formula [13] using an oscillator strength of
0.8. By turning off the probe light, excitation spectra of
the intrinsic luminescence were measured with the same
detection system as for the probe light. The x-ray
fluorescence, Ka and Kf, of a halogen ion was emitted
backward, and was detected by a windowless Shottkey-

barrier-type photodiode (Hamamatsu Photonics G-1127- -

04).

The sample crystals of KCI were cleaved from a block
of single crystal obtained from Union Material Co.,
Ibaraki, Japan, while KBr samples were prepared from a
block of the KBr crystal purchased from the Crystal
Growth Laboratory, University of Utah. Each cleaved
crystal (6x6x1 mm? in size) was mounted on a copper
cold block of a cryostat and cooled down to LHeT.

Figure 1 shows a typical growth curve of the F band in-
duced by the x-ray irradiation at 13.62 keV in KBr at
LHeT. As shown in Fig. 1, the growth curve consists of
two stages: an early stage of rapid growth, in which the
F-center formation saturates in a few minutes, and a
latter stage of linear growth, in which the rate of the F-
center formation is almost constant. The rapid nonlinear
growth in the early stage has already been observed by
Ritz [4] and was attributed to residual impurities or
negative-ion vacancies in the crystal. Similar nonlinear
growth was observed at the outset of the x-ray stimulated
intrinsic luminescence [11]. The F-center formation by
filling the negative-ion vacancies that exist originally in
the crystal may be responsible for the nonlinear growth.
The latter stage, where the F center is formed almost
linearly as a function of exposure time, has been also ob-
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FIG. 1. Growth curve of absorbance at 600 nm in KBr in-
duced by irradiation of 13.62 keV x rays at LHeT.
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served by Rabin and Klick [12], and by Ritz [14]. It has
been attributed to an intrinsic process since the slope of
the linear growth is not sensitive to impurities in the crys-
tal [12,15]). In KCI, similar growth curves of the F band
were also obtained for the irradiation of x rays between
2.81 and 2.84 keV.

From the slope of the growth curve in the latter stage
the F-center formation efficiency can be estimated. For
example, the number of F centers per unit area, Ng, in
the latter stage, shown in Fig. 1 (13.62 keV irradiation),
is expressed as a function of irradiation time, ¢ (sec), by

Ne=2.1x10"¢/cm?. (1)

Since the x-ray flux from the BL-6B was about 10'°
photons/sec and its cross section was 2X6 mm?, the F-
center formation efficiency at 13.62 keV is roughly es-
timated to be about two F centers per absorbed x-ray
photon: In other words, the energy required to produce
an F center at LHeT is about 6 keV/(F center), which is
in rough agreement with the value of 3.3 keV/(F center)
reported by Ritz [4,14].

Unfortunately, the absolute photon number of the x-
ray beams could not be measured in the present experi-
ments. Therefore relative F-center formation efficiencies
were calculated in KCI and KBr and were plotted in Figs.
2 and 3, respectively, in their halogen K edge regions
versus x-ray energy. The excitation spectra of K fluores-
cence of halogen ions are also shown in Figs. 2 and 3 in
order to locate the corresponding halogen K edges. Al-
though the scattering of the data is fairly large, Figs. 2
and 3 show that the F-center formation efficiencies in
both KCl and KBr seem to be constant in the displayed
energy range and that a step increase in the efficiencies is
not observed at the corresponding halogen K edges.

Our results are clearly different from those of Sever,
Kristianpoller, and Brown [8]; that is, a stepwise increase
of a factor of 8 in the F-center formation efficiency at the
Br K edge was reported. However, their experimental
condition is different from ours: They studied the F-
center formation in an F-center concentration of 10'!/
cm? and the sample temperature was at LNT, while in
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FIG. 2. Spectral dependence of the relative F-center forma-
tion efficiency around the Cl K edge in KCl at LHeT. Circles
show the efficiency at each energy. The excitation spectrum of
the CI-K fluorescence is also shown by the curve.

the present experiment, we measured in the concentration
of 10" to 10'7 (F centers)/cm?® at LHeT. Therefore,
measurements at LNT in high F-center concentrations
are required for further discussions.

When a crystal is subjected to x rays above the K edges
of the constituent ions, a fraction of the absorbed x-ray
energy is reemitted as the K fluorescence with the
efficiency nk. If the crystal is thick in comparison with
the penetration depth of x rays in the energy region of K
fluorescence, only the x-ray fluorescence emitted back-
ward can escape from the surface of the crystal, while the
fluorescence emitted forward is reabsorbed by the crystal.
Hence, approximately half of the reemitted energy is
reabsorbed by the crystal. The energy dissipated in the
crystal above the K edge is, therefore, reduced to
1 —nk/2 of that below the edge. Since most of the e-h
pairs are generated by the inelastic scattering of high en-
ergy photoelectrons and Auger electrons, the efficiency of
the e-h pair formation is linearly proportional to the ener-
gy dissipated in the crystal. This energy dependence can
be confirmed by measuring the efficiency of exciton
luminescence which is due to recombination of the e-h
pairs. For example, Bianconi, Jackson, and Monahan
[16] observed a decrease in luminescence efficiency due to
the Ca K fluorescence in CaF,.

If most of the F-H pairs which can remain stable after
x-ray irradiation are formed by the nonradiative recom-
bination of the e-A pairs, both efficiencies, the F-center
formation and the exciton luminescence, should show the
same excitation energy dependence around the Cl K edge.
In KCIl, ng is about 9% [17]. However, the expected
4.5% decrease in efficiency of the intrinsic luminescence is
too small to observe, and no change in the efficiency has
been observed for the excitation below and above the Cl
K edge [11]. The F-center formation efficiency in this re-
gion is also almost constant as shown in Fig. 2, within the
experimental error.

According to Krause [17], nk is as high as 50% in KBr.
In the present study, however, a decrease of about 15% in
the intrinsic luminescence efficiency was observed above
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FIG. 3. Spectral dependence of the relative F-center forma-
tion efficiency around the Br K edge in KBr at LHeT. Circles
show the efficiency at each energy. The excitation spectra of
the Br-K fluorescence and exciton luminescence are shown by
solid and dotted curves, respectively.

the Br K edge in KBr, as shown in Fig. 3. The smaller de-
crease of 15% instead of the expected decrease of 25%
may be due to the reabsorption of x-ray fluorescence. On
the other hand, the F-center formation efficiency which is
shown in Fig. 3 is almost constant in the energy region in-
vestigated. The constant F-center formation efficiency,
therefore, indicates that the ratio of the efficiency of F-
center formation to that of the e-A pair formation in-
creases above the K edge, since the number of e-A pairs
generated above the edge decreases by 15%. If this is the
case, core effects such as Varley’s mechanism must be
taken into account. However, Fig. 3 shows that the ex-
perimental error of the F-center formation efficiency is
comparable to the decrement of the exciton luminescence,
15%, and more precise measurements are required for
further discussions about the Br K-core effects.

This work has been performed under the approval of
the Photon Factory Program Advisory Committee (Pro-
posals No. 89-114 and No. 91-200).
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