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Spectral dependence of theF-center formation efficiency has been measured for KBr single crystals at
liquid-helium and nitrogen temperatures in the vicinity of theK edge of bromine at 13.47 keV. TheF-center
formation efficiency was evaluated by the optical absorption measurement under irradiation with monochro-
matized synchrotron x rays. The efficiency was normalized to the deposited x-ray energy estimated by a
sensitive photocalorimetric measurement. It has been found that theF-center formation efficiency shows an
;24% stepwise increase above the core threshold at liquid-helium temperature. This result suggests that the
multiple ionization mechanism, following the core-hole Auger cascade, might participate actively in the
F-center formation process.@S0163-1829~96!07320-1#

I. INTRODUCTION

The effect of core-hole excitation on the efficiency of the
photochemical processes in solids such as surface desorption
and defect formation has attracted much interest from the
aspect of the core-hole decay mechanism. Knotek and
Feibelman1 observed thresholds for electron-stimulated de-
sorption of positive ions from certaind-band metal oxides.
They have concluded that the enhancement comes from the
core-hole Auger decay. From the analogy we can expect that
the similar mechanism plays an important role for the defect
formation in bulk materials. The production ofF andH cen-
ters by ionizing radiation is a well-known phenomenon in
alkali halide crystals. TheF center is a halogen ion vacancy
trapping an electron, and theH center is the complementary
interstitial atom. It is well understood that from the electron-
hole pairs~e-h pairs! generated by ionizing radiation self-
trapped excitons~STE’s! are produced accompanied with lat-
tice distortion. Duringe-h recombination the STE also
passes through states that provide entry to theF andH cen-
ter pair ~F-H pair! production channel.2 For the deep core
excitation with x rays, anF-center formation model based on
a multiple ionization mechanism was proposed by Varley3,4

in 1954, more than two decades prior to the work of Knotek
and Feibelman. According to his model a hole excited with
an x-ray photon in a deep core state of a halogen ion results
in several valence holes on the same halogen ion by the
Auger cascade. If these holes stay on the halogen ion for a
sufficiently long time, this multiply charged anion will be
ejected from its initial lattice site owing to the Coulombic
repulsion. The concept of the multiple ionization model is
based on the Auger cascade. The photochemical process of
the Varley model is fairly consistent with that of the surface
desorption observed by Knotek and Feibelman.

Sever, Kristianpoller, and Brown5 reported a definite in-
crease in theF-center formation efficiency at theK edge of
bromine in KBr. By using a traditional x-ray source and a
sensitive luminescence detection method, they evaluated the
efficiency to be 3.0F centers per absorbed x-ray photon

above the core threshold in KBr at liquid-nitrogen tempera-
ture ~LNT!, contrasting to 0.4F centers just below the core
threshold. They explained this increment of 2.6 in the effi-
ciency above the core-edge threshold in terms of additional
e-h pairs produced by the Auger cascade rather than the
multiple ionization mechanism. On the contrary, Green
et al.6 showed that the number ofe-h pairs does not increase
above the core threshold on the basis of the following dis-
cussion. The dominant process of thee-h pair production is
not the Auger cascade but inelastic scattering of the high-
energy electrons excited by primary x-ray photons or by the
subsequent Auger transitions. Based on the empirical rule
proposed by Alig and Bloom7 that the energy of about 3
times the band-gap energy is consumed to make ane-h pair
by inelastic scattering, about 600e-h pairs are generated in a
KBr crystal on absorption of one x-ray photon of 13.5 keV.
On the other hand, several additional holes are generated by
the Auger cascade, being overwhelmed by the 600e-h pairs.
That is, thee-h pair production efficiency would not in-
crease stepwise at the core-edge threshold. Therefore, it
seems hard to expect that the number ofe-h pairs multiplies
by a factor of 8 above theK edge of bromine. Most of the
F-H pairs generated by thee-h recombination are unstable
and recombine with each other.2,8 Thus, they needed to im-
plicitly assume extra stability for theF-H pairs generated
from the additionale-h pairs above theK edge.

The luminescence detection method of Sever, Kristianpol-
ler, and Brown is very sensitive, and they would possibly
observe extrinsicF centers in the surface region as is de-
scribed later. On the other hand, the traditional absorption
method enables us to observe intrinsicF centers in a bulk.
However, the latter measurement requires a sufficient num-
ber ofF centers. In order to produceF centers with mono-
chromatic x rays in the absorption method, we need an in-
tense x-ray source, and therefore have to wait for
synchrotron x-ray sources to appear.

By means of the optical absorption method we have re-
cently measured the spectral dependence of theF-center for-
mation efficiency in KCl and KBr in the photon energy range
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of the K edge of chlorine and bromine, respectively, at
liquid-helium temperature~LHeT!.9 We obtained growth
curves of theF bands by measuring the intensity of the trans-
mitted probe light tuned to the respectiveF bands, while
irradiating the crystals with monochromatic synchrotron x
rays. In contrast with Sever, Kristianpoller, and Brown,5 we
observed no discernible increase in theF-center formation
efficiency at the thresholds in KCl and KBr within experi-
mental error. Although scattering of the data was roughly
10%, the increment was less than 8. However, we should
compare the results carefully because the experimental pro-
cedures are quite different.

Because of the scattering of the data we have not drawn a
definite conclusion as to whether the multiple ionization
mechanism works effectively or not in theF-center forma-
tion process. The constant efficiency per absorbed energy in
theF-center formation suggests that the net efficiency would
increase to some extent at the core threshold owing to the
energy loss due to secondary processes such as x-ray fluo-
rescence. In order to discuss this problem exactly the
F-center formation efficiency should be measured with re-
gard to the deposited x-ray energy, where the energy outgo-
ing from the bulk by the x-ray fluorescence is excepted.
Hereafter we will distinguish the deposited energy from the
absorbed energy.

In this study we measure carefully theF-center formation
efficiency using an improved procedure for KBr single crys-
tals at low temperatures. In order to estimate the rate of the
energy deposition for the incident x rays, we measure the
spectral dependence of the efficiency of thermal conversion
using photocalorimetric spectroscopy.10We also measure the
bromineK fluorescence efficiency to discuss quantitatively
the rate of the energy loss due to the radiative process. Stud-
ies for thee-h pair production efficiency are also essential to
examine the conclusion proposed by Sever, Kristianpoller,
and Brown. The STE luminescence yield is, though its con-
tribution to the energy loss is absolutely low, proportional to
thee-h pair production efficiency. In KBr two luminescence
bands, which are calleds andp luminescences, are observed
at 4.4 and 2.3 eV, respectively, as the STE luminescence at
low temperatures.11,12We measure excitation spectra for the
STE luminescence as a measure of thee-h pair production
efficiency.

For studies using photocalorimetric spectroscopy and STE
luminescence, LHeT is indispensable. LHeT can provide
several advantages for the study of theF-formation effi-
ciency. TheF andH centers are not able to move at LHeT,
which allows one to disregard theF-center bleaching due to
the recombination with a well-separatedH center. Thus the
F-center formation efficiency does not depend on its concen-
tration, and the concentration of theF center increases in
proportion to the irradiation time.13–15Besides, theF-center
formation efficiency is insensitive to the impurities at
LHeT.13 On the other hand, it is known that thea center, the
ionizedF center, is several times higher than theF center in
the concentration at LHeT.16,17 We need to know the rela-
tionship between these anion-vacancy centers to understand
the defect formation. Srinivasan and Compton14 showed that
the concentration ratio of thea center toF center was almost
constant over the x-ray irradiation time. Therefore, we will
regard theF center to be representative of the anion-vacancy

centers. In the following sections we describe the experimen-
tal details and the results, putting emphasis on the difference
from our previous work and those of Sever, Kristianpoller,
and Brown.5

II. EXPERIMENTAL DETAILS

The details of the experimental procedures for the spectral
efficiencies ofF-center formation, thermal conversion, x-ray
fluorescence, and STE luminescence in KBr are described in
sequence in the following sections.

A. F -center formation efficiency

TheF centers were produced using synchrotron radiation
from a normal bending magnet of the 2.5-GeV Photon Fac-
tory ring at Tsukuba, Japan. A schematic for the measure-
ment ofF-center formation efficiency is illustrated in Fig. 1.
The synchrotron x rays were monochromatized with a silicon
double-crystal monochromator, which provided about 1010

x-ray photons/sec with a beam size of 4 mm~horizontal! by
2 mm ~vertical! over 13–15 keV for the beam current of 300
mA with an energy resolution of about 2.7 eV. The emergent
x-ray beam passed through a small aperture and an ionization
chamber and then came to the sample crystal mounted in a
cryostat. The output of the ionization chamber was used as
an intensity monitor for the incident beam, and was used for
normalization of the measured quantities.

Cross-sectional uniformity of the incident x-ray beam is
essential to estimate accurately theF-center density. Other-
wise it would depend on the position measured with the
probe light. Unfortunately, the incident beam showed spatial
nonuniformity in the intensity. However, it was found that
the intensity profile was quite stable and independent of the
x-ray energy studied. In this study theF-center growth
curves were measured at four x-ray energies for one sample.
The energy-independent intensity profile made such a mea-
surement quite sound.

Several KBr crystals of about 1 mm in thickness cleaved
from a single crystal obtained from University of Utah
~grown in inert gas! were attached to the cold finger of the
cryostat with silicon grease. The x-ray beam was incident on
the front surface of a sample crystal at an angle of 15°. The
probe light of 600 nm for theF band of KBr was generated
from an iodine lamp using a monochromator. It was incident
from the back face of the sample through a small opening of
the sample holder at an incidence angle of 15°. The probe

FIG. 1. A schematic for the measurement of theF-center for-
mation efficiency: IC is ionization chamber,L iodine lamp,M
monochromator,L1 andL2 lenses,S sample crystal,C cold finger,
F filter, and PM photomultiplier tube.
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light was focused less than 131 mm2 on the sample to ob-
serve exactly the same position inside the area exposed to the
primary x-ray beam. The transmitted probe light was then
refocused on a photomultiplier tube through a low-pass filter,
which rejects the unwantedp ands emission components.
The attenuation rate of the probe light due to the increase in
the F-center density and thus the optical density was mea-
sured as a function of the x-ray irradiation timet. The rate of
the increment in the optical density provides theF-center
formation efficiency. The intensity of the probe light was
optimized so that the bleaching effect for the createdF cen-
ters may be negligibly small.

Figure 2~a! shows a growth curve of theF band induced
by x-ray irradiation at 13.506 keV at LHeT. The growth
curve shows a rapid increase with exponential saturation in
the early stage,t,1000 sec, and a linear increase at a steady
rate in the latter stage, 1000 sec,t. The saturation in the
F-center growth comes from filling the preexisting vacancies
with the conduction electrons generated under the irradia-
tion. In fact, we have observed that the STE luminescence is
suppressed in the early stage.18 After filling the preexisting
vacancies the growth curve shows an almost linear increase.
The steady slope of the growth curve in the latter stage pro-
vides theF-center formation efficiency. Judging from the
result, 2000 sec was enough for irradiation to estimate the
F-center formation efficiency at an x-ray energy.

From the slope of the growth curve theF-center forma-
tion efficiency was estimated. For example, from Fig. 2~a!
the number ofF centers per unit area,NF , is expressed as a
function of t ~sec! asNF5231011t/cm2. Unfortunately the
absolute x-ray flux provided at the beamline 6B was not
measured in this experiment. Using the nominal photon num-
ber of the beamline 6B, about 1010 photons/sec for the cross
section of 234 mm2, the F-center formation efficiency at
13.506 keV was roughly estimated to be about twoF centers
per absorbed x-ray photon. In other words, the energy re-
quired to produce anF center at LHeT is about 7 keV/~F
center!, which agrees roughly with the value of 3.3 keV/~F
center! reported by Ritz.15,19

Contrary to the previous study,9 where an F-center
growth curve at an x-ray energy was measured for one
sample, we measured at four x-ray energies for one sample
in this study. Each sample was subjected to irradiation for
2000 sec at an x-ray energy, i.e., for 8000 sec in total. Of the
four irradiation energies the lowest and the highest energies
were always fixed to 13.440 and 13.504 keV, below and
above theK edge of bromine at 13.472 keV, to examine the
reproducibility of the efficiency as well as to cancel the de-
pendence on the sample configuration. Of the remaining two
energies, one was chosen between 13.440 keV and the core
threshold, and the other was chosen between the core thresh-
old and 13.504 keV. Each sample was irradiated with x rays
in due order of the energy, i.e., from 13.504 to 13.440 keV.
Figure 2~b! shows an example of the growth curve, which
was obtained from serial measurements for energies of
13.504, 13.488, 13.456, and 13.440 keV. At the onset of
x-ray irradiation for each energy the growth curve showed
kink, especially att50 ~onset of the x-ray irradiation! and
t54000 sec~the x-ray energy crossing theK edge of bro-
mine!. The growth curve was analyzed to a sum of exponen-
tial and linear growth. When the x-ray energy changes from
above to below theK edge of bromine, the penetration depth
of the x ray increases by about 8 times. The formation of
additional F centers in the deep crystal region and the
bleaching of the already formedF centers should be taken
into account. However, the sum of two exponential func-
tions, for growth and bleaching effects, and a linear function
are applicable. The slope of the linear growth region gives
theF-center formation efficiency. As is noticed in Fig. 2~b!,
the linearity of the growth curve for 13.440 keV was better
than that for 13.504 keV. Actually the slope of the 13.440
keV growth curve fluctuated from sample to sample within
2%. Therefore, the slope for 13.440 keV was employed to
normalize the slopes for the other energies for each sample.

B. Thermal conversion efficiency

Under x-ray irradiation various defects includingF cen-
ters are produced in alkali halide crystals, but a mere fraction
of the incident energy was consumed for their creation. Most
of the incident energy would finally change into thermal en-
ergy. Therefore, the thermal conversion efficiency would
correspond exactly to the rate of deposition for the incident
x-ray energy. The thermal conversion efficiency in various
crystals can be studied by means of photocalorimetric
method.10 Figure 3 shows a schematic for the photocalori-
metric measurement used in this study. A sample of 535
mm2 by 1 mm in thickness was suspended with thin quartz

FIG. 2. ~a! A growth curve of theF band in KBr induced by
x-ray irradiation at 13.506 keV at LHeT.~b! A growth curve of the
F band in KBr measured for the four x-ray energies denoted along
the curve.
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wires and thermally linked to a copper heat sink of a tem-
perature about 5 K with a gold wire of 0.1 mm diameter. To
this wire was also thermally linked a germanium temperature
sensor~Cryocal E-500!. Another germanium sensor with al-
most the same characteristics as the former was attached to
the copper heat sink to compensate the effect of thermal drift
~not shown in the figure!. The heat dissipated in the sample
causes change in the resistance of the former germanium
sensor. The resistance change was measured with a sensitive
ac bridge. With this system we were able to detect the power
dissipation as low as 1028 W. Since the incident x-ray flux
was 1010 photons/sec, i.e., 1025 W, this method is useful to
estimate accurately the thermal conversion efficiency.

C. X-ray fluorescence efficiency

The quantum efficiency of the bromineK fluorescence in
a KBr crystal was measured at room temperature in the fol-
lowing manner. A cleaved KBr crystal was positioned per-
pendicular to the incident x-ray beam. A Schottky-barrier
type photodiode20 with a sensitive area of 98 mm2

~Hamamatsu Photonics G-2119-01! was positioned about 50
mm in front of the sample to measure the x-ray fluorescence
intensity. All were arranged in atmosphere. An excitation
spectrum for the bromineK fluorescence was measured from
13.3 to 13.7 keV by scanning the energy of the incident x
rays. The intensity of the incident x rays was measured over
the same energy range with the same photodiode positioned
at the sample. The sensitivity of the photodiode was cali-
brated to the ionization chamber. The fluorescence efficiency
was estimated on the assumption that the x-ray fluorescence
is isotropically emitted. The emitted x rays will be reab-
sorbed while passing through to the surface. Using the ab-
sorption coefficients, the fluorescence quantum yield of the
bromineK shell was estimated from the measured efficiency.
Detail of the formulation is described in Appendix. Although
the sample temperature and the incidence angle of the x ray
were not equivalent with those in theF-center formation
measurement, they are not essential for the present study.

D. STE luminescence efficiency

In KBr s andp emissions are observed at 4.4 and 2.3 eV,
respectively, at low temperatures. The luminescence spectra
were measured at LHeT using the same setup for the

F-center growth measurement except for the iodine lamp,
which was replaced with the photomultiplier tube~see Fig.
1!. In this measurement the luminescence light emerging
backward was focused with the lens onto the exit slit of the
monochromator. Excitation spectra for the two STE lumines-
cence bands were measured using the secondary monochro-
mator at the respective peak energies by normal dc measure-
ment.

III. RESULTS

TheF-center formation efficiency per absorbed x-ray en-
ergy at LHeT obtained in this study is shown in Fig. 4 with
solid circles. For reference, the excitation spectrum for the
bromineK fluorescence measured in this study is also illus-
trated with a thin solid curve. The scattering in theF-center
formation efficiency is 3%, a fair amount smaller than that of
our previous study. As is seen, the formation efficiency per
absorbed energy increases stepwise by about 8% at the core-
edge threshold. The definite increase implies a net increase
in the efficiency per deposited energy. However, similar to
our previous work,9 it would not increase stepwise by a fac-
tor of 8 times observed by Sever, Kristianpoller, and Brown.
TheF-center formation efficiency was also measured at LNT
at eleven energies between 13.38 and 13.54 keV using the
same method as in the previous study.9 Some of them are
shown in Fig. 4 with open circles. The efficiency seems to
decrease at the core-edge threshold. However, because of the
low reliability of the previous method and the data fluctua-
tion, it is difficult to draw the above conclusion. Anyway, it
is essential that the efficiency does not show a stepwise in-
crease as large as reported by Sever, Kristianpoller, and
Brown.5

The thermal conversion efficiency measured using the
photocalorimetric method is shown in Fig. 5 with a dotted
curve. It shows small structures, which correlate inversely
with the structures in the efficiency of the bromineK fluo-
rescence shown in Fig. 4. The thermal conversion efficiency
is normalized to one below the core threshold. The relative
efficiency drops stepwise by about 13% at the core threshold.

As mentioned above, the excitation spectrum for the bro-

FIG. 3. A schematic for the photocalorimetric measurement in
this study:S is sample crystal,Q1 andQ2 thin quartz wires,W thin
gold wire, GR Ge resistor thermometer.

FIG. 4. Spectral dependence of theF-center formation effi-
ciency around theK edge of bromine measured for KBr at LHeT
~solid circles! and LNT ~open circles!. The excitation spectrum for
the bromineKa fluorescence efficiencyhobs is also illustrated with
a thin solid curve.
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mineK fluorescence is illustrated in Fig. 4 with a thin solid
curve. A stepwise increase appears at the bromineK edge,
suggesting that the x-ray fluorescence originates from the
bromineK-hole relaxation. The bromineK fluorescence is
composed ofKa1 ~11.92 keV! and Ka2 ~11.88 keV! and
partly ofKb1 ~13.29 keV!, which is negligible in this study.
From the geometry of the measurement with the photodiode
theK fluorescence efficiency was estimated. We first calcu-
lated the apparent quantum efficiencyhobs using Eq.~A11!,
where the quantum efficiencies of the photodiode measured
at E1513.5 keV ~above the bromineK edge! andE3511.9
keV ~the bromineKa! were used. The right-hand ordinate on
Fig. 4 stands forhobs thus estimated. The efficiency was
about 51% above the core threshold. From Eq.~A8! we es-
timated the fluorescence quantum efficiency of the bromine
K hole to be about 68%, where we used the absorption co-
efficientsk15300,k2540, andk3554 cm21 ~Ref. 5! for E1,
E2513.4 keV~just below theK edge!, andE3, respectively.
The estimated value agrees fairly well with the atomic data,
;62%.21

The excitation spectra for thes andp luminescences are
shown in Fig. 5 with the dashed-dotted curve and dashed
curves, respectively. They show small structures correlating
inversely with the x-ray fluorescence. The decrement in the
s-luminescence yield above the core threshold was slightly
smaller than that of thep-luminescence yield, which has not
yet been resolved. The luminescence efficiency per absorbed
x-ray energy averaged over the two luminescence bands de-
creases by about 13% above the bromineK edge. The dec-
rement agrees fairly well with the drop in the thermal con-
version efficiency shown above.

IV. DISCUSSION

A KBr crystal reemits a fraction of the absorbed energy as
the bromineK fluorescence with the efficiencyh under ex-
posure to x rays above theK edge of bromine. Since the
crystal is thick in comparison with the penetration depth of
the incident x rays, the fluorescence x rays reemitted forward
are completely reabsorbed by the crystal, while some portion
of those reemitted backward can escape from the surface of

the crystal. The energy dissipated in the crystal above theK
edge is calculated using Eq.~A14!. As is noticed, the right-
hand side of Eq.~A14! is a function ofk1, i.e.,E1. However,
we assume thatk1 andE1 are constant to make the discussion
simple. Using k15300, k2540, and k3554 cm21, and
E1513.48 andE3511.9 keV the deposited energy relative to
that below theK edge is reduced to 120.34hobs. The spec-
tral dependence of the term 120.34hobs is shown in Fig. 5
with a thin solid curve. Since most of thee-h pairs are gen-
erated by inelastic scattering of high-energy photoelectrons
and Auger electrons, the efficiency of thee-h pair formation
is linearly proportional to the energy deposited in the crystal.
This energy dependence can be confirmed by measuring the
spectral efficiencies of the thermal conversion and the STE
luminescence. Figure 5 compares the term 120.34hobs with
the thermal conversion efficiency and the STE luminescence
yield. Their agreement is quite good. This result suggests
strongly that the dominant energy-loss process is the second-
ary x-ray emission under x-ray exposure above theK edge.

Based upon the results we calculate theF-center forma-
tion efficiency per deposited x-ray energy. As for the depos-
ited energy we employ the thermal conversion efficiency.
The F-center formation efficiency per deposited energy at
LHeT is plotted in Fig. 6 with solid circles. The stepwise
increase is;24% and an increment in the efficiency is defi-
nitely ascertained. Similar to Fig. 4, the excitation spectrum
for the bromineK fluorescence is also shown in the figure.

The result of this study is clearly incompatible with that
of Sever, Kristianpoller, and Brown. They studied the
F-center formation under theF-center concentration of
1011/cm3, which is considerably lower than that of this study,
i.e., 1015 to 1017 F centers/cm3. The F-center growth mea-
sured by Sever, Kristianpoller, and Brown would correspond
to the early stage of the growth curve shown in Fig. 2~a!. The
F-center formation in the early stage may be mainly due to
extrinsic processes; for example, filling of the preexisting
vacancies with generated electrons and the vacancy forma-
tions in the surface region. The increment of a factor of 8 at
the bromineK edge coincides with the increase in the ab-
sorption coefficient of KBr at theK edge, i.e., 40–300 cm21.
The surface effect plays a significant role in theF-center

FIG. 5. Spectral dependence of the thermal conversion effi-
ciency ~dotted curve! ands ~dashed-dotted curve! andp ~dashed
curve! luminescences measured for KBr single crystals at LHeT.
Spectral dependence of the term of 120.34hobs ~thin solid curve! is
also plotted for comparison.

FIG. 6. Spectral dependence of theF-center formation effi-
ciency in KBr at LHeT normalized to the thermal conversion effi-
ciency ~see Fig. 5!. The excitation spectrum for the bromineKa
fluorescence efficiencyhobs is also illustrated with a thin solid
curve.
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formation. In the surface region, some of the generated core
holes by x rays may result in desorption of Br0 and Br2

2.
Since most of theF centers formed by the x-ray irradiation
recombine with theH centers to restore the normal lattice
points, desorption of Br0 or Br2

2 may lead to the efficient
formation of stableF centers near the surface.

As mentioned in Sec. I, Srinivasan and Compton14

showed that the concentration ratio of thea to F center kept
constant up to theF-center concentration of 731016/cm3 at
LHeT, which is roughly the same with that in this study. On
the contrary, Ritz15 reported that they largely depended on
the temperature as well as their concentration. The inconsis-
tency would come from the difference in the sample quality.
Srinivasan and Compton prepared their samples by zone-
refining method, while Ritz obtained crystals from Harshaw
Chemical Company. The single crystal used in this study
was grown in inert gas. With regard to the impurities our
sample would be very close to that of Srinivasan and Comp-
ton. Thus we may expect that thea to F center ratio is
almost constant over theF-center concentration studied.

The deposited energy in a unit volume increases by about
8 times when the excitation energy crosses the bromineK
edge, because the absorption coefficient increases stepwise
from k2540 cm21 to k15300 cm21. Thus the excitation-
intensity dependence of theF-formation efficiency should be
taken into account. However, for the following reasons, the
efficiency obtained in this study seems to be independent of
the excitation intensity. Most of theF-H pairs generated by
thee-h recombination are unstable and recombine with each
other.2,8 Only the well-separatedF andH centers are stable.
Since the bleaching effect due to theF-H recombination is
the second-order reaction, theF-formation efficiency would
depend on the concentration of the stableF center. However,
the concentration of the generatedF center was rather low,
i.e., at most 1017 ~F centers!/cm3 in this study. Besides,F
and H centers are immobile at LHeT. Thus the bleaching
effect due to theF-H recombination is negligible.

In the previous study for KCl, we did not observe core-
excitation effects on theF-formation efficiency at theK edge
of chlorine, while we have observed a discernible increase at
theK edge of bromine in KBr. Since core holes in a deeper
core level would generate more holes around the excited ion
site, the effect of the Coulombic repulsion would be more
remarkable. If the observed increase in theF-formation effi-
ciency originates from the multiple ionization mechanism,
we may expect a clearer effect on theF formation at theK
edge of iodine in KI or RbI crystals.

V. SUMMARY

SpectralF-center formation efficiency has been measured
for KBr single crystals at liquid-helium and nitrogen tem-
peratures in the vicinity of theK edge of bromine by using
the traditionalF-absorption method. The samples were irra-
diated with monochromatized synchrotron x rays. The
F-center formation efficiency was normalized to the depos-
ited x-ray energy estimated from the sensitive photocalori-
metric measurement. It has been found that theF-center for-
mation efficiency shows a stepwise increase of;24%. It has
been also found from the excitation spectra for the STE lu-
minescence that thee-h pair production efficiency does not

increase above the core threshold. Our result disagrees with
that of Sever, Kristianpoller, and Brown. This result suggests
that it is not the multiplication ofe-h pairs, but the multiple
ionization, following the core-hole Auger cascade, that might
participate actively in theF-center formation process.
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APPENDIX

Consider first a crystal that emitsK x-ray photons of en-
ergy E3, when excited with x-ray photons of energyE1
above theK edge threshold. It has absorption coefficientsk1
and k3 at E1 andE3, respectively. Besides, we assume an
absorption coefficientk2 at E2 just below theK edge. It
represents the background for theK-shell absorption above
the K edge. LetN0 x-ray photons of energyE1 be perpen-
dicularly incident on the crystal in a unit time. The absorbed
photons in the volume of thicknessDx at a depthx below the
irradiated surface is given by

DN5k1N0e
2k1xDx. ~A1!

The number of photons used for theK-shell ionization is

k12k2
k1

DN5~k12k2!N0e
2k1xDx. ~A2!

Therefore, the number of photons,DNL , reemitted inside the
volumeDx is given by

DNL5h~k12k2!N0e
2k1xDx, ~A3!

whereh is the quantum efficiency of theK-shell fluores-
cence. We assume now that the x-ray fluorescence is emitted
isotropically. The photons emitted in the solid angleDV
52p sinuDu, whereu is measured from thex axis, will be
reabsorbed while proceeding along the path ofl5x/cosu.
Therefore, the number of photons observed at the surface is

DNL~u!5h~k12k2!N0e
2k1xDxe2k3l

DV

4p
. ~A4!

The total number of photons appearing outside the crystal
surface is presented by the following integral form:

NL5
1

4p E
0

`E
0

p/2

N0h~k12k2!e
2~k11k3 /cosu!xdV dx.

~A5!

When we substituteu50, we can get the number of pho-
tons per solid angle observed in the direction normal to the
crystal surface, that is,

NL~0!5
1

4p E
0

`

N0h~k12k2!e
2~k11k3!xdx

5
1

4p

k12k2
k11k3

N0h. ~A6!
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Thus,h is given by

h54p
k11k3
k12k2

NL~0!

N0
. ~A7!

Here we define the apparent quantum efficiency,
hobs54pNL(0)/N0 . It is directly obtained from the measure-
ment described below. SinceNL(0) andN0 are functions of
E1, hobs is also a function ofE1. Using this, we obtainh by

h5
k11k3
k12k2

hobs. ~A8!

In practice, with use of a photodiode we measure the pho-
tocurrent for the incident and emitted x rays,I 0 andI L . They
can be represented using the quantum efficiency of the pho-
todiode,S(E), as

I 05eN0S~E1!, ~A9a!

I L5eNL~0!VS~E3!. ~A9b!

wheree is the electronic charge andV is the solid angle for
the sensitive area of the photodiode. From these

I L
I 0

5
NL~0!VS~E3!

N0S~E1!
5

V

4p

S~E3!

S~E1!
hobs. ~A10!

Therefore, using the measured quantities we calculatehobs,
and thush, by the following equation:

hobs5
4p

V

I L
I 0

S~E1!

S~E3!
. ~A11!

On the other hand, from Eq.~A5! the total number of
photons emitted from the crystal surface is

NL5
k12k2
2k1

S 12
k3
k1

ln
k11k3
k3

DN0h. ~A12!

Using Eq.~A8!,

NL

N0
5
k11k3
2k1

S 12
k3
k1

ln
k11k3
k3

Dhobs. ~A13!

Thus the energetic deposition efficiency for the incident x
rays, (N0E12NLE3)/N0E1 , is given by

N0E12NLE3

N0E1
512

k11k3
2k1

S 12
k3
k1

ln
k11k3
k3

D E3

E1
hobs.

~A14!
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