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Spectral dependence of point defect production by x rays in RbBr
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F-center formation by monochromatic x rays has been studied above and below the bromine and rubidium
K-absorption edges in crystals of RbBr. The x-ray beam from a double silicon crystal monochromator on an
undulator at the Advanced Photon Source was used to produce these point defects, which were detected by a
sensitive laser-induced luminescence method. Experiments were carried out over a wide range of monochro-
matic x-ray intensity, with emphasis on the nearly linear initial slope of defect formation with exposure. No
significant increase ifF-center formation efficiency was found upon crossing the brorkinedge, which
indicates that additional Auger-cascade mechanisms do not appreciably add to the usual multiple ionization
electron-hole recombination processes known to generate point d¢f&@163-18209)14733-1

[. INTRODUCTION increase in efficiency for formation df centers at the bro-
mine K edge. They pointed out that increased production of
A good deal is known about the detailed mechanism oflectron-hole pairs due to the Auger cascade should be more
radiation damage in insulating ionic crystals such as the aler less insignificant compared to the number of electron-hole
kali halides. For example, it is known that ionizing radiation pairs already existing at energies below the edge.
produces- centers(electrons trapped at negative ion vacan- More recently, considering the importance of the edge
cies andH centers(interstitial halogen atomghrough non-  issue, Kondo and co-workéfsundertook a study of the ef-
radiative recombination of electron hole pdirsin the case fects of core-level excitation offr-center formation effi-
of vacuum ultraviolet radiatioh,and also for x ray8,the  ciency at liquid helium temperature in KBr and KCI. These
coloration efficiency(initial stage within the volume of an  workers used intense synchrotron radiation and optical mea-
alkali halide crystal turns out to be of the order of one keVsurements of the resulting-band absorption. Little or no
per F center, and this efficiency varies slowly, if at all, with discernible increase irfF-center formation efficiency was
x-ray energy. A possible exception to this statement might béound upon tuning above either the Bredge in KBr or the
the occurance of mechanisms, other than outer level ionize&El K edge in KCI. Subsequently, Yanagihaeaall® ex-
tion followed by electron hole recombination across the vatended the work on KBr to liquid nitrogen temperature,
lence band. One such process might be core level excitatiowhere only a very small, if any, increase facenter forma-
above an inner level absorption edge followed by an Augetion efficiency was found at liquid nitrogen temperature upon
cascade and the formation of multiple electron hole pairstuning above the bromine inner level threshold. This result
which could then combine nonradiatively formifigcenters  on KBr was recently confirméd using tunable synchrotron
by the usual process. Other possible core level processes faadiation along with the sensitive laser-induced lumines-
forming F centers are the Varley mechanrsand the recom- cence methddto detect the generated® centers.
bination of a self-trapped core exciton as suggested by Kot- The present paper extends the work referenced above on
ani and Toyozaw&.0n the other hand, it is hard to see how the spectral response of defect formation above the bromine
these last two mechanisms would result in a large increase ik edge in KBr to the Rb and Br edges in RbBr. As pointed
defect formation efficiencymore than ond= center per ab- out by Kondoet al,'® KBr and RbBr may be the most fa-
sorbed x-ray photon vorable materials for observing a possilidleedge effectF
On the experimental side, early reports have appeared icenters form readily in these alkali bromides due to favorable
the literature concerning a possible increas€-icenter pro- ion size, the so called Rabin-Klick criteridf.
duction efficiency for x rays, above the Brshell threshold In the work reported here synchrotron radiation was used
in KBr,” and also above the G&{ edge in KCP In 1989 a  for the x-ray exposure, but a very wide range of intensity was
theoretical study appeared by Gresiral® on Auger induced employed by detuning the undulator with respect to the
valence processes in the alkali halides. Among other issuesjonochromator setting. Moreover, the laser-induced
these authors considered the difficulty in explaining a largduminescencemethod was used to detect tRecenters, as
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FIG. 1. Schematic of the laser-induced luminescence method as s L . . . . .
used here for detecting centers produced by a normally incident 13440 13450 13460 13470 13480 13490 13500 13510

monochromatic x-ray beam. Notice that the laser beam enters the PHOTON ENERGY (6V)
front face of the sample at a small angle with the incident x-ray
beam. FIG. 2. The solid line shows the bromiteabsorption edge in

RbBr as measured on a thin powder sample at room temperature.

this technique is capable of a very wide dynamic range. Thdhe vertical error bars show the values of observezenter forma-
experimental methods are described in the next section, fofion efficiency(referred to 13 460 eV, below the edgend plotted

lowed by a section on experimental results and Sec. IV oiysing the scale Eff. given on the right. The dashed line is the esti-
results and conclusions mated efficiency taking into account the escape of fluorescent ra-

diation from the front face of the crystal, as discussed in Sec. IV.

Il. EXPERIMENTAL METHOD laser beam, chopped at 1000 cycles per second, was filtered

The experiments were carried out using highly monochroby a 67Q nm narrow bandpass interference filter. An infrared
matic x rays from the Pacific Northwest Consortium PNC-Cutoff filter (Corning No. 2540 was placed between the
CAT insertion device beamline at the Advanced Photors@mple and the PbS detector. This arrangement allowed for
Source(AP9).55 X rays from the sector 20 undulator pass good separation t_)etwe_en the light mducmg Fhe Iummesc_ence
through a double-crystal monochromator, a gas ionizatio®nd the Stoke-shifted infrarefé-center emission. The lumi-
chamber for monitoring purposes and finally on to the alkalineScence signal was detected by an EG and G, Princeton
halide sample within a cryostat in the experimental hutch. APplied Research, Model 5204 lock-in amplifier referenced

A small optical cryostdf was modified so that the laser- t0 the 1 kHz chopper. B o
induced luminescence measuremémsuld be carried out ~ The output of the lock-in amplifier, after digitizing, was
on an optical table in the x-ray beam. Figure 1 shows howProught out of the experimental hutch at the beamline by
the x-ray beam enters the vacuum region of the cryosta€ans of_ _coax_|al cat_)les along with _|nformat|on on the cry-
through a thin Kapton window. Samples of high purity RbBr, 0Stat position, incoming x-ray intensity and monochromator
7mmx10 mmx2mm, were cleaved from crystals kindly position. Data collection software based upon EPICS was
supplied by Professor Fritz Luty at the University of Utah. A used as developed by the Experimental .FaC|I|t|es I;)|V|S|on of
crystal of unknown purity grown by Semielements Inc. wasthe APS. It was possible to extract multiple data fl!es which
also tested. The cleaved samples were mounted on the tail §puld be tranmitted over the Internet for processing at the
the cryostat in vacuum in such a way that a laser beam d¢niversity of Washington. o
670 nm radiation could be focused onto the crystal in the A key feature of the experiment was the possibility of
region of x-ray exposure. This beam, whose wavelength i§XP0sing the sample to x rays over a very wide range of
close to the center of thE-absorption band in RbBr, was intensity. Altho_ugh the x-ray monochro_mator had very good
produced by a laboratory diode lasématronic LDL175,  €nergy resolutiortabout 2.5 eV bandwidth at 13 kgVthe
Edmund Part No. F39569Provision was made so that the tptal flux in 'ghe submillimeter size beam at the peak of the
cryostat with sample could be precisely moved in the verticafirst harmonic from undulator A was of the order of'40
direction by microstepping. Because the x-ray beam was anhotons per second. On the other hanq, the intensity cou!d be
ertured to only 1 mm wide by 0.2 mm high, this small beamphanged over several orders of magnl_tude by S|mply adjust-
size allowed for exposure at eight separate positions on eadhd the undulator gap so that the first harmonic energy
crystal. The laser beam could be focused to a spot as small 80ved above or below the setting of the x-ray monochro-
50 microns in diameter within the area exposed to x rays. mator. In this way the exg)osmg x-ray flux could be varied

Following excitation and lattice relaxation, tFecenterin  rom below 10 to over 16° photons per second.
the alkali halides decays by emission in the near infrared, at
about one micron wavelength. This laser-induced lumines-
cence was detected by means of a PbS detédimmamatsu Il EXPERIMENTAL RESULTS
P397% within the cryostat close to the back face of the A few high resolution x-ray absorption measurements
sample. This small detector was heat sunk to the outer dewavere made on RbBr in order to precisely locate the atomic
of the cryostat near room temperature, whereas the innenner level absorption edges. The solid line in Fig. 2 shows a
dewar was used to cool the sample to 77 K. The incominglot of the K-shell absorption edge for bromine in RbBr. A
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FIG. 3. The solid line shows the rubidiukrabsorption edge in

RbBr as measured on a thin powder sample at room temperature, FIG. 4'. Showing laser-induced Iumlnescence_ duétoenters
The vertical error bars show the values of observezknter forma- produced in a RbBr crystal under exposure to an intense monochro-

tion efficiency(referred to 15190 eV, below the edgend plotted matic x-ray beam below the bomirke edge at a photon energy of

using the scale eff given on the right. The dashed line is the esti(—lji:il:o ;:/'O-I;Tﬁ;u;nr:ze;;fanciiignile'fep::f:: :\fe? flén;:tg)encf) frtt:r(r;e
mated efficiency taking into account the escape of fluorescent ra- 9 exp ’ P y 0

diation from the front face of the crystal, as discussed in Sec. IV. monitor S|.gn.al was 2270, corresponding to about 137 photons/
second within an 1 m0.2 mm exposed area on the face of the

crystal.

similar scan of the rubidiunk edge is given in Fig. 3. This
data was obtained on the PNC-CAT beamline by observing. moderately high x-ray flux was used, of the order ot 10
the transmission of thin polycrystalline samples at room temphotons per second. The laser beam was incident upon the
perature, and then determining the absorption coefficienfront face of the crystal along with the incident x rays. Notice
from In(ly/1). The results were normalized to the well known the initial very rapid rise, as soon as the x rays were turned
x-ray absorption coefficients above and below the x-ray aben at about 5 sec, followed by evidence of eventual satura-
sorption edge$’ Care was taken to prepare and measure théon. In the model of Comins and Carragiethis so-called
samples free from moisture. Measurements show that thstage | ofF-center growth is a dynamic intensity-dependent
absorption constant of RbBr varies from approximately 40process. Here this could be readily seen by taking scans at
cm™ ! below the bromine edge to about 300 chabove the different x-ray intensity.
edge. The primary process in stage | is the formatiorFaindH

Notice the prominent peak or “white line” at 13482 eV centers as a result of the radiationless decay of self-trapped
in the case of the bromine edge, Fig. 2, and at 15213 eV iexcitons formed from electron-hole pairs produced by ioniz-
the case of the rubidium edge, Fig. 3. These absorption edgeg radiation' TheH center is the antimorph of tHe center,
features might properly be ascribed to the formation of coreessentially an interstitial halogen atom. StaBleenter for-
excitons. They closely resemble the band gap exciton peaksation requires that thél centers be trapped at defects,
showing up in recen&b initio absorption edge calculations probably at substitutional divalent impurities such as calcium
taking electron-hole interaction into accodfit. These with associated vacancieg@n impurity-vacancy dipole
white lines also frequently appear in x-ray absorption neaffrapping at aggregates of impurity-vacancy dipoles also play
edge structuréXANES), where interaction between excited a role depending upon temperature.
electron and core hole appears. They appear in RbBr potas- In our experiment at 77 K, the initial laser-induced lumi-
sium mixed saltS and in many other cases. A good com- nescence signal rises more or less steeply depending upon
parison between experiment and multiple scattering theorythe x-ray intensity. Let us concentrate upon the initial slope
including the core hole, has recently been obtained for thend compare the data for short scans taken at different pho-
boronK edge in cubic BN and the XANES structure of other ton energies. For this purpose, we normalize the data in each
compounds? scan by dividing by the the incident x-ray flux, as measured

In the radiation damage experiments, we compare the ratey thel, reference signal. Several exposures were then taken
of formation of F centers above the bromitéedge, at say on the same crystal as described in the next paragraph.
13496 eV, with the rate of formation below the edge at First, the uncolored crystal of RbBr was cooled to 77 K,
13460 eV. Data was taken sequentially in pairs so that thénen it was irradiated by x rays in a localized unexposed part
rate of formation above and below thkeedge could be de- of the crystal so as to produce a visible colored spot on the
termined from the initial linear slope of the observedcrystal. Then the laser beam was moved to this spot and
F-center luminescence signal, recorded during x-ray expoearefully adjusted so as to maximize the laser-induced lumi-
sure as a function of time. nescence signal. The cryostat with crystal and detector was

Figure 4 shows an example of the laser-induEecknter  then microstepped to a fresh unexposed position so that a
luminescence signal for a RbBr crystal at 77 K during expo-new coloration curve could be taken. Figure 5 shows the first
sure to monochromatic x rays at 13460 eV. In this example0 sec of exposure at 13460 eV, below the bronknedge
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1.4 T T T 7 IV. DISCUSSION AND CONCLUSIONS

Early experimentson KBr using the laser induced lumi-
nescence method suggested that a sizable increase in
F-center formation efficiency occurred upon tuning the x-ray
energy just above the bromir€ edge. On the other hand,
recent observations by Kondo and associatess KBr at
. both liquid nitrogen and liquid helium temperatures give a
slight decrease upon crossing the inner shell absorption edge.
This has recently been confirmed in the case of KBr using
- synchrotron radiation and the sensitive laser induce lumines-
cence method for detecting point defects. The present work
confirms the small decrease above both the rubidium and the
03 . ; . s bromineK edges in RbBr.

0 5 © s 20 s The early laboratory experiments on KBr reporting a

TIME (sec) strong increaseinvolved long exposures to a very weak
X-ray source, consequently a great deal of uncertainty was
reported for each data point. Another important difference
Fetween the work reported here and the early experiments is
that here the luminescence-exciting laser beam was incident
through the front face of the crystal at a small angle with the
in RbBr. Notice the quality of the data and that a good linearx-ray beam. In the early experiments the laser beam was
initial slope can be obtained. incident upon the side of the crystal. This geometry was also

After data of the type shown in Fig. 5 was taken belowexplored in the present experiments, with scans taken at very
the x-ray absorption edge, the crystal and cryostat was thelow x-ray intensity as well as high x-ray intensity. Fre-
moved to a new unexposed spot on the sample where thguently, with side geometry, the initial rise of the lumines-
laser-induced luminescence was observed as a function aknce signal was found to curve upwards from the onset of
time for x-rays above the edge in the peak of the white line agxposure. In other words, the initial slope for side geometry
13494 eV and a little farther into the continuum at 13 496was not linear. When both the incoming x rays and the laser
eV. The initial slopes above the edge could then be normalbeam were incident upon the front face of the crystal, the
ized to the initial slope at 13460 eV below the edge. Theinitial rise of the F-center luminescence signal was linear
ratio of these slope&above/below are shown with vertical over a reasonable range of exposure. This was true for highly
error bars in Fig. 2, where the the ratio is read on the scale dbcused and also for defocused laser beams. The difference
the right. The ratio is likewise given for two energies nearbetween the two geometries may be associated with the ex-
the rubidium edge, 15190 and 15228 eV in Fig. 3 and listeghonential penetration of x rays into the volume of the crystal
along with the data for the bromine edge in Table I. and with the greatly different absorption depth above, as

In all scans a well defined initial linear rise was observed,compared to below, the innershell threshold. Thus, with the
and this could be used to determine the efficiency fordaser beam incident upon the front face of the crystal, pos-
F-center production with reasonable accuracy. A calibratiorsible artifacts occur due to changes in the x-ray absorption
run could also be taken measuring the optical density in thelepth are eliminated.

F band after exposure. The number Bfcenters per unit The size of the decrease fcenter formation efficiency
volume could then be determined from the optical densityabove theK edge reported in Table | and Figs. 2 and 3
using Smakula’s equation. Such a procedure yields a generauggests that one should correct for the actual energy depos-
tion efficiency of the order of magnitude of 1 keV pEr ited within the crystal. The observed decrease may well be
center. Further discussion of the results is given in the nexdlue to the loss of x-ray fluorescence energy through the face
section. of the crystal. Likewise in the case of a well focused laser

- . _ . beam, any escape of fluorescent x-ray energy out of the

TABLE |I. Initial slopes of laser-induced-luminescence signal

versus time after the beginning of exposure for pairs of scans at thsampled volume would result in a reduction of signal above
. ginning P P e K edge. Let us estimate the first of these two losses, the
two energies shown. The ratio of slope above to below the glve%sca e of x-rav fluorescence enerav throuah the front face of
edge appears in the last column for each pair of scans. P Y Lo T 9y 9 . .
the crystal. Our derivation is similar to that given in Ref. 11
Normalized Ratio except that the fluor_escent x-ray flux escaping in the normal
Scan No. EnergyeV)  slope(arb. units  (above/below direction was not directly measured. We therefore use the

well known quantum efficiency foiK-shell fluorescence

09 13460 eV
0.8
07

0.6

LASER INDUCED LUMINESCENCE

0.5

0.4

FIG. 5. Showing the initial linear portion of the laser-induced
luminescence signal shortly after the x-ray beam was turned on
2.4 sec. The x-ray photon energy was 13 460 eV, andl{n@onitor
signal was 2270, as in Fig. 4.

217or 13 460 below 0.0293 efficiency?? and allow for all backward angles of escaping
218r 13496 above 0.0196 0.669.05 x-ray fluorescence radiation through the face of the crystal. A
2221 13460 below 0.0272 thick crystal is assumed, in fact it is semi-infinite in the sense
21%r 13484 above 0.0196 0.72M.05 that the incident x-ray radiation is absorbed close to the front
220b 15190 below 0.0337 face of the crystal, and even though the fluorescence radia-
221rb 15 228 above 0.0255 0.758).05 tion is absorbed less strongly, it does not escape the back

face of the thick crystal.
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Let Ny equal the number of photons/second incident nor- Neglecting small energy differences, the energy efficiency
mally upon the RbBr crystal at an ener@;=13496eV, above, as compared to below, the edge is given by
which is above the bromine absorption threshold, where the N-E.— N, E
absorption coefficierk, =275 cni %, Just below the edge, at E”:u_ (5)
an energyE,=13460¢eV the absorption coefficient ks NoE1
=70cm ! for RbBr. K-shell fluorescence occurs at about This last result can be evaluated using E).and the num-
E3=11900eV, where the absorption coefficient ks  bers forE,, Es, ki, k,, andks. The result is€;;=0.898 for
=110cm L. Given N, andk,, the number of photons ab- the bromine edge ané;;=0.849 for the rubidium edge.
sorbed in a thicknessx at a depthx is dN=k;Nye *dx. These estimates were used to draw the dashed lines in Figs.
The fraction of these used fd€-shell ionization is simply 2 and 3, which show how one expects the efficie(uiptted
obtained by multiplying by K;—k,)/k;. Therefore, the using the right scajeto vary due to fluorescent radiation
number of photons absorbed éx and remitted as fluores- €scaping the front face of the crystal. In both cases the ob-
cence radiation, is given by served F-center formation efficiency above thi¢ edge,
shown by the error bars, lies somewhat below the dashed
line. This is very likely due to escape of fluorescence x-ra
dN_ = 7(k; —kz)Noe ™ FXdx, 1) radiation from tyhe re)(i:]ion of focusgd laser excitation, no¥
taken into account by the above calculation. The absorption
where theK-shell fluorescence quantum efficiency is givendepth for x-ray fluorescent photons is of the order of 200—
by 7. The L-shell emission efficiency is quite small, but the 300 microns, therefore some additional loss is to be ex-
K-shell emission is as high ag=0.62 for bromine and 0.68 pected.
for rubidium?? Assuming isotropic emission within the vol- A general conclusion of the present work is that a large
ume of the crystal, the number of photons which escape thicrease inF-center formation efficiency does not occur as
front surface of the crystal can be estimated by integratinghe x-ray energy is tuned through tKeabsorption edges in
over solid angle\ Q) =2 sin #A#. It is necessary to take into RbBr. This is in agreement with recent restfitsn KBr us-
account the absorption of emitted radiation along the path ing ~ synchrotron radiation and the laser-induced-
=x/cos6 where thex axis is perpendicular to the surface of luminescence method of detecting point defects. It also
the crystal. The total number of photons escaping in the bacRdrees with the results of Kontfoand co-workers' on KBr

direction from the face of the crystal is thus an integral of thet Poth liquid helium and liquid nitrogen temperatures. Ap-
form parently for x-rays just above inner level thresholds, ntost

centers are produced by the usual recombination of electron-
hole pairs, and the additional pairs produced by the Auger

w2 (oo .
NLZJ f N 7(Ky — ky)/2e~ (ki +ka /080 sin gt g x. cascade are of small importance, as suggested by Green
0 0

etal’
2
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