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Decay enhancement of self-trapped excitons at high density and low temperature
in an ion-irradiated BaF2 single crystal

Kazuie Kimura and Wan Hong
The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1 Wako-shi, Saitama 351, Japan

~Received 16 June 1997; revised manuscript received 12 March 1998!

The decay of the luminescence due to self-trapped excitons~STE! induced by ion irradiation of a BaF2

single crystal has been measured. It is shown that the decay of STE created by ion irradiation is much faster
than those created by photon and electron irradiation; such decay enhancement is further increased with
increasing projectile-ion mass and with decreasing temperature. These results are explained in terms of the
effect of high-density excitation by ion irradiation. A competition kinetics between the spontaneous decay and
the decay through a nonradiative exchange interaction can simulate the decay curves well. Both effects of
excitation density and of temperature attain an ultimate decay time of 150 ps. This may suggest that interaction
between the precursors of STE’s, such as free excitons, plays a main role in incipient tracks.
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I. INTRODUCTION

We have been studying the primary ion-track effect
condensed insulators. Generally, in a time range of subp
or picoseconds after the primary ion collision, the track co
tains excited states of the outermost-shell electrons at
tremely high density. Energetic ions ionize condensed ma
at high density along their tracks, as understood from
large deposition energy, which can be as large as 1000 e
A major part of the holes and electrons ejected recombin
form excited states or excitons. The outermost-shell ho
which are produced with a much larger probability than
inner-shell holes, form the outermost-shell excitons. Furth
more, the inner-shell holes, too, can be fed to the outerm
shell excitons, because they can be converted into outer-
holes by the Auger process, and cascades of this pro
result in the outermost-shell excitons. Therefore,
outermost-shell excitons will be generated at extremely h
density along the track, and a ‘‘track effect’’ may result as
consequence of exciton-exciton interaction. The high-den
excitation is characteristic of ion irradiation, and one m
expect the ion irradiation to be a unique method to cre
excitons at high density especially in a crystal with a lar
band gap such as alkali or alkaline-earth halides, for wh
synchrotron radiation, electrons, or laser light is yet insu
cient in the intensity or the excitation energy to achieve th
It may be imagined that there must occur a drastic interac
between the excitons in the ion tracks. In order to study
track effect, we have developed luminescence-decay m
surement techniques with a resolution of 100 ps and h
sensitivity.

Photon and electron irradiation of a BaF2 single crystal
induces luminescence bands with peaks at 220 and 300–
nm. The 220-nm band found recently was assigned to a t
sition of a valence electron to an outermost inner-shell h
of BaF2, Ba31, and named Auger-free luminescen
~AFL!.1–3 AFL is a type of luminescence and is charact
ized by a decay time as short as 800 ps. Studies on
300–310 nm band have a longer history not only for Ba2
PRB 580163-1829/98/58~10!/6081~9!/$15.00
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but also for other alkaline-earth halides such as CaF2 and
SrF2, and this band was assigned to self-trapped exc
~STE! luminescence by studies using similar methods
alkali halides.4,5 Its decay curve was not a simple exponent
and was dependent on temperature. In addition, a ti
retarded peak was observed at few tens of ns after the
dence of the excitation pulse by recent pulsed synchro
radiation6 or by picosecond pulsed electron irradiation7 at
room temperature. The decay curve after the peak was
proximated to the exponential with a decay time of abo
600 ns tentatively.

The ion irradiation gives AFL also, although it cannot b
recognized by the usual time-integration-type luminesce
spectrum, which was reported previously.8 The decay of ion-
induced AFL was not exponential, it was dependent on
mass or the density of excitation, and was much faster t
that induced by photon irradiation. The results could be
plained by the recombination of dense free electrons w
core holes of Ba in competition with AFL in the track. Th
mechanism does not involve direct interaction among c
holes, since core holes are screened by valence electron
their collisions caused by the diffusion are negligible, es
cially in a short time range within 100 ps.

We found also that the ion-induced STE decays mu
faster than the spontaneous decay observed by ph
irradiation.9~c! This may be ascribed to the track effect on t
STE. In this report, further detailed decay of the STE w
measured using a fast measurement technique. Dramati
cay enhancement was observed in the initial stage of
decay with increasing excitation density and decreasing t
perature. It will be attempted to explain the results by kin
ics.

II. EXPERIMENT

In order to measure a luminescence decay with high re
lution, we have developed a device named SISP~single-ion
hitting single photon counting!.8,9 A recent SISP is basically
the same as the one illustrated in Ref. 9~d!. The principle of
SISP is to measure the time correlation between the inst
6081 © 1998 The American Physical Society
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6082 PRB 58KAZUIE KIMURA AND WAN HONG
of hitting of a single ion to a target and counting of a sing
photon using a time-to-amplitude converter~TAC! and an
analog-to-digital convertor. A single-ion hit is equivalent
an excitation pulse with a negligibly short width. To obta
the single-ion hitting condition or exclude pileup, the io
current of an accelerator was decreased to a rate of abou
ion hit per 3000 bunches. A stop pulse for the TAC w
provided by a FASD~fast secondary electron detecto!,
which was composed of an 10mg/cm2 carbon foil and tan-
dem microchannel plates~MCP! and placed at 45 mm befor
a target in a cryostat. At present, the distance between
carbon foil and MCP was shortened to 2.7 mm. This resu
in a decrease in the accelerating potential, which exclu
accidental electric discharge. The time resolution of
FASD was about 15 ps if it is defined as a root of the f
width at half maximum of a histogram measured using t
FASD’s positioned in series. A result of the measurement
shown in Fig. 1. The start pulse was generated by a M
mounted photomultiplier, model R2809u or R3809u fro
Hamamatsu Photonics. The time resolution of the full syst
of the SISP was about 100 ps. The luminescence was m
chromated by a 25-cm grazing monochromator from Ri
Ltd. A time-integrated luminescence spectrum was measu
by a intensified CCD camera~SMA! from Princeton Instru-
ments Inc.

Projectile ions were accelerated by the heavy-ion LINA
by our institute~RILAC! and collimated to 0.730.7 mm2 by
slits made of well polished stainless-steel poles instead
using knife edges. Ions with the same incident velocity w
irradiated by using the energies of 2.0 MeV/nucleon for H
N, Ar, Kr ions except for 1.5 MeV/nucleon for Xe ions, i
order to compare the effect by different ions meaningfully
possible~see Sec. III b!. Ions of these energies are close
their maximum stopping powers10 ~see Fig. 2!. The stopping
power exhausted in inelastic~electronic! collisions may be
estimated more than 99.9% of the total. In the case of
decay measurements of wider time ranges than a few h
dred ns beam trains were kicked out electrically, with ke
ing the condition of single hit, in order that the intervals
ions were not shorter than 20ms, which excluded pileup.

It should be noted that one output pulse from the TA
corresponds to a single event in a single-ion track. T
amount of color centers produced by ion irradiation~less
than 109 ions! was too small to affect the intensity of lum

FIG. 1. A time profile in the case where both start and s
pulses were given by FASD’s.
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nescence through self-absorption by the centers, which
ascertained by the absorption measurement of the irradi
samples.

A single crystal of BaF2, provided by Horiba Ltd. was
cleaved to plates of 631030.5 mm3, and a plate was
mounted to a holder which can slide the sample up and do
in a cold chamber of a cryostat. The cryostat was a modi
Oxford model CF200. Cooling of a sample was perform
not only by a heat contact but also by He gas at a few ten
Torr in a cold chamber. The sample plate was set at 45
the ion beams, and luminescence was measured in a d
tion perpendicular to the ion beams. Neither a change in
cleaving face,~111! or ~110!, or rotation of sample caused
change in the spectra, within experimental error.

III. RESULTS

A. STE decay curves by photon, electron, and ion irradiation

Figure 3 shows time-resolved and time-integrated lum
nescence spectra of ion-irradiated BaF2 single crystals at
room temperature, which were measured by a SISP
SMA, respectively. At an initial stage near time 0, there a
two bands peaked at 5.6 eV~220 nm! and 4.1 eV~300 nm!.
The 220-nm band can be assigned to AFL. It disappeare
about 1 ns, as reported already.8 After 1 ns, only a 300-nm
band remained and no significant shift of the peak was r

p FIG. 2. Stopping power in BaF2. Calculations were made ac
cording to Ref. 2.

FIG. 3. Time-resolved and time-integrated luminescence spe
of 2.0 MeV/nucleon N-ion irradiated BaF2 at room temperature
Inset: Time-integrated luminescence spectra.
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PRB 58 6083DECAY ENHANCEMENT OF SELF-TRAPPED EXCITONS . . .
ognized throughout the time-resolved and time-integra
spectra. Compared with results in the case of photon
electron irradiation,3–6 this band can be assigned to se
trapped exciton~STE! luminescence.

The decay curve obtained by ion irradiation is consid
ably different from those obtained by photon and elect
irradiation. Figure 4 shows decay curves at the peak wa
length produced by 2.0-MeV/nucleon He ions, 64.1-n
photon,6 and 28-MeV electrons7 at room temperature; th
initial spike seen in case of photon irradiation is conside
to be due to the stray light of exciting pulse of the synch
tron radiation. The decay curves by photon or electron ir
diation are characterized by a time-retarded peak, i.e.,
time-retarded growth of STE’s. The retardation times fro
the incidence of the irradiation up to the peak can be rea
be about 83 and 44 ns for photon and electron irradiat
respectively. These curves were measured using pulsed
of width 130 ps from synchrotron radiation6 and using a
10-ps electron pulse.7 The time-retarded peak seen in Fig.
is substantial but can not be ascribed to a poor time res
tion of the measurement system.

Thermostimulated formation of STE’s has been obser
after irradiation.4,6 The thermoluminescence spectrum had
peak near 300 nm at room temperature although the p
wavelength and its intensity are dependent on tempera
the peak shifts from 300 to 310 nm with decreasing tempe
ture. This luminescence was assigned to STE’s regener
by the recombination between the color centers of F an
pairs; actually it may be necessary to take account ofVk
centers in addition to H centers analogous to the case
alkali halides. The result6 that thermoluminescence rise
from near 30 K~towards the first small peak at 40 K! sug-
gests that the centers are immobile at lower temperature
30 K or that, at higher temperature than this, they are mo
to be recombined even at significantly low temperature. T
fact11 that the yield of damage in irradiated BaF2 is less than

FIG. 4. Decay curves of STE luminescence in BaF2 irradiated
by 64.1 nm photons~Ref. 6!, 28 MeV electrons~Ref. 7!, and 2
MeV/nucleon He11 ions at room temperature. Thin solid lines sta
for theoretical decay curves calculated by Eq.~4!.
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those for alkali halides may be a result of the recombinat
of mobile color centers. Thus, when the STE decay is
served at higher temperature than 30 K, the decay pro
includes the time-retarded regeneration by the F and H
combination in addition to the pure decay processes. It w
be shown by the simulation in the section of discussion t
the appearance of the time-retarded peak may be cause
this competition.

In contrast, the decay for 2-MeV/nucleon He-ion irradi
tion had no time-retarded peak. Furthermore, the decay a
initial stage was much more rapid than the other two. T
curvature at the initial stage suggests a decay process
different from those in the cases of photon and electron i
diation. Also, considering the smooth and continuous cur
ture of the decay curve, the curve cannot be ascribed to
simple superposition of fast and slow exponentials but m
be instead a single function. The difference between elec
or photon irradiation and ion irradiation is in their density
deposition energy, in other words, in linear energy trans
~LET! or excitation density which we use often. LET is d
fined as the incident energy divided by the range of ions.
stated in the Introduction, LET given by ion irradiation
much larger than those by electron and photon irradiati
and hence the former irradiation can form both F-H cent
and STE’s much more densely than the latter. This can
expected to cause the difference in the decay of the S
between both irradiation. However, the decay curve after
ns has curvature similar to those of the photon and elec
irradiation. This seems to show that the density effect dis
pears with the passage of time.

B. LET-enhanced STE decay

Let us show the LET dependence of the decay by us
ions having larger LET than that of He. To compare reas
ably the effects among various ions with different mass,
ion velocities were equalized to the same velocity
13107 m/s ~corresponds to 2.0 MeV/nucleon!, except that
the Xe ions corresponded to 1.56 MeV/nucleon. Ions w
equal velocities induce a close effect in the primary collisi
except for the secondary effect such as the effect of the
citation density, since the stopping power, the track rad
and the charge exchange are closely related with the
velocity. Furthermore, the value of 2.0 MeV/nucleon is d
to the energy near the maximum stopping power. Below t
ion energy, the energy percent for producing energeticg rays
which can form the hollow part of the track becomes sma
than about 10% of the total deposition energy.12–14 As a
result, we observe predominantly the effect in core parts
tracks of which the sizes are not so different by the diff
ence of ions.

Now, Figs. 5~a! and 5~b! show decay curves of STE lu
minescence produced by He, N, Ar, and Xe ions at ro
temperature. The decay curve for Kr ions lies close to t
for Xe ions although it was not plotted. LET of He, N, A
and Xe ions were 0.49, 2.91, 8.42, and 16.2 MeV cm2/mg,
respectively. The ranges of these ions were 12.8, 7.36, 7
and 8.17 mg/cm2, using the table data15 and the additivity
rule. Figure 5~a! shows that the initial decay is enhance
with increasing LET, namely, with increasing concentratio
of F and H centers and STE’s. By contrast, after a few t
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6084 PRB 58KAZUIE KIMURA AND WAN HONG
of ns, all the decay curves have nearly equal curvatures.
is shown also clearly in Fig. 5~b!, which is a log plot of the
decay curve over a wide range for N and He ions. Strai
lines fitted to the tail parts of the decay curves give the sa
decay time of 850 ns independent of kinds of ions, be
similar to those by the photon and electron irradiation. T
means that the decay rate of the tail part is independent o
initial excitation density. Thus, the major excitation-dens
effect characteristic to the ion irradiation is in the initial d
cay, but disappears after a short time range of a few tens
Figure 5~c! shows a decay curve by He-ion irradiation
much larger range which was measured in a TAC range
ms.

C. Temperature enhanced STE decay

As expressed in the previous sections, it is clear that
regeneration of the STE through the recombination of F
H centers is included in the apparent decay curves of
STE observed. Next, the irradiation temperatures were
creased in order to suppress this regeneration which is
sitive to temperature. Figure 6 gives temperature depend
of He-ion-induced STE decay observed at the temperatu
298, 100, 60, 40, and 35 K, where the decay curves

FIG. 5. Projectile-ion-dependent decay of STE luminescenc
BaF2 at room temperature.~a! 2 MeV/nucleon He, Ar, and 1.5
MeV/nucleon Xe ions;~b! 2 MeV/nucleon He and N ions, on log
scale;~c! He-ion irradiation, in a wide time range.
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plotted in an equal height and with an equal shift of t
baseline. The figure shows that the decay was enhanced
decreasing the irradiation temperature. Furthermore, the
cay enhancement was prominent in a short time range u
a few ns after the incidence of an ion, and at 35 K it attain
an ultimate half lifetime of about 150 ps, which will b
shown again in Fig. 8. It is noted that the F, H centers a
STE are frozen at this temperature as described in Sec. II
Such a decay enhancement is contrary to the results kn
so far for the decay of the STE by photon6,16 or electron5

irradiation, which will be mentioned again at the end of th
section. On the contrary, as for the tail parts of the deca
the decay times of the tail parts after 5 ns rather increa
from 23 to 78 ns with decreasing temperature from 298 to
K. This is the same tendency as was the case of photon
electron irradiation. Thus, the temperature effect characte
tic in the ion irradiation is also concentrated in the initi
stage of the decay here.

Therefore, the decay curves for He, N, Ar, and Kr io
were measured in a narrow TAC range of 20 ns at sev
temperatures in order to observe the detail of initial dec
Figures 7~a!–7~d! show the decay curves in a range from 0
4 ns, where only two decay curves were plotted in ea
figure since the temperature effect was gradual. Solid line
the figures are theoretical curves that are described in
Discussion. Figure 7~a! for He-ion irradiation shows that the
decrease in temperature from room temperature to 35 K
duced a half lifetime from 1200 to 150 ps and also reduc
the intensity of a part of the tail. Similar enhancement in t
initial decay was observed also in the case of heavier
irradiation as shown in Figs. 7~b! to 7~d!. An ultimate half
lifetime of 150 ps was obtained independent of ion mass~it
is noted that the same ultimate half lifetime cannot be
cribed to the resolution of our SISP, since the resolution
enough to measure a half lifetime of 85 ps for the AFL
CsBr!. In this case, the increasing excitation density or
increasing LET effect reduces scarcely the tail part of
decay curve, being different from the effect of decreas
temperature by which the recombination of the F-H cent
is suppressed.

of

FIG. 6. Temperature-dependent decay of STE luminesce
from 2.0 MeV/nucleon He-ion-irradiated BaF2. Lateral bars at ends
of curves show base lines of the respective curves.



ra
l
r
p

ife
lu

e
y
ke
c
in
ha
h
am

ex-
is

n in
ffi-

The
sed

hat

e
E’s
as-
be
of

be-
fect
er
the

ffect

n-
s

era-
era-
-
e

K,
ve
cay
eak

he
ively
cay
fro-
m-
low

of
ion
the
tion,

her
y the
fe-
e-

’s,
t 83
on-
the
be-
tion:

y
ca

s

ti-

he

e

d
o

PRB 58 6085DECAY ENHANCEMENT OF SELF-TRAPPED EXCITONS . . .
Next, in order to observe the two effects of the tempe
ture and the ion comprehensively, the relations between
minescence efficiency and half lifetime obtained using va
ous ions at several temperatures are plotted in Fig. 8. Up
and lower insets show the LET dependence of the half l
time and the luminescence efficiency, respectively. The
minescence efficiency was defined as the luminescence
tensity integrated from the peak position to the half lifetim
normalized for the ion count~the luminescence efficienc
belonging to a time range of the initial decays was remar
consequently!. The figure shows that both the luminescen
efficiency and the half lifetime are decreased with the
creasing LET and also with decreasing temperature; the
lifetime attained an ultimate value, 150 ps. Also, both t
LET and temperature effects were varied on nearly the s

FIG. 7. Projectile-ion and temperature dependence of deca
the initial stage of STE luminescence. Solid lines stand for de
curves calculated by Eq.~A5!. Values of a were 3.53105 and
1.253106, at room and the lowest temperature for He ion
3.53105 and 1.23106, for N ions; 7.53104 and 1.253106, for Ar
ions; 7.53104 and 1.353106, for Kr ions. The value of
231023 ns21 for k1 was common. The experimental and theore
cal peak intensity at time 0 for each ion was equalized to 1.

FIG. 8. The luminescence efficiency and half lifetimes with t
variation of the ion and the temperatures. The symbols denotes
He-ion irradiation at 293, 100, 50, and 40 K, in the order of d
creasing half lifetimes;3, N ions at 293 K;d, Ar ions, 293, 156,
79, 40, and 25 K;h, Kr ions, 293, 80, 45, and 25 K. The upper an
lower insets show the LET dependence of the half lifetime and
the luminescence efficiency, respectively.
-
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e

curve. Namely, the luminescence efficiency may be
pressed by an unique function of the decay rate which
given by the temperature and excitation density. As show
the insets, both the half lifetime and the luminescence e
ciency decreased super linearly to an increase in LET.
super linearity suggests the LET effects should be expres
by more than the first order for the STE concentration, t
is, the STE-STE interaction.

The ultimate half lifetime of 150 ps is shorter by on
order than the shortest one among the decay times of ST
reported in alkali halides. Such a fast decay cannot be
cribed to the spontaneous decay of the STE, but may
possible only if the STE-STE interaction occurs because
its dense formation. Although there may be interaction
tween the STE and the F or H center, the temperature ef
cannot justify such interactions. It will be discussed furth
in the Discussion that the STE-STE interaction enhances
STE decay.

Now, two papers are quoted to see the temperature e
on the decay of the STE by photons6,16or electrons.5 Accord-
ing to Shi et al.,6 the decay time of STE luminescence i
creases from about 1 to 25ms with decreasing temperature
from room temperature to near 10 K~it is unknown how the
time-retarded peak is changed with a decrease in temp
ture, since the decay curves are not given at lower temp
tures than room temperature!. The result for electron irradia
tion by Williams et al.5 is the same at the point that th
decay time increases with decreasing temperature. At 10
their curve was found to fit to a curve composed of fi
exponentials, of which the fastest component had a de
time of 12 ns. There can be recognized no time-retarded p
reported by Shiet al. and Shibata at room temperature. T
decay component of 12 ns had not been assigned decis
there and we also cannot assign it to the net STE de
constant after the recombination of the F-H centers was
zen. The slow down of the STE decay with decreasing te
perature may be understood easily by ascribing it to the s
down of the STE regeneration because of the slowdown
the diffusion rate of the F and H centers. In case of the
irradiation, the temperature dependence at the tail part of
decay presented the same tendency as the photon irradia
but that of the initial decay was contrary. This can be rat
regarded as a phenomenon which cannot be observed b
photon and electron irradiation, considering that its half li
time is as short as 150 ps. We will try to explain the ph
nomenon by the STE-STE interaction in Sec. IV C.

IV. DISCUSSION

A. Decay of STE formed at low density at room temperature

A decay curve of photon- or electron-induced STE
which is at low density, has a rise toward a peak at abou
or 44 ns after the irradiation pulse, respectively. Let us c
sider the origin of this rise. As described in the Results,
STE decay may be expressed by following competition
tween the spontaneous decay and time-retarded regenera

S ——→
k1

hn, ~1!

F1H ——→
k2

S, ~2!

in
y

;

-

f



TE
o

e

is

o

a
ax
s
th
th
as

ne

d

t
s

eed
ous

on
-H

n-
ut

ses
irs

e

,
e

ra-
ess
7,

ition
o
least

ill-

es
the
ial.
tion
st be
ture,
t of
the
e-

t be
te

on

on
t is
that
d H

ecay
and
se
ef-

al
tion
y.
an

TE
150
e to

so
r

ter

6086 PRB 58KAZUIE KIMURA AND WAN HONG
whereS stands for the instantaneous concentration of S
SinceF is approximately equal toH, the rate equation due t
process~2!, reduced todF/dt52k2F2/2, can be solved in-
dependently resulting in the solution,F5F0 /(k2F0t11)
where F0 stands for the concentration at time 0. Cons
quently, a master rate equation forS is given by

dS

dt
52k1S1

k2

2 S F0

k2F0t11D 2

. ~3!

This equation can be solved analytically and its solution

S5~F0/21S0!exp~2k1t !2
F0

2~k2F0t11!

1
k1

2k2
exp~2A!„Ei~A!2g…,

~4!

A5k1S t1
1

k2F0
D ,

whereEi stands for an exponential integral andg is Euler’s
constant. Luminescence intensity at a given time is prop
tional toSgiven in Eq.~4!. Equation~4! was compared with
the experimental results obtained by photon and electron
radiation given in Fig. 4. The experimental curve was re
using a digital scanner and normalized such that the m
mum is 1000. TheSof Eq. ~4! can form a peak if parameter
have appropriate values. The best fit curve which has
peak at 44 or 83 ns was obtained as shown in Fig. 4, with
following parameters: In case of photon irradiation, it w
when k1 and k2F0 were 0.002 ns21 and 0.02, resulting in
S0 /F051.1. For electron irradiation, using the samek1 , we
obtainedk2F050.01, resulting inS0 /F051.7. It may ratio-
nalize the competing process between Eqs.~1! and ~2! that
the calculated curves could simulate the experimental o
especially the peaks.

Although Eq. ~4! cannot be applied to the ion-induce
decay, it is useful still to know dependence of the functionS
on k2 andF0 . Figure 9 shows how the decay curve of theS
is varied whenk2F0 is varied from 0.05 to 3.5 under fixedk1
of 0.002 ns21 andS0 /F0 of 1.0. TheShas the character tha
with increasingk2F0 , its peak shifts asymptotically toward

FIG. 9. Theoretical STE decay curves with variation ofk2F0 .
Calculations were made by Eq.~4!. Values ofk2F0 were 0.05, 0.15,
0.5, and 3.5 upward, wherek1 andS0 /F0 were fixed to 0.002 ns21

and 1.0; the uppermost curve is an exponential due to the first
of Eq. ~4!.
.
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r-

ir-
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e
e
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the time 0 with sharpening, but the decay rate cannot exc
that by the first exponential term due to the spontane
process~1!.

B. STE decay under high-density excitation
at room temperature

In contrast with sparse formations of STE’s by phot
and electron irradiation, ion irradiation forms STE’s and F
pairs at extremely high density.8,9,14 At first, let us discuss
the effect of the high density of F-H pairs. Under this co
dition, geminate F-H pairs can exist no longer isolatedly b
overlap with each other, being quite different from the ca
of photon and electron irradiation where geminate F-H pa
are isolated. This makes the process~2! much faster becaus
of an increase inF0 . According to Fig. 9, with increasing
F0 , the peak ofS shifts toward the time 0 with sharpening
and at last the peak ofSbecomes coincident with that of th
first exponential term in Eq.~4! asymptotically. This can
explain the result that the STE decay curve for the ion ir
diation has no time-retarded peak. However, this proc
cannot explain the fast initial decay shown in Figs. 5–
because the fastest decay curve given by the compet
between Eqs.~1! and~2! is nothing but an exponential due t
the spontaneous decay of the STE. The decay time is at
12 ns if one assumes the fastest component given by W
iamset al.5 The values given by Shiet al.6 and Shibata7 are
1 ms and 600 ns, respectively. By contrast, the half lifetim
obtained by the ion irradiation are as short as 150 ps in
case of Kr irradiation and the curve is not an exponent
This means that the STE decay in the case of ion irradia
cannot be expressed by the spontaneous decay but mu
enhanced much more. Considering the above decay na
the dense formation of the STE, and the superlinear effec
the STE concentration, it may be reasonable to introduce
nonradiative STE-STE interaction in addition to the comp
tition between Eqs.~1! and~2!. Although a competition rate
equation composed of above three processes could no
solved analytically, we could solve the competition ra
equation in the case where process~2! is eliminated by freez-
ing of the F and H recombination. The STE-STE interacti
will be discussed in the next section.

C. Temperature dependence of STE decay

By the discussion given so far, the temperature effect
the tail part of the decay curve, where the density effec
decreased, can be understood easily. It is a natural result
a decrease in temperature reduces the rate of the F an
recombination and hence the rate of the apparent STE d
is reduced through the suppression of their translational
rotational motion. The tail part is therefore similar to the ca
of photon and electron irradiation. Thus, the temperature
fects characteristic in the ion irradiation exist in the initi
stage of the STE decay, as was the effect of the excita
density. Therefore, our major interest is in the initial deca

Now let us consider the system at 30 K where we c
neglect the contribution of the F-H recombination to the S
decay. The half lifetime obtained at this temperature was
ps. This value is faster at least by one order than that du
the spontaneous decay of the STE of alkali halides known
far. Compared with those for BaF2, this is faster by the orde

m
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of two, even if the fastest component by Williams5 is taken.
It will be discussed later why the elimination of the F-
recombination can enhance the STE decay. We will disc
the resultant decay enhancement. Anyway, such a decay
hancement may be ascribed to the STE-STE interaction
considering the discussion made in the last section. In a
tion, the interaction must be the one capable to occur with
contact, since the STE cannot diffuse at this temperat
Now, there are two types of the distant interactions, one
which is the Dexter-type exchange interaction17 and the other
is the Foerster-type dipolar interaction.18 The present STE’s
which may be ascribed to triplet states because of a l
lifetime ~although a definite value has not yet been obtain!
may pertain to the Dexter-type exchange interaction ra
than the Foerster-type dipolar interaction. Furthermore,
interaction should be a nonradiative process in the pre
case, since the luminescence efficiency decreases sup
early with increasing LET. Consequently, at the lowest te
perature, the decay of the STE may be expressed by
competition between process~1! and the following process:

S1S ——→
n~R!

nonradiative. ~5!

Now, the rate constantn(R) is controlled by the STE-STE
distances. The competition rate equation between Eqs~1!
and~5! could be solved analytically as shown in the Appe
dix. The resultant solution ofS is given by

S5
1

~a1S0
21!exp~k1t !2a

, ~A5!

wherea is a constant relating with a critical distance for t
exchange interaction, an effective Bohr radius of the S
and a track radiusRv , as defined in Eq.~A6!. The former
two are dependent only on a sample. Then, thea is respon-
sible just for the track radius and hence is related with
STE concentration~53S0/4pRv

3 at t50!. It was tried to
simulate the experimental decay curves using Eq.~A5! with
variations of thea. Both the experimental data at time 0 an
S0 in Eq. ~A5! were normalized to 1, because we have
absolute luminescence efficiency. The result was shown
solid lines in Figs. 7~a!–7~d!. The figures show that the goo
fitting could be obtained near 30 K with values of thea given
in the caption of Figs. 7~a!–7~d!. The figures show also tha
Eq. ~A5! cannot fit the decay curves at higher temperatu
This discrepancy is natural since the F-H recombinat
takes part in the competition at higher temperatures,
these plots may show that the solution is unique for thea.
The resultanta was independent of the kind of projecti
ions, although this may be expected from the same ultim
half lifetime obtained by the experiment. Nevertheless, it i
surprising result that the ion irradiation from He to Kr ion
gives the same initial concentration of STE’s in the track.
meaning will be further discussed later, and next the te
perature effect observed will be discussed.

At higher temperature than about 30 K, the competition
composed of processes~1!, ~2!, and~5!. Although we could
not obtain an analytical solution for this competition ra
equation, the decay enhancement observed with decrea
temperature may be interpreted qualitatively. Since the p
cesses of Eqs.~1! and ~5! have only small temperature de
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pendence evidently compared with the diffusion of the c
ters, they can proceed without a large decrease in the
from room temperature to 30 K, and hence temperature
little influence on the STE decay rate. By contrast, with d
creasing temperature, the process of Eq.~2! should be de-
creased not only in its rate but also in its contribution to t
competition. The contribution becomes negligible near 30
The fast STE decay given by processes~1! and~5! becomes
conspicuous or is bared with decreasing temperature so
the initial decay looks apparently as if it were enhanced. T
mechanism may be consistent with the decrease in the lu
nescence efficiency.

At last, let us discuss the result that the initial concent
tion of the STE is constant despite that the deposition ene
increases by 32 times from He to Xe ions. This may
possible if there are some limiting processes to the STE c
centration, which occur at a stage before the formation of
STE because the processes have no influence on the
decay rate. The initial STE’s originate from self-trapping
free excitons and from the electron-hole recombination
cluding recombination of F-H formed in contact. Of the
two, free exciton-free exciton reactions seem to be the l
iting process by considering as follows. The free exciton
mobile but has a very short lifetime, analogous to the kno
edge for alkali halides: the lifetime is believed to be less th
sub ps. Therefore, one can assume the critical concentra
or the critical distance in order that the free exciton can re
with the other free exciton within their lifetimes. If it is sup
posed that the reaction inhibits the relaxation to the STE,
free excitons which could escape the reaction can relax
the STE. The present result of the same initial concentra
of STE’s may be interpreted by a tentative mechanism t
the concentration of the free exciton formed by the pres
five ions exceeds the critical one so that the observable e
is only one coming from the critical concentration. Th
mechanism is consistent with the experimental result t
luminescence efficiency at time 0 decreases with increa
LET. Such a reaction of free excitons had been propose
the case of ion-irradiated KBr by one of the present auth
previously:8~a! The relative yield at about 5 K of the s-to-p
STE increased with increasing the excitation density
their decay curves were unchanged. This was explained
the interaction between free excitons in an earlier stage t
the STE formation.

V. CONCLUSIONS

In contrast to the result for the photon and electron ir
diated BaF2, the ion-induced STE decay does not on
present the time-retarded rise but also its rate was extrao
narily faster in the initial stage. The decay enhancement
superlinear with increasing excitation density. The photo
or electron-induced decay curve with a time-retarded p
could be simulated by a competition kinetics between
spontaneous decay of STE’s and the regeneration of STE
the recombination of the F and H centers~the Vk centers
should be comprised in holes!. This recombination should be
a reason why BaF2 is a radiation-protective substance com
pared with alkali halides. By contrast, in the ion track, t
geminate pairs do not exist sparsely but they are overlap
because they are formed at high density, resulting in no
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servable time-retarded peak. However, this mechanism
not explain the ion-induced large enhancement of the S
decay nor the large enhancement caused by decreasing
perature, since the large decay enhancement took place
at 30 K where both the centers and the STE are frozen.
STE-STE exchange interaction was proposed as nonradi
and distant interaction. A competition rate equation betw
the spontaneous decay and the exchange interaction wa
sumed at 30 K and solved analytically. The result co
simulate the experimental decay. The unusual decay
hancement observed at the initial stage with decreasing
perature, was explained by a mechanism that the excha
interaction became prominent as a result of the suppres
of the time-retarded STE regeneration. The result that
ultimate half lifetime of about 150 ps was obtained indep
dently of projectile ions of He, N, Ar, Kr, and Xe means th
the density of STE’s in the incipient track is nearly the sa
among tracks formed by these ions. This may be explai
tentatively by the mechanism that in the incipient track, th
occurs vigorous interaction between the precursors of ST
such as free excitons so that the concentration of the sur
ing free excitons is limited to the critical concentration. T
existence of the interaction in the stage of precursors
STE’s is similar to the result found for ion-irradiated alka
halide single crystals by the present authors.8~a! Tanimura
and Itoh have reported a transient luminescence spectru
laser-irradiated RbI which they assigned to a complex
tween a free exciton and a STE.19 Although we could not
recognize such a spectrum in the present system, it ma
interesting to study on such complexes in many other io
crystals using ion irradiation because ion irradiation can
cite them at extremely high density.
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APPENDIX

When STE decays under the competition between p
cesses~1! and ~5!, the corresponding rate equation is d
scribed and solved here. The average number of ST
formed in each ion track is represented asSand STE’s were
supposed to be homogeneously distributed. This assump
seems not to be so far from the reality, because the 2-M
nucleon ion forms the track composed mostly of the c
part, being different from the track comprising a large part
the hollow part~see also Sec. III B!. Also, STE disappears
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pairwise with a rate-constant dependent on a separation
tanceR of the pair and does not make diffusion. The numb
of STE’s which exists in the distance fromR to R1dR can
be described as 2pSR2dR/V, whereV stands for the volume
of one track. The rate of the exchange interaction at
distanceR can be expressed as 2pn(R)S2R2dR/V where
n(R) is the rate constant of the exchange interaction at
distanceR. The n(R) is given by Dexter17 and Inokuti and
Hirayama20 as follows:

n~R!5k1 expH dS 12
R

R0
D J ,

~A1!

d5
2R0

L
,

whereL is the effective average Bohr radius of the STE,R0
is the distance where both rates through the spontaneou
cay and the exchange interaction are equal. The rate of
exchange interaction can be obtained by the summation o
the rates corresponding to every distance. A resultant ma
rate equation is given by the following:

dS

dt
52k1S2E

0

Rv
n~R!

2pS2R2dR

V
, ~A2!

whereRv is the track radius. If we set

a5k1
21E

0

Rv
n~R!

2pR2

V
dR, ~A3!

then Eq.~A2! can be reduced to a simple differential equ
tion

dS

dt
52k1~S1aS2!. ~A4!

The solution of Eq.~A4! is given by

S5
1

~a1S0
21!exp~k1t !2a

, ~A5!

whereS0 is the number of STE at time 0. The luminescen
at time t is proportional to theS. By assuming the volumeV
as a sphere with radius (V54pRv

3/3), the integral in Eq.~3!
can be calculated to give

a5
3

2
exp~d!@2j32$j12j212j3%exp~j!#,

~A6!

j5
R0

Rvd
5

L

2Rv
.

m.

oc.

s.
1M. Laval, M. Moszynsky, R. Allemeand, E. Cormoreche,
Guinet, R. Odru, and J. Vacher, Nucl. Instrum. Methods Ph
Res.206, 169 ~1983!.

2Yu. M. Aleksandrov, V. N. Makhov, P, A. Rodonyi, T. TI
Syreishchikova, and V. N. Yakimenko, Sov. Phys. Solid St
26, 1734~1984!.

3S. Kubota, M. Itoh, Jian-zhi Ruan~Gen!, S. Sakuragi, and S
.

e

Hashimoto, Phys. Rev. Lett.60, 2319 ~1988!; S. Kubota, J.
Ruan, M. Itoh, S. Hashimoto, and S. Sakuragi, Nucl. Instru
Methods Phys. Res. A289, 253 ~1990!.

4J. H. Beaumont, W. Hayes, D. L. Kirk, and G. P. Summers, Pr
R. Soc. London, Ser. A315, 69 ~1970!.

5R. T. Williams, M. N. Kabler, W. Hayes, and J. P. Stott, Phy
Rev. B14, 725 ~1976!.



,

d
us
e

wa

lse-

.

PRB 58 6089DECAY ENHANCEMENT OF SELF-TRAPPED EXCITONS . . .
6C. Shi, T. Kloiber, and G. Zimmerer, Phys. Scr.41, 1022~1990!;
J. Lumin.48, 597 ~1991!.

7H. Shibata~private communication!.
8K. Kimura and J. Wada, Phys. Rev. B48, 15 535~1993!.
9~a! K. Kimura, K. Mochizuki, T. Fujisawa, and M. Imamura

Phys. Lett.78A, 108~1980!; ~b! K. Kimura, T. Matsuyama, and
H. Kumagai, Radiat. Phys. Chem.34, 575~1989!; ~c! K. Kimura
and H. Kumagai, Radiat. Eff. Defects Solids126, 45 ~1992!; ~d!
K. Kimura, Nucl. Instrum. Methods Phys. Res. B90, 100
~1994!.

10A computer program was made according to J. F. Ziegler,Stop-
ping Cross Sections for Energetic Ions in All Elements~Perga-
mon, New York, 1977!, Vol. 1–5.

11Absorption bands due to color centers were not recognize
room temperature by a dose higher by one order than that
in this experiment, although at 77 K, F centers were recogniz
The STE luminescence intensity at time 0 of its decay curve
at
ed
d.
s

the highest near room temperature. They will be published e
where.

12R. B. Murray and A. Meyer, Phys. Rev.122, 815 ~1961!; A.
Meyer and R. B. Murray,ibid. 128, 98 ~1962!.

13F. D. Becchetti, C. E. Thorn, and M. J. Levin, Nucl. Instrum
Methods138, 93 ~1976!.

14K. Kimura, Phys. Rev. A47, 327 ~1993!.
15L. C. Northcliffe and R. F. Schilling,Nuclear Data Tables~Aca-

demic, New York, 1970!.
16A. V. Agafonov and P. A. Rodnyi, Sov. Phys. Solid State25, 335

~1983!.
17D. J. Dexter, J. Chem. Phys.21, 836 ~1953!.
18Th. Foerster, Ann. Phys.~Leipzig! 2, 55 ~1948!.
19K. Tanimura and N. Itoh, Phys. Rev. Lett.60, 2753 ~1988!; 64,

1429 ~1989!.
20M. Inokuti and F. Hirayama, J. Chem. Phys.43, 1978~1965!.


