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Decay enhancement of self-trapped excitons at high density and low temperature
in an ion-irradiated BaF, single crystal
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The decay of the luminescence due to self-trapped excit8iE) induced by ion irradiation of a BaF

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.
[S0163-182608)08533-9

l. INTRODUCTION but also for other alkaline-earth halides such as Cafd
SrF,, and this band was assigned to self-trapped exciton
We have been studying the primary ion-track effect in(STE) luminescence by studies using similar methods for
condensed insulators. Generally, in a time range of subpicalkali halides*® Its decay curve was not a simple exponential
or picoseconds after the primary ion collision, the track con-and was dependent on temperature. In addition, a time-
tains excited states of the outermost-shell electrons at exetarded peak was observed at few tens of ns after the inci-
tremely high density. Energetic ions ionize condensed mattedlence of the excitation pulse by recent pulsed synchrotron
at high density along their tracks, as understood from théadiatior? or by picosecond pulsed electron irradiaficat
large deposition energy, which can be as large as 1000 eV/A00om temperature. The decay curve after the peak was ap-
A major part of the holes and electrons ejected recombine t§roximated to the exponential with a decay time of about
form excited states or excitons. The outermost-shell holeS00 ns tentatively.

which are produced with a much larger probability than the 1he ion irradiation gives AFL also, although it cannot be
recognized by the usual time-integration-type luminescence

inner-shell holes, form the outermost-shell excitons. Further: hich q iou&he d £
more, the inner-shell holes, too, can be fed to the outermosﬁpeCtrum’ which was reporte previou yhe decay o lon-
duced AFL was not exponential, it was dependent on ion

shell excitons, because they can be converted into outer-shél] : o
y ass or the density of excitation, and was much faster than

: m
holes b_y the Auger process, and c:_;xscades of this PFOCERI ¢ induced by photon irradiation. The results could be ex-
result in the outermost-shell excitons. Therefore, the

) A . “plained by the recombination of dense free electrons with
outermost-shell excitons will be generated at extremely h|gi§ y

ity al h K “track effect” | ore holes of Ba in competition with AFL in the track. This
density along the track, and a "track effect” may result as o chanism does not involve direct interaction among core

consequence of exciton-exciton interaction. The high-densitygjes, since core holes are screened by valence electrons and
excitation is characteristic of ion irradiation, and one Mayineir collisions caused by the diffusion are negligible, espe-
expect the ion irradiation to be a unique method to creat@ig|ly in a short time range within 100 ps.
excitons at high density especially in a crystal with a large \ve found also that the ion-induced STE decays much
synchrotron radiation, electrons, or laser light is yet insuffi-irradiation®® This may be ascribed to the track effect on the
cient in the intensity or the excitation energy to achieve thiSSTE. |n this report, further detailed decay of the STE was
It may be imagined that there must occur a drastic interactiopyeasured using a fast measurement technique. Dramatic de-
track effect, we have developed luminescence-decay megecay with increasing excitation density and decreasing tem-
surement techniques with a resolution of 100 ps and higlperature. It will be attempted to explain the results by kinet-
sensitivity. ics.
Photon and electron irradiation of a Bakingle crystal
induces luminescence bands with peaks at 220 and 300-310
nm. The 220-nm band found recently was assigned to a tran-
sition of a valence electron to an outermost inner-shell hole In order to measure a luminescence decay with high reso-
of BaF, B&", and named Auger-free luminescence lution, we have developed a device named S(SRgle-ion
(AFL).}1"3 AFL is a type of luminescence and is character-hitting single photon counting"® A recent SISP is basically
ized by a decay time as short as 800 ps. Studies on thine same as the one illustrated in Rgfd)9 The principle of
300-310 nm band have a longer history not only for BaF SISP is to measure the time correlation between the instants

Il. EXPERIMENT
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FIG. 1. A time profile in the case where both start and stop FIG. 2. Stopping power in BgF Calculations were made ac-
pulses were given by FASD’s. cording to Ref. 2.

of hitting of a single ion to a target and counting of a singleNescence through self-absorption by the centers, which was
photon using a time-to-amplitude conver@AC) and an ascertained by the absorption measurement of the irradiated
analog-to-digital convertor. A single-ion hit is equivalent to samplgs. _ _
an excitation pulse with a negligibly short width. To obtain A single crystal of Bak provided by Horiba Ltd. was
the single-ion hitting condition or exclude pileup, the ion cleaved to plates of 810x0.5mn?, and a plate was
current of an accelerator was decreased to a rate of about ofgounted to a holder which can slide the sample up and down
ion hit per 3000 bunches. A stop pulse for the TAC waslin a cold chamber of a cryostat. The cryostat was a modified
provided by a FASD(fast secondary electron detegtor Oxford model CF200. Cooling of a sample was performed
which was composed of an }0g/cn? carbon foil and tan- Nt o_nIy by a heat contact but also by He gas at a few tens of
dem microchannel p|atQMCP) and p|aced at 45 mm before TOI’r_ in a cold chamber. The Sample p|a'[e was Set-at 4-50 to
a target in a cryostat. At present, the distance between tH&€ ion beams, and luminescence was measured in a direc-
carbon foil and MCP was shortened to 2.7 mm. This resultedion perpendicular to the ion beams. Neither a change in the
in a decrease in the accelerating potential, which exclude@leaving face(111) or (110, or rotation of sample caused a
accidental electric discharge. The time resolution of thechange in the spectra, within experimental error.
FASD was about 15 ps if it is defined as a root of the full
width at half maximum of a histogram measured using two IIl. RESULTS
FASD’s positioned in series. A result of the measurements is o
shown in Fig. 1. The start pulse was generated by a MCPp-A. STE decay curves by photon, electron, and ion irradiation
mounted photomultiplier, model R2809u or R3809u from  Figure 3 shows time-resolved and time-integrated lumi-
Hamamatsu Photonics. The time resolution of the full systenhescence spectra of ion-irradiated Basingle crystals at
of the SISP was about 100 ps. The luminescence was mong@gom temperature, which were measured by a SISP and
chromated by a 25-cm grazing monochromator from RitSUSMA, respectively. At an initial stage near time 0, there are
Ltd. A time-integrated luminescence spectrum was measurelyo bands peaked at 5.6 €220 nm and 4.1 eV(300 nm).
by a intensified CCD camer@MA) from Princeton Instru- - The 220-nm band can be assigned to AFL. It disappeared in
ments Inc. about 1 ns, as reported alredthpfter 1 ns, only a 300-nm

Projectile ions were accelerated by the heavy-ion LINACpand remained and no significant shift of the peak was rec-
by our institute(RILAC) and collimated to 0.% 0.7 mnt by
slits made of well polished stainless-steel poles instead of
using knife edges. lons with the same incident velocity were
irradiated by using the energies of 2.0 MeV/nucleon for He,
N, Ar, Kr ions except for 1.5 MeV/nucleon for Xe ions, in
order to compare the effect by different ions meaningfully as
possible(see Sec. lll h lons of these energies are close to
their maximum stopping powef&(see Fig. 2 The stopping
power exhausted in inelastiglectronig collisions may be
estimated more than 99.9% of the total. In the case of the2
decay measurements of wider time ranges than a few hun™
dred ns beam trains were kicked out electrically, with keep-
ing the condition of single hit, in order that the intervals of 5 -
ions were not shorter than 20s, which excluded pileup. IME (ns) 5 " gNE

It should be noted that one output pulse from the TAC
corresponds to a single event in a single-ion track. The FIG. 3. Time-resolved and time-integrated luminescence spectra
amount of color centers produced by ion irradiatid@ss  of 2.0 MeV/nucleon N-ion irradiated BaFat room temperature.
than 18 ions) was too small to affect the intensity of lumi- Inset: Time-integrated luminescence spectra.
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those for alkali halides may be a result of the recombination
of mobile color centers. Thus, when the STE decay is ob-
served at higher temperature than 30 K, the decay process
includes the time-retarded regeneration by the F and H re-
combination in addition to the pure decay processes. It will
be shown by the simulation in the section of discussion that
the appearance of the time-retarded peak may be caused by
this competition.

In contrast, the decay for 2-MeV/nucleon He-ion irradia-
tion had no time-retarded peak. Furthermore, the decay at the
initial stage was much more rapid than the other two. The
- curvature at the initial stage suggests a decay process quite
T, 2MeV/amuHe'® different from those in the cases of photon and electron irra-

T present diation. Also, considering the smooth and continuous curva-

N e ture of the decay curve, the curve cannot be ascribed to the

' NN simple superposition of fast and slow exponentials but may

. | be instead a single function. The difference between electron
0 — 500 ' ' * ’ 1000 or photon irradiation and ion irradiation is in their density of

Time (ns) deposition energy, in other wc_>rds, in linear energy transfer
(LET) or excitation density which we use often. LET is de-

FIG. 4. Decay curves of STE luminescence in Bafadiated  fined as the incident energy divided by the range of ions. As
by 64.1 nm photongRef. 6, 28 MeV electrons(Ref. 7, and 2  Stated in the Introduction, LET given by ion irradiation is
MeV/nucleon Hé" ions at room temperature. Thin solid lines stand much larger than those by electron and photon irradiation,
for theoretical decay curves calculated by E4). and hence the former irradiation can form both F-H centers

and STE's much more densely than the latter. This can be
ognized throughout the time-resolved and time-integrate%)(pecwOI to cause the difference in the decay of the STE
spectra. Compared with results in the case of photon an etween both |rrad|_at|_on. However, the decay curve after 600
electron irradiatiorf;® this band can be assigned to self- ns h.as.curvatyre similar to those of the phot(_)n and ele_ctron
trapped excitoSTE) luminescence. irradiation. This seems to show that the density effect disap-

The decay curve obtained by ion irradiation is considerP€ars with the passage of time.
ably different from those obtained by photon and electron
irradiation. Figure 4 shows decay curves at the peak wave-
length produced by 2.0-MeV/nzCIeon He ionsl? 64.1-nm B. LET-enhanced STE decay
photon® and 28-MeV electrorfsat room temperature; the Let us show the LET dependence of the decay by using
initial spike seen in case of photon irradiation is consideredons having larger LET than that of He. To compare reason-
to be due to the stray light of exciting pulse of the synchro-ably the effects among various ions with different mass, the
tron radiation. The decay curves by photon or electron irraton velocities were equalized to the same velocity of
diation are characterized by a time-retarded peak, i.e., th&x 10" m/s (corresponds to 2.0 MeV/nucleprexcept that
time-retarded growth of STE’s. The retardation times fromthe Xe ions corresponded to 1.56 MeV/nucleon. lons with
the incidence of the irradiation up to the peak can be read tequal velocities induce a close effect in the primary collision
be about 83 and 44 ns for photon and electron irradiationexcept for the secondary effect such as the effect of the ex-
respectively. These curves were measured using pulsed lighitation density, since the stopping power, the track radius,
of width 130 ps from synchrotron radiatibrand using a and the charge exchange are closely related with the ion
10-ps electron pulseThe time-retarded peak seen in Fig. 4 velocity. Furthermore, the value of 2.0 MeV/nucleon is due
is substantial but can not be ascribed to a poor time resoluo the energy near the maximum stopping power. Below this
tion of the measurement system. ion energy, the energy percent for producing energetitys

Thermostimulated formation of STE’s has been observedvhich can form the hollow part of the track becomes smaller
after irradiation"® The thermoluminescence spectrum had athan about 10% of the total deposition enet§y** As a
peak near 300 nm at room temperature although the peaiesult, we observe predominantly the effect in core parts of
wavelength and its intensity are dependent on temperaturéracks of which the sizes are not so different by the differ-
the peak shifts from 300 to 310 nm with decreasing temperaence of ions.
ture. This luminescence was assigned to STE’s regenerated Now, Figs. %a) and §b) show decay curves of STE lu-
by the recombination between the color centers of F and Hninescence produced by He, N, Ar, and Xe ions at room
pairs; actually it may be necessary to take accounVpf temperature. The decay curve for Kr ions lies close to that
centers in addition to H centers analogous to the case dbr Xe ions although it was not plotted. LET of He, N, Ar,
alkali halides. The resdltthat thermoluminescence rises and Xe ions were 0.49, 2.91, 8.42, and 16.2 Me\#/ong,
from near 30 K(towards the first small peak at 40) ISug-  respectively. The ranges of these ions were 12.8, 7.36, 7.17,
gests that the centers are immobile at lower temperature thaand 8.17 mg/c) using the table data and the additivity
30 K or that, at higher temperature than this, they are mobileule. Figure %a) shows that the initial decay is enhanced
to be recombined even at significantly low temperature. Thevith increasing LET, namely, with increasing concentrations
fact! that the yield of damage in irradiated BaB less than  of F and H centers and STE’s. By contrast, after a few tens

64.1nm Photon
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plotted in an equal height and with an equal shift of the
baseline. The figure shows that the decay was enhanced with
decreasing the irradiation temperature. Furthermore, the de-
cay enhancement was prominent in a short time range up to
100 a few ns after the incidence of an ion, and at 35 K it attained
an ultimate half lifetime of about 150 ps, which will be
50 shown again in Fig. 8. It is noted that the F, H centers and
STE are frozen at this temperature as described in Sec. Il A.
Such a decay enhancement is contrary to the results known
05 so far for the decay of the STE by phofdfi or electrofi

irradiation, which will be mentioned again at the end of this
section. On the contrary, as for the tail parts of the decays,
FIG. 5. Projectile-ion-dependent decay of STE luminescence othe decay times of the tail parts after 5 ns rather increased
BaF, at room temperature(@ 2 MeV/nucleon He, Ar, and 1.5 from 23 to 78 ns with decreasing temperature from 298 to 35
MeV/nucleon Xe ions{b) 2 MeV/nucleon He and N ions, on log K. This is the same tendency as was the case of photon and
scale;(c) He-ion irradiation, in a wide time range. electron irradiation. Thus, the temperature effect characteris-

tic in the ion irradiation is also concentrated in the initial
of ns, all the decay curves have nearly equal curvatures. Th@tage of the decay here.

is shown also clearly i_n Fig.(6), which is a log plot of the Therefore, the decay curves for He, N, Ar, and Kr ions
{vere measured in a narrow TAC range of 20 ns at several

Time (ns)

similar to those by the photon and electron irradiation. Thig:Igures 1a)—7(d) show the decay curves in a range frqm Oto
ns, where only two decay curves were plotted in each

means that the decay rate of the tail part is independent of t . . .
Y b b igure since the temperature effect was gradual. Solid lines in

initial excitation density. Thus, the major excitation-densit - - ; .
y ) ythe figures are theoretical curves that are described in the

effect characteristic to the ion irradiation is in the initial de- " . Ei for He-ion irradiati h that th
cay, but disappears after a short time range of a few tens ng_scussmn. igure (8) for He-ion irradiation shows that the

Figure Hc) shows a decay curve by He-ion irradiation in JecTease in temperature from room temperature to 35 K re-

much larger range which was measured in a TAC range of uced a half lifetime from 1200 to 150 ps and also reduced
S e intensity of a part of the tail. Similar enhancement in the

initial decay was observed also in the case of heavier ion
irradiation as shown in Figs.(B) to 7(d). An ultimate half
lifetime of 150 ps was obtained independent of ion m@tss

As expressed in the previous sections, it is clear that thés noted that the same ultimate half lifetime cannot be as-
regeneration of the STE through the recombination of F andribed to the resolution of our SISP, since the resolution is
H centers is included in the apparent decay curves of thenough to measure a half lifetime of 85 ps for the AFL of
STE observed. Next, the irradiation temperatures were desBr). In this case, the increasing excitation density or the
creased in order to suppress this regeneration which is semcreasing LET effect reduces scarcely the tail part of the
sitive to temperature. Figure 6 gives temperature dependenckecay curve, being different from the effect of decreasing
of He-ion-induced STE decay observed at the temperaturetemperature by which the recombination of the F-H centers
298, 100, 60, 40, and 35 K, where the decay curves ar& suppressed.

C. Temperature enhanced STE decay
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curve. Namely, the luminescence efficiency may be ex-

pressed by an unique function of the decay rate which is

given by the temperature and excitation density. As shown in

the insets, both the half lifetime and the luminescence effi-

ciency decreased super linearly to an increase in LET. The
super linearity suggests the LET effects should be expressed
by more than the first order for the STE concentration, that

is, the STE-STE interaction.

The ultimate half lifetime of 150 ps is shorter by one
order than the shortest one among the decay times of STE’s
reported in alkali halides. Such a fast decay cannot be as-
cribed to the spontaneous decay of the STE, but may be
possible only if the STE-STE interaction occurs because of
its dense formation. Although there may be interaction be-
tween the STE and the F or H center, the temperature effect
Time (ns) cannot justify such interactions. It will be discussed further

FIG. 7. Projectile-ion and temperature dependence of decay iin the Discussion that the STE-STE interaction enhances the
the initial stage of STE luminescence. Solid lines stand for deca TE decay.
curves calculated by EqAS5). Values ofa were 3.5¢10° and Now, two papers are quoted to see the temperature effect
1.25x10°, at room and the lowest temperature for He ions;_On the de(_:ay oféhe STE by phot(?rjrgor eIeCtror.1$r’.Accord-.
3.5x10° and 1.2 10P, for N ions: 7.5< 10* and 1.25¢< 10°, for Ar ing to Shiet al,” the decay time of STE luminescence in-
ions; 7.5¢10" and 1.3510°, for Kr ions. The value of Creases from about 1 to 2%s with decreasing temperatures
2x10 3 ns ! for k; was common. The experimental and theoreti- from room temperature to near 10(K is unknown how the
cal peak intensity at time 0 for each ion was equalized to 1. time-retarded peak is changed with a decrease in tempera-

ture, since the decay curves are not given at lower tempera-

Next, in order to observe the two effects of the temperalUres than room temperatgrdhe result for electron irradia-
ture and the ion comprehensively, the relations between I(fion by Williams etal” is the same at the point that the
minescence efficiency and half lifetime obtained using vari-decay time increases with decreasing temperature. At 10 K,
ous ions at several temperatures are plotted in Fig. 8. Uppdp€ir curve was found to fit to a curve composed of five
and lower insets show the LET dependence of the half life€XPonentials, of which the fastest component had a decay
time and the luminescence efficiency, respectively. The lulime of 12 ns. There can be recognized no time-retarded peak
minescence efficiency was defined as the luminescence ifEPOrted by Shet al. and Shibata at room temperature. The
tensity integrated from the peak position to the half lifetime9€C@y component of 12 ns had not been assigned decisively
normalized for the ion countthe luminescence efficiency t€ré and we also cannot assign it to the net STE decay
belonging to a time range of the initial decays was remarkegonstant after the recombination of the F,'H centers was fro-
consequently The figure shows that both the luminescence?®": The slow down of the STE decay with decreasing tem-
efficiency and the half lifetime are decreased with the in-Perature may be understood easily by ascribing it to the slow
creasing LET and also with decreasing temperature; the haffoV" of t_he STE regeneration because of the slowdown of
lifetime attained an ultimate value, 150 ps. Also, both thetn€ diffusion rate of the F and H centers. In case of the ion

LET and temperature effects were varied on nearly the samiradiation, the temperature dependence at the tail part qf the
ecay presented the same tendency as the photon irradiation,

but that of the initial decay was contrary. This can be rather
regarded as a phenomenon which cannot be observed by the
photon and electron irradiation, considering that its half life-
time is as short as 150 ps. We will try to explain the phe-
nomenon by the STE-STE interaction in Sec. IV C.
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IV. DISCUSSION
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A. Decay of STE formed at low density at room temperature

Lumi. Effi. (arb. units)

10

e T A decay curve of photon- or electron-induced STE’s,
0 50 100 150 TR . .
; LET (MeVom'mg™) which is at low density, has a rise toward a peak at about 83
0 — 10 or 44 ns after the irradiation pulse, respectively. Let us con-
Half Lifetime (ns) sider the origin of this rise. As described in the Results, the
STE decay may be expressed by following competition be-
tween the spontaneous decay and time-retarded regeneration:

Hno.n

FIG. 8. The luminescence efficiency and half lifetimes with the
variation of the ion and the temperatures. The symbaotlenotes

He-ion irradiation at 293, 100, 50, and 40 K, in the order of de- ky

creasing half lifetimesx, N ions at 293 K;@®, Ar ions, 293, 156, S— hy, D
79, 40, and 25 K[, Kr ions, 293, 80, 45, and 25 K. The upper and

lower insets show the LET dependence of the half lifetime and of ka2

the luminescence efficiency, respectively. F+tH —— S, 2
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the time O with sharpening, but the decay rate cannot exceed
that by the first exponential term due to the spontaneous
procesq1).

—
[
(e
{som]

1

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

In contrast with sparse formations of STE's by photon
and electron irradiation, ion irradiation forms STE’s and F-H
N pairs at extremely high densify’'* At first, let us discuss

500 1000 the effect of the high density of F-H pairs. Under this con-

Time (ns) dition, geminate F-H pairs can exist no longer isolatedly but
overlap with each other, being quite different from the cases

FIG. 9. Theoretical STE decay curves with variationkgF. of photon and electron irradiation where geminate F-H pairs
Calculations were made by E@). Values ofk,F, were 0.05, 0.15,  are isolated. This makes the procé®smuch faster because
0.5, and 3.5 upward, whetq andSy/F, were fixed to 0.0021nS  of an increase irF,. According to Fig. 9, with increasing
and 1.0; the uppermost curve is an exponential due to the first ter | the peak ofS shifts toward the time 0 with sharpening,
of Eq. (4). and at last the peak &becomes coincident with that of the

] . first exponential term in Eq(4) asymptotically. This can
where S stands for the instantaneous concentration of STEgypain the result that the STE decay curve for the ion irra-

SinceF is approximately equal tél, thze rate equation due to giation has no time-retarded peak. However, this process
process(2), reduced tadF/dt=—k,F*/2, can be solved in-  cannot explain the fast initial decay shown in Figs. 5-7,
dependently resulting in the solutiof,=Fq/(kaFot+1)  pecause the fastest decay curve given by the competition
where F, stands for the concentration at time 0. Conse-petween Eqs(1) and(2) is nothing but an exponential due to

Counts (arb. units)
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quently, a master rate equation f8iis given by the spontaneous decay of the STE. The decay time is at least
q K 5 12 ns if one assumes the fastest component given by Will-
as_ kst 2 Fo ) (3y lamset al® The values given by Shit al® and Shibataare
dt ! 2 \koFot+1 1 us and 600 ns, respectively. By contrast, the half lifetimes

obtained by the ion irradiation are as short as 150 ps in the
case of Kr irradiation and the curve is not an exponential.
This means that the STE decay in the case of ion irradiation

This equation can be solved analytically and its solution is

S=(Fq/2+ Sp)exp —kyt) — Fo cannot be expressed by the spontaneous decay but must be
2(kaFot+1) enhanced much more. Considering the above decay nature,

K the dense formation of the STE, and the superlinear effect of

+ 2_k12 exp(—A)(E;(A)— ), the STE concentration, it may be reasonable to introduce the

(4)  nonradiative STE-STE interaction in addition to the compe-
tition between Egs(1) and(2). Although a competition rate
t+ _) equation composed of above three processes could not be
koFq/' solved analytically, we could solve the competition rate

. , equation in the case where procé2kis eliminated by freez-
whereE; stands for an exponential integral apds Euler's  jng of the F and H recombination. The STE-STE interaction
constant. Luminescence intensity at a given time is propor,

. ) ) ) _ will be discussed in the next section.
tional to Sgiven in Eq.(4). Equation(4) was compared with
the experimental results obtained by photon and electron ir-
radiation given in Fig. 4. The experimental curve was read
using a digital scanner and normalized such that the maxi- By the discussion given so far, the temperature effect on
mum is 1000. Th& of Eq. (4) can form a peak if parameters the tail part of the decay curve, where the density effect is
have appropriate values. The best fit curve which has thdecreased, can be understood easily. It is a natural result that
peak at 44 or 83 ns was obtained as shown in Fig. 4, with the decrease in temperature reduces the rate of the F and H
following parameters: In case of photon irradiation, it wasrecombination and hence the rate of the apparent STE decay
when k; and k,F, were 0.002 ns® and 0.02, resulting in is reduced through the suppression of their translational and
So/Fo=1.1. For electron irradiation, using the sakiye we  rotational motion. The tail part is therefore similar to the case
obtainedk,Fo=0.01, resulting inSy/Fy=1.7. It may ratio-  of photon and electron irradiation. Thus, the temperature ef-
nalize the competing process between Hdg.and (2) that  fects characteristic in the ion irradiation exist in the initial
the calculated curves could simulate the experimental onestage of the STE decay, as was the effect of the excitation
especially the peaks. density. Therefore, our major interest is in the initial decay.
Although Eg. (4) cannot be applied to the ion-induced Now let us consider the system at 30 K where we can
decay, it is useful still to know dependence of the funct®n neglect the contribution of the F-H recombination to the STE
onk, andF,. Figure 9 shows how the decay curve of the decay. The half lifetime obtained at this temperature was 150
is varied wherk,F is varied from 0.05 to 3.5 under fixdd  ps. This value is faster at least by one order than that due to
of 0.002 ns* andS,/F, of 1.0. TheShas the character that the spontaneous decay of the STE of alkali halides known so
with increasingk,F g, its peak shifts asymptotically towards far. Compared with those for Bafthis is faster by the order

A:kl

C. Temperature dependence of STE decay
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of two, even if the fastest component by Williatris taken.  pendence evidently compared with the diffusion of the cen-
It will be discussed later why the elimination of the F-H ters, they can proceed without a large decrease in the rate
recombination can enhance the STE decay. We will discusom room temperature to 30 K, and hence temperature has
the resultant decay enhancement. Anyway, such a decay elittle influence on the STE decay rate. By contrast, with de-
hancement may be ascribed to the STE-STE interaction bgreasing temperature, the process of Ej.should be de-
considering the discussion made in the last section. In addtreased not only in its rate but also in its contribution to the
tion, the interaction must be the one capable to occur withoutompetition. The contribution becomes negligible near 30 K.
contact, since the STE cannot diffuse at this temperaturélhe fast STE decay given by processg&sand(5) becomes
Now, there are two types of the distant interactions, one otonspicuous or is bared with decreasing temperature so that
which is the Dexter-type exchange interactioand the other the initial decay looks apparently as if it were enhanced. This
is the Foerster-type dipolar interactibhThe present STE’'s mechanism may be consistent with the decrease in the lumi-
which may be ascribed to triplet states because of a longescence efficiency.

lifetime (although a definite value has not yet been obtgined At last, let us discuss the result that the initial concentra-
may pertain to the Dexter-type exchange interaction rathetion of the STE is constant despite that the deposition energy
than the Foerster-type dipolar interaction. Furthermore, thisncreases by 32 times from He to Xe ions. This may be
interaction should be a nonradiative process in the presemossible if there are some limiting processes to the STE con-
case, since the luminescence efficiency decreases superlicentration, which occur at a stage before the formation of the
early with increasing LET. Consequently, at the lowest tem-STE because the processes have no influence on the STE
perature, the decay of the STE may be expressed by thdecay rate. The initial STE's originate from self-trapping of
competition between proces$) and the following process: free excitons and from the electron-hole recombination in-
cluding recombination of F-H formed in contact. Of these
two, free exciton-free exciton reactions seem to be the lim-
iting process by considering as follows. The free exciton is

Now, the rate constami(R) is controlled by the STE-STE mobile but has a very short lifetime, analogous to the knowl-
dista'nces. The competition rate equation between EQs. edge for alkali halides: the lifetime is believed to be less than

and(5) could be solved analytically as shown in the Appen-SUb ps. Therefore, one can assume the critical concentration
dix. The resultant solution o8 is given by or the critical distance in order that the free exciton can react

with the other free exciton within their lifetimes. If it is sup-
1 posed that the reaction inhibits the relaxation to the STE, the
= — , (A5) free excitons which could escape the reaction can relax into
(a+Sp )expkit)—a the STE. The present result of the same initial concentration
of STE’s may be interpreted by a tentative mechanism that
the concentration of the free exciton formed by the present
five ions exceeds the critical one so that the observable effect

two are dependent only on a sample. Then,alis respon- is only one coming from the critical concentration. This

sible just for the track radius and hence is related with th eqhanism is cqn_sistent W.ith the experimentgl r_esult that
STE concentratior(=23Sy/47R,3 at t=0). It was tried to Uminescence efficiency at time O decreases with increasing
’ .

simulate the experimental decay curves using &%) with LET. Such a regctiqn of free excitons had been proposed in
variations of thea. Both the experimental data at time 0 and the case 08f<a|)on—|rrad|atled K_Br by one of the present authors
S, in Eq. (A5) were normalized to 1, because we have noprewously. The relative yield at abdwb K of the o-to-m

absolute luminescence efficiency. The result was shown b TI.E éncreased with |ncrea5|hng thg ?I_);](?'tat'on der;s!ty glét
solid lines in Figs. 7a—7(d). The figures show that the good €Ir decay curves were unchanged. 1his was expiained by

fitting could be obtained near 30 K with values of thgiven Iﬂe gtTeErafctlon tt_)etween free excitons in an earlier stage than
in the caption of Figs. —7(d). The figures show also that "¢ ormation.
Eqg. (A5) cannot fit the decay curves at higher temperature.

n(R)
S+S ——— nonradiative. (5)

S

wherea is a constant relating with a critical distance for the
exchange interaction, an effective Bohr radius of the STE
and a track radiu®,, as defined in Eq(A6). The former

This discrepancy is nature_ll since _the F-H recombination V. CONCLUSIONS
takes part in the competition at higher temperatures, but
these plots may show that the solution is unique for ahe In contrast to the result for the photon and electron irra-

The resultanta was independent of the kind of projectile diated Bak, the ion-induced STE decay does not only
ions, although this may be expected from the same ultimatpresent the time-retarded rise but also its rate was extraordi-
half lifetime obtained by the experiment. Nevertheless, it is anarily faster in the initial stage. The decay enhancement was
surprising result that the ion irradiation from He to Kr ions superlinear with increasing excitation density. The photon-
gives the same initial concentration of STE’s in the track. Itsor electron-induced decay curve with a time-retarded peak
meaning will be further discussed later, and next the temeould be simulated by a competition kinetics between the
perature effect observed will be discussed. spontaneous decay of STE's and the regeneration of STE by
At higher temperature than about 30 K, the competition isthe recombination of the F and H centdtle V, centers

composed of processés), (2), and(5). Although we could should be comprised in holesThis recombination should be
not obtain an analytical solution for this competition ratea reason why BaFis a radiation-protective substance com-
equation, the decay enhancement observed with decreasipgred with alkali halides. By contrast, in the ion track, the
temperature may be interpreted qualitatively. Since the progeminate pairs do not exist sparsely but they are overlapped
cesses of Eqgl) and (5) have only small temperature de- because they are formed at high density, resulting in no ob-
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servable time-retarded peak. However, this mechanism campairwise with a rate-constant dependent on a separation dis-
not explain the ion-induced large enhancement of the STEanceR of the pair and does not make diffusion. The number
decay nor the large enhancement caused by decreasing teof-STE’s which exists in the distance froRito R+dR can
perature, since the large decay enhancement took place stile described as2SRdR/V, whereV stands for the volume

at 30 K where both the centers and the STE are frozen. Thef one track. The rate of the exchange interaction at the
STE-STE exchange interaction was proposed as nonradiatiistanceR can be expressed asrB(R)S?R*dR/V where

and distant interaction. A competition rate equation betweem(R) is the rate constant of the exchange interaction at the
the spontaneous decay and the exchange interaction was afistanceR. The n(R) is given by Dextel’ and Inokuti and
sumed at 30 K and solved analytically. The result couldHirayama® as follows:

simulate the experimental decay. The unusual decay en-

hancement observed at the initial stage with decreasing tem- _ R

perature, was explained by a mechanism that the exchange n(R)=k, exp{ 5( 1= R_o) ]

interaction became prominent as a result of the suppression (A1)
of the time-retarded STE regeneration. The result that an 2R,

ultimate half lifetime of about 150 ps was obtained indepen- o= T

dently of projectile ions of He, N, Ar, Kr, and Xe means that
the density of STE's in the incipient track is nearly the samewhereL is the effective average Bohr radius of the ST,
among tracks formed by these ions. This may be explainet$ the distance where both rates through the spontaneous de-
tentatively by the mechanism that in the incipient track, therecdy and the exchange interaction are equal. The rate of the
occurs vigorous interaction between the precursors of STE’§Xchange interaction can be obtained by the summation of all
such as free excitons so that the concentration of the surviyhe rates corresponding to every distance. A resultant master
ing free excitons is limited to the critical concentration. Therate equation is given by the following:

existence of the interaction in the stage of precursors of

202
STE's is similar to the result found for ion-irradiated alkali- d_S: —Kk.S— fRUn(R) 2mSRIdR (A2)
. . . dt 1 vV ’
halide single crystals by the present autfsTanimura
and Itoh have reported a transient luminescence spectrum jn . ;
laser-irradiated Rbl which they assigned to a complex be\-NhereR” Is the track radius. If we set
tween a free exciton and a StEAlthough we could not R, 27R2
recognize such a spectrum in the present system, it may be a=kflf0 n(R) v dRr, (A3)

interesting to study on such complexes in many other ionic

crystals using ion irradiation because ion irradiation can exthen Eq.(A2) can be reduced to a simple differential equa-
cite them at extremely high density. tion

ds
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APPENDIX whereS, is the number of STE at time 0. The luminescence
When STE decays under the competition between pro@! timet is proportional to theS. By assuming the volume
cesses(1) and (5), the corresponding rate equation is de-2S @ sphere with radiu¥/=4=R//3), the integral in Eq(3)
scribed and solved here. The average number of STE'§an be calculated to give
formed in each ion track is representedsend STE's were 3
supposed to be homogeneously distributed. This assumption a= > exp(8)[ 23— {£+282+ 28 exp )],

(A5)

seems not to be so far from the reality, because the 2-MeV/ (AB)
nucleon ion forms the track composed mostly of the core R L

part, being different from the track comprising a large part of &= 0 _ _

the hollow part(see also Sec. Il B Also, STE disappears R,6 2R,
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