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ABSTRACT. -

In a recent theory(l) the response of Nal(Tl) to energetic heavy
ions (Z=5, Energy 1+ 10 MeV/a, m,u,) has been calculated in good
agreement with the experimental data, but a noticeable disagreement
is observed for light ions like & -particle. In the present work a model
is proposed to interpretate the response of impurity activated alkali-ha
lides that follows quite closely the foreign one, where the mechanism
of energy transfer by means of exciton diffusion is taken into account.
If the mean exciton free path X\ is ¥ 10"6 cm at impurity concentration
of about 0.1%, a satisfactory interpretation is given of NaI(T1l) response
to O(—pa,rticles, protons and deuterons as well as to heavier dons, and
it is shown that the response to the latter is quite unaffected by exciton
diffusion,

Finally characteristic dose D, of the foreign theory, is in
our model expressed in terms of A and this allows to give a law of depen
dence of luminescence efficiency to ¥ -rays on impurity concentration
that is in agreement with experience.

(%) - Istituto di Fisica dell'Universitad di Cagliari,



I, - INTRODUCTION, -

The idea of saturation effect of the luminescence centers, in
impurity activated alkali-halides scintillators, to interpretate decrea
sing of luminescence efficiency dL/dT at high specific energy loss dT/dr,
was advanced by Meyer and Murray(zs 3) against the hypothesis of ioni-
zation quenching assumed in analogy with Birks theory of organic scin
tillators. These authors make the assumption that energy transfer oc-
curs, mainly by radial exciton diffusion from the ion path, exciton pro-
duction being uniquely related to dT/dr. In this way they find dL/dT
to be a single value function of dT/dr irrespective of the nature of io
nizing particle,

(4)

Data taken from experimental results of Steigert and Newman
on heavy ions have shown instead a dependence of dL /dT on particle
nature at fixed dT/dr values and this fact was interpreted(5) in a quali
tative manner in terms of energetic 5~rays escaping the saturation co
lumn of primary ion,

Recently, in analogy with theory of R.B. E. for dry enzymes
and virus by Butts and Katz 6) it has been proposed that a number of
phenomena produced by heavy ions must be related to the microscopic
dose distribution produced by g—rays around the ion track. This distri
bution depends indeed on particle nature(7), On this assumption it was
reconsidered the interpretation of formation of track in dielectric(8),
the track width in nuclear emulsion(g), as well as the Nal(T1l) response
to energetic heavy ions(1) obtaining a good support from the experimental
data,

In particular for Nal(Tl), dL/dT has been related to the dose
pattern around the track, this pattern being calculated assuming that
energy lost by the ion is continuously distributed in space surrounding
the track by secondary S—rays”), Deviation from the linearity of the light
versus ion energy at high dT/dr is then explained by saturation of the
luminescence centers following an eccess of absorbed dose near the
center, In this way a good agreement is found with experimental data
for energetic heavy ions (Z > 5 energy 1+ 10 MeV/a, m. u. ).

For K-particle a discrepancy between theory and the experimen
tal data of order of 50% or more was observed, and the authors inter-
pretate this discrepancy as a result from neglecting the dose inhomo-
geneity into volumes of the order of the sensible volumes around T1
atoms, They assimilate this assumption to the point target approxima
tion used in the theory of R, B, E. 6) where a target of finite size was
taken as puntual to calculate the activation probability from the known
distribution dose function.
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Although it seems quite equivalent, in the case of impurity
activated alkali--halides, we prefer to say that the target, (the lumine
scence center), is indeed punctual but can feel dose inhomogeneity be
cause of the exciton migration in the lattice, This migration carries
to the luminescence center an excitation energy which was produced
at distances of the order of the exciton mean free path from the center,

II. - THEORY. -

In principle our theory follows quite closely the way outlined
by Katz and Kobetich 6) that we riassume in short,

When the dose distribution produced by secondary tﬂrays can
be considered uniform within the sensible volume around the centers
it is assumed that the poissonian probability p(t), in a single type pro-
cess, for the mission of a photon by luminescénce center at distance t
from the track is given by:

(1) p(t) = q(1-exp(-D(t) /D))

where D(t) is the absorbed dose at distance t from the track D, the
characteristic dose which gives a probability of 63% of the maximum
photon emission probability and where q is the absolute quantum efficiency
for the luminescence centers,

By means of (1) if N is the number of excited centers for unitary
ion path the specific fluorescence dL/dr =gN is given by:

@

(2) ' dL /dr=qgN = aN, // 27t dt{1 déxp(:—.D(t)/Do)
o

where NO ig the number of luminescence centers for unitary volume

i, e. the number of impurity atoms in unitary volume, The total photon:
emission following the passage through the lattice of a ion of kinetic
energy T is then: ' '

T
o H
(3) L =qN_ / %G‘(aqr/dryr'ldT
O
where
8.0]
(4) & =2 75/\ t dt(1-exp(~D(t) /D)

O,



is the cross section for the process of excitation a luminescence cen-
ter. The specific luminescence dL/dT is hence given by

(00]

dL, ar -1 3N,
(5) Iﬁ“"qNog(_d?) "(dT/ErT /Zntdt(l—exp(—D(t);/Do).

(8]

If the hypothesis of dose uniformity within volumes of linear
dimension of exciton mean free path is not verified we need a different
approach to the problem,

Because of impurity concentration in the scintillator, is, in
all practical cases, very small, it seems reasonable to assume that
direct excitation (due either to primary particle or to §-rays) is negli
gible in respect to indirect excitation (by means of radiation-less energy
transfer to the center from the lattice),

Then we are principally concerned with the number @(t) of exci
tons crossing unitary surface, at distance t from the ion track, after
the particle has passed through.

Since the transit time of the ion, and all the time constants in
volved in creation and migration of excitons are negligible compared
with decay time of an excited luminescence center, we can suppose all
the excitons reach a lattice point at the same instant so that only one
of them is responsible of the excitation of the center situated in that point.

If we calls the excitation cross section of the center, the proba-
bility p(t) for such an event, when the number crossing the unitary sur-
face is (§(t), is:

(1) p(t) = q(1-exp(-S §(t))

and (2), (3), (4) and (5) becomes respectively

a
(2" %Ii—: qNO / 271 dt(1-exp(-S ¢(t)))
O
T



(e8]
(4') ~1=2 / t dt(1-exp(-S ¢(t)))
o
(ee]
‘ qN
5 I - N, () = @ / 27 t dt(1-exp(-5 §(t)))
o]

To find the value of ((t) after ionizing particle has passed,
two problem must be solved:

i) How is the number of exciton produced related to the absor
bed energy.
ii) How the excitons propagate through the lattice.

According with Meyer and Murray(z) we can answer to (i) as
follows. Let n_be the number of hole-electron pairs created by a char
ged particle, In a crystal slice we have ne=k(dT /dr)., If n, is the num
ber of excitons resulting from electron hole recombination the recom-
bination probability n,/ng is given by

n O(Il

(6) ;9= e  Kk(dT/dr)

144 n, "~ 1+oLk(dT /dr)

[¢]

Meyer and Murray(s) showed, by comparison with experimental
data of dL./dT for electrons, that values of (#k) is in Nal of about
2(KeVem? /mg)'l. This allows us to put ng/n.=1, except at very low
dT /dr. This means that every electron-hole pair will recombine to form
an exciton. In these cases if D(t) if the absorbed dose and no(t) the num
ber of excitons produced in an unitary volume at a distance t from the
track we have no(t)=QD(t), Q being a proportionality constant, in all the
cases we can write:

(ot k) dT /dr
1+(okk) dT /dr)

(1) n_(t) =QD(t)

To answer question (ii) Murray and Meyer(g) solved a diffusion
time-dependent equation to take into account of the depletion of unoccu
pied centers, Indeed in their theory the excited centers begin transpa
rent to excitons and this leads to a dependence of the exciton mean free
path on the number of excited centers. One of the results of this assump
tion is a marked dependence of the shape of the dL /dT vs. dT/dr curve
on impurity concentration, in contrast with some experimental results
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on CsI(Tl)(lo’ 11). This circumstance was advanced against the model

based on saturation of luminescence centers to support the model based
on ionization quenching. In our model the exciton mean free path is as-
sumed to be independent on the number of excited centers, We will
show qualitatively in the next, that in this way the dependence of the
shape of dL/dT vs. dT/dr curve can be considerably attenuated,

The law of exciton migration assumed in the next, is

ehr/x
(8) p(r) =~
47T r

where A is the exciton mean free path and where p(r) is the probability
that an exciton produced at the origin cross the unit surface at a distance
r.

The law (8) for exciton migration has been introduced by Birks
to explain the surface quenching effect(11,12) ip organic scintillator, i,e.
the dependence of dL/dT on distance from scintillator surface near their
free surface,

In organic scintillators the value of A can be deduced by means
of this effect and values of some microns have been found., Since the
values of A was can expect for impurity activated alkali-halides at the
usual values of the impurity concentrations ranges from some tens to
one or two hundreds of angtrons, the surface quenching should be negli
gible in these cases., Hence we will deduce the value of X fromthebest
fit using the experimental data of the response of Nal(Tl) to X-particle,
protons and deuterons,

In the case of protons up to 10+ 20 MeV and heavier ions, with
the aid of (7) and (8) the expression for ((t) using polar coordinates
(r, 0, ) having origin in the point under consideration at distance t is:

(9) ¢(t)=/dVQD(t')e“r/)‘ /472‘1'2

where D(t') is the absorbed dose at distance t'= (tz+r2 sinz 0+2 rt sin 9)1/2
from the ion track and where the integration is extended to the entire
scintillator i, e. practically to infinity,

For values of A very small the integral (9) can be performed
taking D(t) constant. In this case we have:

#(t) =X QD(t)



and (1')+ (5') become identical to (1)+ (5) respectively. if we put:
-1
(10) D_=(QXS)

The (10) that relate D, to )\, us we shall see leads to interpret
in a direct and very simple way the dependence of luminescence effi-
ciency to 9-rays on impurity concentration,

In the next section III we shall consider separately the problem
of removing point target approximation for heavy ions and light ions
(Z<5).

III, - NaI(T1) RESPONSE TO VARIOUS IONS. -

IIl.a.- Response to heavy ions, -

To remove point target approximation for heavy ions we try
to obtain only an approximate expression for € as long as we must think
that the error introduced by this approximation does not excede, in
these cases, some per cent,

If D(i') shows only a smooth dependence on r with respect to
e~T'/N (and this is the case when t >X) we have

)\2 2
(11) ¢(t)=Q>\[D(t)+ e SR >\4)]
dt

Now since (i(t) occurs in the expression of ¢' only in the expo
nential, factor when D(N)22+3 E_ we can introduce (11) in (4') without
making any relevant error in €, irrespective, up to large extent, of the
error that effect §f when t<X .

In performing integration (4') we will use for D(t) the approxi-
mate expression;

(12) D) = (- )

used in ref. (6) A and T being constant depending on the value of R=v/c.
Then from (11) and (12) we obtain

[__x_ (DO /2 A2 p\)

T D 2 D

(13) crege Aaoni L pa?
3
o T o

3



where § is given by (4) and D(X) is the value assumed by D(t) at a di-
stance X from the track,

If we replace in (10/values of N between (0. 5= 1)10—6cm, we
can see that &' differs from & only by some per cent in the energy range
we are concerned with, when Z > 5,

In Fig. 1 we reported &' versus MeV/a. m. u. (full lines) for
Z=6and Z=8 and A= 10‘6cm1, together with & (dotted lines) calculated
by Katz and Kobetich{l) for the same values of Z.

~
£
o
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FIG. 1 - Excitation cross sections for Z =8 (upper curves)
and Z =6 (Lower curves). By Katz and Kobetich (dotted
lines) and present work (full lines),

Ill.b.- Response to light ions.-

Since for A-particles, protons and deuterons, the conditions
under which (13) has been obtained are not quite well verified, except
at very Low values of £, for these particles we need to perform nume
rical integration of (9).

A range was from 0,5 to 1x 1078 ¢cm. The dose distribution
D(t) around the track has been obtained assuming that all the energy
lost by ionizing particle is distributed around the track by secondary
&-rays following the pattern calculated by Katz and Kobetich(1),

D(t) can be obtained from the relation



(14) | D(t) = 22 dl(t)+z3‘d2(t)

where z is the effective charge number related to Z by

z=7 [1-exp(-125/3 z"2/3)‘l

dl-(t) and’ dg(t) being obtained from ref. (1). In analogy with (14) we
put

(15) b =S¢ =22 g ©)+27 Gyt)

where l,vl(t) and 1}42(’5) are given by

v/

1 d,( & TN 4, (') e
Y0 = p— /v 3 ANV 4ch dv 2
(0] r r

As for z > 5 the first term of (12) predominates widely- we have
computed ',U (t) only. In Fig, 2, (lxl(t ) is reported as a function of t for
A=10"6cm and in Fig. 3 curves of &' versus MeV /a, m,u. calculated
by (4') using data of Fig. 2 are reported for &« -particles, protons and
deuterons. The curve calculated by Katz and Kobetich for & -particles
is also reported in Fig. 3 in order to make a direct comparison with the
value we have obfained,

Finally in Fig. 4 theoretical response curve are given together
with experimental data taken from Eby and Jentshke 13) tor the optimal
value of the impurity concentration, In the same figure the dotted curve
represents that one obtained by R. Katz and 1J. Kobetich for o -particles,

1V. - DEPENDENCE OF ABSOLUTE SCINTILLATION EFFICIENCY TO
-RAYS ON IMPURITY CONCENTRATION, -

We now turn to the problem of obtaining dL /dT relative to
y-rays, versus impurity concentration. If we are concerned with a
ionizing particle i we have

dL, 573
(17) dT =a[v] dT /dr
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where G'i is obtained by (4') using the dose pattern relative to particle
i, [Y] being the impurity concentration in per cent,

28

3.4,

2

FIG. 4 - Response of Nal(T1)
versus energy. Heavy li-
nes; experimental respon-
seld) to protons and deute
rons (upper curve) to oL -
-particles lower curve.
Light lines: response to
protons present work (up-
per line), response to -
-particle present work (lo
wer curve), Dotted lines:
response to deuterons pre
sent work (upper curve),
Response to K -particles

/ ) Katz and Kobetich (lower-
W ~curve).
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In considering the response to ¥-rays we can assume an uni-
formly distributed dose except at very high exposure rates, (Indeed in
these cases we ever have local closes D<< D during exposure times
of order or less of the luminescence decay time). With this assumption,
using (7) and (10), eq. (17) becomes

dL L

i __ qly] ql¥) _ (X k)dT /dr
(18) dT —DO(dT/dr). [ D(t)2tdi= D_ =afylas 1+(Kk)dT/dr

0.

0o
being f D(t)2wtdt =dT/dr. The constant q which is the probability for
[0]
photoemission from an excited luminescence center will be expressed

according with Birks(10) by

q

(19) 9= o
1 +Scy[Y]



12,

where S__ describes competition between processes of concentration
quenching, luminescence, and internal quenching and where q, is the lu
minescence efficiency of solute extrapolated to zero concentration of
impurity. The exciton mean free path X shall be expressed by A=

=(S4 [X]+Sy[Y])"1 where S, and S_ represent ecciton capture cross
section by solvent X (the lattice si%fes) and solute Y (the impurity).

If [X] and [Y] are solvent and solute concentration in per cent,
Because[Y] <<1 in all pratical cases, we have[X]=1-[Y]>1 and:

S S
(20) Al Y1
x "y

By (18,19, 20) we have at low dT/dr

(21) dL . SAkdT/dr [y] _

dT 1+etkdT/dr 148 Y} 1+ [¥
/ K1 1S TV]

. Where Sy =S /S4. It has been shown(11) that although a formula like
(21) has been obtained only for organic binary solution eq.(21) is
also in good agreement with experience relative to NaI(T1)(14)if are
taken Syx= 8x10°% and Scy= 60. Moreover at [Y] << 1 the theoretical
formulae obtained for impurity activated alkali halides by Johnson
and Williams(15, 16 can be easily reduced to (21),

V.- CONCLUSION, -

In Fig. 5 dL/dT obtained from (5') and (7) is given as a function
of dT /dr (full lines) up to 500 KeV cm? /mg and is compared with expe-
rimental data (full point), Murray and Meyer theory (point-dotted line),
and Katz and Kobetich theory for « -particles (dotted line). As we can
see there is a good agreement with Murray and Meyer result in this ran
ge of dT /dr and both agree quite well with experimental result,

Perhaps a better agreement is obtained in our theory because
of sensible splitting we obtain of dL./dT versus dT/dL for protons and
oA-particle, Note instead the noticeable discrepance between Katz-Ko-
betich result for « -particle and experimental data.

At higher value of dT/dr the dependence of dL/dT on particle
nature begin more and more marked, For these higly ionizing parti-
cles Katz and Kobetich theory agree very well with experience(l) and,
as our theory begin quite insensitive to exciton diffusion (see (13) and
Fig. 1), our results become similar to those obtained by Katz and Ko
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betich. In cenclusion we can say that the values of dL/dT found by our
model agree well with experience in a wide range od dT /dr and for
very different particles like electrons and heavy ions,

17

15

13r
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FIG, 5 - Luminescence efficiency of Nal(T1) ver-
sus specific energy loss, Experimental results(10)
fulf points, Mayer and Murray model point-doti
ted line, present work (full line), Katz and Kobe
tich (dotted line),

At the end we turn out to the question of the dependence of the
shape of dL/dT versus dT/dr on [Y] concentration or in an equivalent
way of the dependence of the shape of dL/dT versus fY] concentration
on dT/dr, If we look now at eq. (21) we can see that with the hypothesis
of depletion of unoccupied centers made by Meyer and Murray all occurs
as if the effective [Y_ in the expression of eq. (21) would decrease with
increasing dT/dr leading to a dependence of the shape of dL/dT versus
[Y] on dT/dr.

As long as in our model N is taken to be independent on con
centration of excited centers and as a consequence, on dT/dr, we can
infer that this dependence in our model would be smoothed out with to
respect Murray and Meyer model,
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