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Specific luminescence studies in phatic scil&atorss
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Using a thin-film scintillator detector direct measurements of relative specific luminescence {hL / h,x)
and luminescence ef6ciency {EI. / A,E) values have been obtained for an organic scintillator exposed
to transiting light and heavy ions. These experimentally obtained luminescence data are presented as a
function of ion energy, velocity, and stopping power for a wide variety of transiting ions
{Z=1,2,8,17,18,35,53). The data emphasize the luminescence response in the low-energy range
corresponding to maximum ion stopping power. Common trends, unique characteristics, and other
interesting features pertinent to these graphical plots are noted and discussed. The double-valuedness of
the specific luminescence hL / b,x when plotted as a function of specific energy loss h, F. / hx is

interpreted as arising mainly from the decreased effective charge of the ion as it picks up electrons in

the slowing&own process. It is further emphasized that the specific energy-loss per se is an

inappropriate parameter for characterizing {in a direct way) the luminescence response. A new model is
formulated based on a conceptually difFerent approach to the problem of luminescence production along
and about the path of a transiting energetic ion. In essence, the number of electrons scattered into a
thin disk of scintillator material {perpendicular to the ion trajectory) is taken, in the absence of
saturation efFects, as proportional to the luminescence response from that disk. Saturation efFects are
included by deriving an explicit relation for the number of electrons scattered per unit area of disk at
a distance r from the ion path. Above a critical number per unit area, no additional luminescence

response is generated. These number-density profiles are plotted for various ions of difterent energies.

Finally, a plot of the calculated specific luminescence for various heavy ions is shown to be in
remarkably good agreement with experimental data.

I. INTRODUCTION

The dependence of specific luminescence (aL/
hx) and luminescence efficiency (nL/&E) upon
stopping power (dE/dx) of heavy ionizing particles
(impinging on fluorescent materials) has been the
subject of intensive study. ' Although a, wide
range of energies has been considered, compara-
tively little effort has been made toward observing
and understanding the specific-luminescence re-
sponse in the low-energy region corresponding to
maximum stopping power. This lack of complete-
ness is in large measure the result of serious dif-
ficulties in experimental observation of lumines-
cence AI when the incident heavy ionizing particle
has large dE/dx values (i.e. , at low velocities).
The major experimental work and theoretical dis-
cussion (model formulation) has been made with
regards to inorganic scintillator detectors [e.g. ,
Nal (Tl)]. The usual approach is to unfold the dif-
ferential luminescence response (dI./dx and dL/
dE) from integral response curves (L vs E) for
which the ionizing particle (of known energy) is
completely stopped in the fluorescent material.
At very low velocities (and high dE/dx values), this
unfolding leads to large uncertainties. On the other
hand, to measure the specific luminescence dL/dx
directly requires ultrathin fluorescent materials
coupled with an efficient light collecting system.
Such a system has recently become available and
uses thin films of plastic scintillators (e.g. , NE-

102) of a thickness several orders of magnitude
smaller than the thinnest inorganic scintillator de-
tectors previously used. Thus, specific lumines-
cence may be directly recorded for individual
heavy ionizing particles.

Although the mechanism of light production and
collection in plastic versus inorganic scintillators
is popularly regarded as quite different, sufficient
resemblence in over-all luminescence response
does exist (and has been observed) such that a lim-
ited comparison is justified. Organic -scintillator
materials have the additional benefit of being more
nearly tissue like in their composition (as opposed
to inorganic scintillators) and their study may lead
to deeper insight into the mechanisms of linear
energy transfer (LET) of heavy ionizing particles
in living tissue, a subject of much current interest.

The goal of this paper is to review the work to
date using thin-film scintillator detectors as a
tool for direct Specific-luminescence determina-
tions of ionizing nuclear particles and to compare
the results with those predicted from models pre-
viously formulated regarding light production and
collection in scintillator materials. Finally, a
new model for luminescence response is developed
that is based on a conceptually different approach
from other reported models.

II. EXPERIMENTAL

The general scheme of the experiment is dia-
grammed in Fig. 1. Incident ions passed through
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FI:G. 1. Diagram of experimental approach for mea-
suring specific luminescence of thin plastic scintillator.

a thin-film detector (TFD) and entered a solid state
detector (SSD) positioned behind it. Signals from
the SSD were used both to gate the counting sys-
tem and to measure the residual energy of the in-
dividual transiting ion. Incident ion energies were
measured by placing the SSD in front of the TFD,
thus intercepting the ion beam prior to its passage
through the TFD. Calibration of the SSD with
known-energy e particles or heavy ions allowed an
experimental determination to be made of energy
loss in the thin-film detector at each ion energy.
Frequent referencing of the TFD response was
made by exposing it to a radioactive source emitting
monoenergetic a particles and/or to a Cf spon-
taneously fissioning source in order to eliminate
the problem of pulse-height amplitude-gain drift
and to cross reference incident-ion response
curves taken under different conditions.

Energetic ion sources were employed as follows.
(a) Light ions (Z=1, 2): Protons, deuterons, 'He,

and He ions, accelerated with the University of
Florida 4-MeV Van de Graaff, were elastically
scattered from a thin (0. 1 mg/cm ) nickel target
and then collimated to impinge on the central por-
tion of the TFD-SSD system. '

(b) Intermediate iona (Z = 8): "0 iona, acceler-
ated at the Florida State University tandem Van de
Graaff facility, were allowed to scatter from a
thin (0. 1 mg/cm ) nickel foil at selected angles to
achieve a wide choice of energies of ions incident
on the TFD-SSD assembly. "

(c) Heavy iona (Z= 8, 17, 18, 35, 53): Using multi-
component and/or monoenergetic beams selected
by calibrated bending magnets, known energy
groups of heavy ions were accelerated at the ORNL
tandem Van de Graaff. ' The ion beams were at-
tenuated in intensity such that they were allowed to
impinge directly on the TFD-SSD system.

The thin-film detectors were fabricated accord-
ing to previously reported procedures and differ-
ent numbers of laminations of thin scintillator
films were used to establish the effect of thickness
on specific-luminescence response. The plastic
scintillator" most often used was NE-102 although,
on occasion, the response of a faster decay scin-
tillator, NE-111, was studied. A drawing of the
thin-film detector is shown in Fig. 2.

The solid-state detectors used were of the sur-
face-barrier type available from ORTEC, Inc. ,
and were chosen such that the sensitive depth al-
ways exceeded the maximum range of the ions un-
der study.

It is important to recognize that relative specif-
ic-luminescence dL/&x values were measured
directly in these experiments as a function of the
known particle incident and residual energy.

III. RESULTS AND DISCUSSION

A. Summary of experimental data
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FIG. 2. Drawing of thin-film scintillator detector
used for measuring luminescence caused by energetic
light and heavy ions transiting thin plastic scintillator.

In unfolding the energetic ion (Z ~ 1) lumines-
cence response of inorganic scintillators from in-
tegral-luminescence-vs-ion-energy curves, it is
customary to plot the luminescence efficiency d L/
L1E against those parameters of interest. The ra-
tional for these plots is based on the intuitive feel-
ing that the luminescence per unit ion-path length
should be normalized to the corresponding ion en-
ergy loss, i.e. , in order to reduce the response of
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FIG. 4. Luminescence efficiency ~/~ vs ion veloc-
ity for transiting heavy ions, curved lines are added as
visual aid. The ordinate scale (arbitrary) is different
from that of Fig. 3, but may be compared through the

0-ion response, which is common to both figures.

different particles to a common denominator. This
concept implies that specific energy loss dE/dx is
a suitably appropriate parameter for understanding
the luminescence process. Following this trend,
Figs. 3 and 4 present luminescence efficiency as
a function of ion velocity for transiting light (Z = 1,
2, 8) and heavy ions (Z = 8, 17, 18, 35, 53), respec-
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FIG. 5. Specific luminescence M./L4g vs specific en-
ergy loss ~/by& for incident light ions.

tively. We note that in the case of NE-102 plastic
scintillator, for a given velocity, the lighter ion
is more efficient in photon production and this re-
sponse parallels observations previously reported
for inorganic scintillators. ' Furthermore, the
efficiency is relatively independent of ion mass
(compare protons with deuterons and He with He),
but clearly has a strong charge dependence. At

higher velocities the luminescence efficiency tends
to level off to a constant value for a given ion. At
lower velocities (and low energies) the efficiencies
of all ions tend to converge and are more closely
grouped.

In particular, we do not observe the upswing in
efficiency at energies below those corresponding
to maximum ion stopping power as predicted by
the calculations of Murray and Myer~4 and as re-
portedly observed by Allison and Casson for n
particles penetrating Nal(TI) crystals. We should
emphasize, however, that the two systems, viz,
organic vs inorganic scintillators, are different
and direct comparison may not be in order. We
are in qualitative agreement with the Nal(TI) data
of Altman et al. as reported by Luntz and Heyms-
field.

The experimental relationship between differen-
tial luminescence 4L and energy loss 4E is shown
in Figs. 5-7 for which specific luminescence b, L/
hx (proportional to TFD response) vs specific en-
ergy loss or stopping power, dE/d x, is plotted.
In Fig. 5, transiting-light-ion (Z = 1, 2) data indi-
cate a, linear response at low dE/dx and high veloc-
ity and energy tending to a maximum value followed
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by a precipitous drop in specific luminescence
just before the maximum dE/dx value is reached.
On the other hand, the available data for heavy
ions (excepting 0) (Fig. 6) show an increasingly
larger luminescence response as dE/dx approaches
(but from lower velocity} maximum values. The
connection between the two sets of data (Figs. 5

and 6} is evident in the more comprehensive data
shown in Fig. 7 for transiting 0 ions in NE-111
plastic scintillator. Here, the specific-lumines-
cence response is shown for a range of energies
which bracket that corresponding to maximum dE/
dx value. A similar response (with much more
detail) was obtained for ' 0 ions penetrating NE-
102 plastic-scintillator films and is shown in Fig.
2 of Ref. 11. The precipitous drop in specific lu-
minescence (as ion energy decreases) occurs just
before but not coincident with that corresponding
to maximum dE/dx values and is similar to that
reported for Nal(T1). '

The form of this precipitous drop (as ion ener-
gies are reduced to the range of maximum stopping
power) is akin to that predicted by the model of
Katz and Kobetich. ' The values of stopping power
at which an abrupt decrease in specific lumines-
cence occurs, although different in absolute mag-
nitude, are comparable when compared relative
to the maximum value of dE/dx in Nai(TI) and NE-
102 materials, 3.4 and -18 MeV/mg cm, re
spectively. ' In its approach to maximum stopping-
power values, the 4L/hx vs 4E/4x curve-as-ob-
served by us is distinct both in shape and absolute
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FIG. 8. Dependence of ion energy loss (solid circles)
and thin-film response (open circles) on incident energy
of transiting 0 ions. Error bars on energy-loss data
represent estimated statistical and systematic uncertain-
ties. Limit bars on thin-film response represent the
full width at half-maximum in the pulse-height distribu-
tion, the data points indicate the peak position. Scintil-
lator is NE-111.
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magnitude from the calculated and experimentally
observed response reported by others. ' Our
data are in agreement with the more recent re-
sults of da Silva and Voltz for light and heavy ions
(2= 1, 2, 7) over the limited energy range for which
matching data are reported.

The manner in which the specific energy loss
relates to the specific luminescence is more clear-
ly shown in Fig. 8 (and in Fig. 1 of Ref. 11),
wherein dual plots of experimental data for specific
luminescence and specific energy loss vs ion ve-
locity are shown for the case of NE-111 plastic
scintillator.

The double valuedness or "loop" dependence
(see Fig. 7, and Fig. 2 of Ref. 11) of specific lu-
minescence &L/4x on specific energy loss &E/&x
is a consequence mainly of the decreased effective
charge of the transiting ion as it picks up electrons
in slowing down. This cause is clearly suggested
by the plot of Fig. 9 for which the effective heavy-
ion charge' is superimposed on the specific-lumi-
nescence -vs -energy-per -nucleon plot. The
abrupt decrease in effective ion charge clearly co-
incides with the decreased luminescence yields at
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lower energies. Thus it would appear that specific
energy loss is an inappropriate parameter for
characterizing in simple terms the specific-lumi-
nescence response. It is further apparent that the
ion velocity and effective ion charge (the latter be-
ing velocity dependent) are the elementary vari-
ables affecting this response. To complete this
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section the family of curves depicting the specific-
luminescence dependence on velocity and energy for
various heavy ions penetrating NE-102 plastic scin-
tillator is shown in Figs. 10 and 11, respectively.

B. Model for specific luminescence

Explanations of the nonlinear dependence of spe-
cific luminescence on specific energy loss may be
placed in two categories. In the first, semie1npiri-
cal relations are developed in terms of saturation
OF quenching mechanisms which Feduce the lumi-
nescence efficiency at large values of the ion spe-
cific energy loss. In the second approach, the
more fundamental relation between luminescence
and velocity is attempted on the basis of an energy-
deposition profile radially outward from the ion-
trajectory axis. The underlying principle is the
same in that luminescence is linked to ion energy
loss; the latter approach is more refined in its
treatment of the details of energy loss along the
ion's path.

All of these recent formulations"' "are de-
pendent upon some assumed function for describing
the energy-deposition profile and also involve vary-
ing amounts of "curve fitting" or "parametriza-
tion" in the final analysis. We develop in this sec-
tion a model which hopefully circumvents some of
these shortcomings. As with previous models, we
accept the position that the transiting heavy ion
produces luminescence through the agency of scat-
tered electrons, i.e. , the direct interaction of the
heavy ion is negligible. This description has been
referred to as the "bristle-brush" picture, for
which the wire core represents the undeviated
heavy-ion trajectory and the bristles depict the
paths of electrons scattered radially outward and
in the forward direction. In order to quantitatively
describe the luminescence response, we next de-
velop a conceptually different approach after the
manner of nuclear chemists for dealing with thin-
taxget bombardments. The cross section for a
particular process is defined by the equation

where L is the number of processes of the type un-
der consideration occurring in the target, I is the
number of incident particles (scattered electrons
in our case), n is the number of target nuclei
(number of scintillator sites) per cubic centimeter
of target, &r(E) is the cross section for the speci-
fied process, generally dependent on energy of the
incident particle and expressed in square centi-
meters, and x is the target thickness in centime-
ters. Briefly, our approach is to calculate the
number of electrons scattered through a thin an-
nular disk whose plane is perpendicular to the
heavy-ion trajectory. Assuming a constant cross
section o(E), and in the absence of saturation ef-

fects, this number is taken as propoxtional to lu-
minescence. Saturation effects and effective-ion
charge are next incorporated into the model to
produce an expression for specific luminescence.
A detailed derivation follows.

Electron scattering cross section

For the relatively low velocity range of heavy
ions of interest we choose the classical Rutherford
scattering formula ' to describe the differential
cross section u„ for scattering (or recoiling) of
free electrons into the laboratory angle P with re-
spect to the heavy-ion direction, viz. ,

&0'sc ~ a

&
"——rvb'tang sec'Q, (2)

b=CZiZ~e (Mi+M2)/M~Ei . (3)

Here, subscripts 1 and 2 refer, respectively, to
transiting heavy ion and scattered (or recoiled)
electron. Z, M, and E refer to charge number,
mass (amu) and energy (MeV), respectively; e is
the unit charge (esu) and C is a conversion factor
(MeV/erg); b is expressed in centimeters.

From Eg. (2), the cross section for scattering
of the electron between angles P„and Q, is de-
rived as

o„=—,'wb (tan P„-tan Q„) . (4)

2. Energy and range of scattered electrons

R =Ecos2$,

with E =4', (M2/M, ).
(7)

(6)

3. Number of incident electrons

Consider the number of electrons scattered at
a distance x from a thin circular disk placed per-
pendicular to the path of the heavy ion as dia-
grammed in Fig. 12. Further, consider only those
scattered electrons having mean ranges (and tra-

The energy of the scattered electrons is given
approximately (assuming M, «M, ) as

Ez —-4E&(M2/M&) cos Q . (6)

We take for the electron range R the low-energy
form of the relation given by Weber 4 for alumi-
num, as reported by Kobetich and Katz, 0 viz. ,

(6)

where k is given as 9.93X10 ' g/cm MeV. Divid-
ing by the density of NE-102 (1.032 g/cm') we have
k=9. 62&10 cm/MeV, with range R in centime-
ters.

Combining Eqs. (6) and (6) we arrive at the range
relation
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picting parameters for de-
scribing scattered electron
into disk and at a distance
r or greater from heavy-
ion trajectory axis.

jectories) such that they pass through the disk at
radius r or greater, corresponding to a scatter
(or recoil) angle greater than Q„. From the point
at which scattering occurs (at distance x from the
plane of the disk}, the maximum scatter angle for
which electrons will have sufficient range R to still
penetrate the disk is Q, . We neglect any change
in direction due to secondary scattering of the elec-
tron from its original path.

The differential cross section (per heavy-ion
path length} for electrons penetrating the disk at
points outside radius r and originating from heavy-
ion path length dh at distance x is

done as follows. Dropping the subscripts on x, . we
have

R =x +r
R =F cos Q =F (x/R)4 .

(14)

(15)

or
«2 ~2 y2/3«4/3 (17)

Setting

Solving Eq. (15) for R and equating to Eq. (14) we
obtain

R' = (x'+ r')' = F'x'

der„= 4«b2[tan Q„-tan Q,],X
we find

F / 3/)3$ R/ (16)

for which
+Qg+ p=0, (19)

P„=arctan(r/x},

and, making use of Eq. (7),

P„=arccos[(x/F)' '] .
Thus Eq. (9}reduces to

„a (F lais-
'xb' 1+—a

-—
I

—
Idx ga I~]

(10)

(12)
x„=F(~ cos ~ e + 3)3/' (21)

with a = F/'/3 and-p=r2 —2F /27 Solving th.is
cubic in trigonometric form '

by setting

cose =(- P/2)/( a'/27)'-/'=(I —27r'/2F ) (20)

and returning to variable x, we obtain as limits

Integrating Eq. (12) between the limits of x for
which electrons may pass through the disk at radi-
us greater than r gives the "volume" cross sec-
tion for scattering,

x ra F ais
Z„= 4mb 1+~ — — dx1

x x

-4mb r
I
— —+

I x xn .F F

+3 ~ ~ 13

Evaluating the limits x„and x„ involves solution
of a cubic equation and, referring to Fig. 12, is

«„=F[~cos(3e+ —',x)+-',]"' . (22)

The number of incident electrons I penetrating
the disk beyond radius r is then

I=X.Z = .'N. sb'F[(~'/F'}(V-'/' V--'/')+ V"'
I/~/~ 3V~/2+ 3f/~/&] (23)

where N, is number of "free" electrons per cubic
centimeter,

U= ~ cos[s arccos(1 —27r'/2F )]+4, (24)

V= & cos[3 arccos(1 —27r /2F )+ —,s] + 3, (25)

and other terms have been previously defined. In
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the absence of saturation and/or quenching effects,
we should expect I'[Eq. (23)] to be proportional to
luminescence according to Eq. (1).

4. Number density

In order to evaluate these saturation effects we
need to develop a density profile p(r) of the num-
ber of electrons penetrating a unit area of the disk
at radius r Th. is "areal" number density p(r) is
obtained by differentiating Eq. (23) with respect to
area dA:

-dI —dI

,t/F 2r
(U 3/2 V 3/2)

2

tered electrons. We are assured then that the
present model [Eqs. (23) and (26)] is reasonably
accurate at distances beyond about 1 A from the
heavy-ion trajectory. Moreover, since we will
see below that saturation effects extend well be-
yond these small radial distances, a detailed pic-
ture within this distance is not needed at present.

b. Large r. The largest value of r is defined
by the maximum-range projection along the radial
axis. Referring again to Fig. 12, we can find this
maximum radial distance by finding the maximum
in the curve of Eq. (7), viz. , It=F cos P.

Recognizing that r =R sin(It), we obtain

r=F cos P isnP . (30)

Differentiating x with respect to P and setting the
result equal to zero, the conditions for a maximum,
we obtain

(V1/2 V-1/2) (Ul/2 U-1/2)
ch 2 dz

r =2F/3v 3.
6. Number-density profiles

(31)

where

dU —2 sin[3 arccos(1 —~zr'/F )]
F(3 iL1 r 2/F2)1/2

and

dV —2sin[3 arccos(1 —~2r /F )++3&]
F(3 81 r2/F2)1/2

5. Boundary conditions on r

(26)

(27)

a. APPLication to heavy ions. In order to make
the model applicable to heavy ions, Eq. (3) is sim-
ply modified by replacing Z with the effective-ion
charge Z, ~, as suggested by Barkas &8

(32)

where p = V, /c, c being the velocity of light in vac-
uum.

constant velocity pr-ofiles. Examples of num-

It is instructive to examine the extreme values of
r bounding I [Eq. (23)] and/or p(r) [Eq. (26)].

a. Small r. On reexamination of Fig. 12, it be-
comes apparent that we have neglected the impact
parameter p (separation of the electron from the
initial path of the heavy ion) with respect to the
value of r. As r approaches zero, it is clear that
its minimum value should not be less than the im-
pact parameter as given by OI2

ec-
MeV .
MIV-

MeV

MeV:

MeV -.

MeV

he@

p =(5/2) tang . (29)

A ball-park estimate of the minimum value of r
(for which our model is valid) may be made by cal-
culating that impact parameter which gives rise
to a 62-eV scattered electron. This latter energy
represents the average binding energy of an elec-
tron in NE-102, and corresponds to the maximum
separation (from the heavy-ion-trajectory axis)
for which the electron may still be ejected from
its bound condition. By use of Eqs. (3), (5), and
(29) and with a suitable choice of terms (E1/M1
= 1 MeV/nucleon, Z, = 10), we arrive at a value of

0
about 1 A for the impact parameter. Such dis-
tances, as we shall see in Sec. IIIB 6b, are small
compared to the radial dimensions of the cylinder
defined by the maximum radial range of the scat-

O

EJ
EP

io'-

IO =

I

0 200 400 600
Radius r (j()

FIG. 13. Areal number density of scattered electrons
vs distance r from trajectory axis of indicated heavy ions
of velocity 1.17X10 cm/sec.
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ber-density profiles for selected ions of given ve-
locity are shown in Fig. 13. The profiles (log
scale) are characterized by large values at small

EJ

c IJ=0
CP

Id =
lA
C

4P
CI

II
IO =

IO'

l20. I MeV

200 400 600 800
O

R adius r (4)

FIG. 15. Areal number density of scattered electrons
vs distance from trajectory axis for 'I ions of various
energies.

FIG. 14. Areal number density of scattered electrons
vs distance from trajectory axis for 0 ions of various
energies.

FIG. 16. Areal number density of scattered electrons
vs distance from trajectory axis for protons of various
energies. This plot is used to infer range of values ap-
propriate to parameter p~ for which saturation of lumi-
nescence centers is proposed to occur.

r, a "shoulder" in the middle-r range and a zero
value at r ~. The shoulder is most pronounced
for higher-Z ions.

c. Constant Zprofiles -For a gi.ven ion, num-
ber-density profiles at different ion energies are
shown in Fjgs. 14 and 15 for 0 and I ions, re-
spectively. Briefly, we see that near small r the
number density increases with lower velocities, '

this trend is reversed at larger values of r. The
shoulder is more evident at higher velocity.

d. Saturation level. We introduce the concept
of saturation of luminescence centers by supposing
that there exists some critical value of number
density p, above which all luminescence centers
(in the volume element of interest) are excited.
Below this value, the number of luminescence cen-
ters excited per volume is proportional to number
density. Although this formulation produces an
unrealistic sharp cutoff in the dependence of ex-
cited luminescence centers vs p(r} it will suffice
for the present development. Accordingly, for
a given ion of particular velocity, there exists a
saturation radius r, t for which number density is
equal to p, . Within the cylindrical volume defined
by r,~, the luminescence (per heavy-ion path
length} production is taken as proportional to the
product p~m', «. Beyond rsgt the number of lumi-
nescence centers excited per unit volume is pro-
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FIG. 17. Calculated specific luminescence vs average
ion energy for various heavy ions using p~ =3x 10 cm
This figure is to be compared with experimental plot of
Fig. 11.

portional to p(r).
The parameter p, is the only parameter in this

model with some degree of choice. The range of
values allowed is not altogether unlimited, how-
ever. We know, for example, that protons exhibit
a fairly linear specific-luminescence-response de-
pendence on specific energy loss above about 5-10-
MeV energy. This fact requires that the value of

p, be somewhere above the typical value of p(r) at
small r for 5-10-MeV protons. Figure 16 suggests
a range of p, values from 10"to 10 cm, for
which a significant portion of the projected radial
range r has p(r) exceeding p, .

7. Specific luminescence

We now assign a thickness 6x to our thin disk
from which the element of differential luminescence
6L is produced. The luminescence response will
be the sum of the saturated luminescence output
from within the cylindrical volume defined by nx„,
and the luminescence generated in the cylindrical
sleeve bounded by x„, and r . The latter lumi-
nescence value is taken as proportional to the inte-
gral

f p(r)3vrdr=f(r t) (33)

under the assumption that o(E) is constant [see Eq.
(1)].

This constant c and n, the number of scintillator

sites per unit volume, are included in the constant
of proportionality. Further, we have simplified
the picture by considering the incident electrons
as passing perpendicularly through the plane of
the disk when in fact the angle of passage ranges
from Q„ to P„[see Eqs. (10) and (11)]. This ap-
proximation is least harmful at larger values of
r, for which the range in P is more narrow. At
smaller values of r, the effect of a wider range in
~t is partially covered by the saturation effects
previously mentioned. Thus the relation for spe-
cific luminescence in the thin disk is given as

5L, =sr„,p, +l(r„,) .
OX

(34)

Since the thin film may be considered to be com-
posed of a large number of these planes of thick-
ness &x, the specific luminescence of the thin film,
AL/Ax, is taken as the sum of 8L/8x from each
individual disk. We neglect "end" effects appear-
ing in the vicinity of the heavy-ion entrance and
exit points of the thin film. Finally, therefore,
we have

—= C[vr'„, p, +f(r„,)], (3S)

with C =on accepted as constant.
Examples of specific luminescence calculated in

this manner are shown as a function of ion energy
Fig. 1'7 for a value of pc equal to 3 10 elec

trons/cm'. In view of the wide ranges of energies
and the wide variety of ions considered, and in
view of the unrefined nature of the present model,
the over-all agreement with experiment (compare
with Fig. 11) is quite satisfying. A comprehensive
discussion of the details of this model will be ren-
dered in a future work.

IV. SUMMARY

The thin-film scintillator detector is a unique
tool for measuring directly relative specific-lumi-
nescence (4L/b x) and luminescence-efficiency
(4L/&E) values of organic scintillators. These ex-
perimentally obtained luminescence data are pre-
sented as a function of ion energy, velocity, and

stopping power for a wide variety of transiting ions
(Z = 1, 3, 8, 17, 18, 35, 53). The data emphasize the
luminescence response in the low-energy range
corresponding to maximum ion stopping power.
Common trends, unique characteristics, and other
interesting features pertinent to these graphiCal
plots are noted and discussed.

The double-valuedness of the specific lumines-
cence, &L/4x, when plotted as a function of specif-
ic energy loss, b E/n. x, is interpreted as arising
mainly from the decreased effective charge of the
ion as it picks up electrons in the slowing-down
process. It is further emphasized that the specific
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energy loss pew se is an inappropriate parameter
for characterizing (in a, direct way) the lumines-
cence response in this lower-energy region.

A new model is formulated based on a conceptu-
ally different approach to the problem of lumines-
cence production along and about the path of a
transiting energetic ion. In essence, the number
of electrons scattered into a thin disk of scintil-
lator material (perpendicular to the ion trajectory)
is taken, in the absence of saturation effects, as
proportional to the luminescence response from
that disk. Saturation effects are included by de-
riving an explicit relation for the number of elec-
trons scattered per unit area of disk at a distance
r from the ion path. Above a critical number per
unit area, no additional luminescence response is
generated. These number-density profiles are
plotted for various ions of different energies. Fi-
nally, a plot of the calculated specific lumines-

cence for various heavy ions is shown to be in re-
markably good agreement with experimental data.
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