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The energy dose concept upplled tec heavy ion

tvacks tn nucliear emulsion.
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1. Jaceobsson ana . Rosander.

bepartment of Physics, University of Lund, LUND, Sweden.

Experimental Jata on truack widths in nuclear emulsion
are compared with the theoretical distribution of the energy
dose around the path ¢f a meving ton. The dose distribution
has been caiculited foilowing the formalism of the track for-
mation theorv developed by Katz and co-workers. The track
widths have been estimated trom light absorption profiles of
heavy 1on tracks. The profiles have been recorded with a
nuclear track photometer with a parrow slit. The tracks stu-
died were produced by stopping cosmic ray particles with the
charges 6, 12, 18, 24, and Zt. The measurements cover the

residual range interval & < R < 1000 ym, implying ion veloci-

3

ties below 0.33 c. Two types of emuision with different sensi-

kS

tivity, liford G5 and liford ¥ZI, have been investigated.

The measured track widths in K2 are gquite well described theo-
retically, whereas regarding the measurcments in G5 there 1§
some disagreement between experimental and theoretical track

widths.

Introduction.

Several models for the formation of particle tracks 1in
nuclear emulsion have been proposed (1). The grain density
of a track can be described approximstely by the average

energy loss parameter as given by the Bethe-Bloch energy loss



formula. 1t is, however, not possible to obtain a unicue re-
laticen between grain density and tronization.  The reason is
that at high ion velocities the most enrergetic secondary elec-
trons (&-rays) scatter awav {rom the central rrack region

and deposit thelr enevgy at the side of the path to an extent
which depends on the icn velocity. 7The next step in the deve-
lopment of a relation between energy loss and grain density
was to reduce.the influence ot tne ener«.tic d-ravs on the
track parameter, only including the enevpy deposited by d-ravs
of kinetic cnergy less than sone prgdetcrmined value. This
energy loss parameter 1s called "restricted energy loss " or
REL, and 1s equivalent to the energy cut-off{ form of "lineor
energy transter” or LET (Zy. 1t has been shown that REL 1s

a usefui parvameter in the descripticn of heavy ion tracks in
auclear emulsions, when working in a limited interval of par-
ticle velocities (3).

A new approach to these problems was made by Katz and
co-workers {4-6). Mcdifying a track jormation medel suggested
by Bizzeti and DUella Cortes {73, they introduced the concept
of energy dosage and calculated the energy dose distribution
around the path of the particie. The theory has been applied
to effects of heavy ion bombardment on various detectors in
attempts to understand their response (8-11). [t has also been
used in studies on interactions bhetween heavy ions and biolo-
gical systems (12).

The most detailed study of the spatial distribution of
ionization energy of a charged, moving particle can be achieved
through analyses of tracks in a nuclear emulsion detector.

In the present work we have chosen to investigate two types

of nuclear emulsion, the electron-sensitive Ilford G5 and the

less sensitive Ilford K2. The track widths of heavy ions
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have been careiully studied by means of a specitally construc-
ted photemeter (13} which registers light absorptien profiles
of track segments. These "track profiles' are then compared
to calculations of the spatial! dose distribution around the
particle's path, following the track formation theory of

Katz. Preliminary results have been reported eisewhere (10).

Spatial distribution of ionization energy.

In calculating the energy dose distribution around the
path of a heavy ion, we have strictly foliowed the computa-
tional structure presented by Kat: and Xobetich {6). Here
only a short summary will be given.

A charged particle loses energy to the medium, through
which it passes, by collisions with electrons. These elect-
rons are ejected from the target atoms and deposit their ener-
gy in the vicinity of the particle's path. In the basic com-
putation of the point distribution of energy deposition, the
calculation includes a &-ray distribution formula differenti-
al in energy, an assumed angular distribution and an algorithm
fitted to electron dissipation data.

The number of §-rays with cnergies between w and w + dw,

én/fw, ejected per unit length of ion path by an ion of speed #ic

and effective charge Ze, is given by Mott's formula (14):
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where € and m are the electron charge and mass, and N is the
density of electrons in the target material. Here only the
first term is taken into account in the calculations.

The angular distribution of ejected electrons 18 assumed

to follow classical kinematics according to
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where 8 is the angle bhetween the ion path and the ¢jected
electron with energy w. The formula 1s strictly valid only if
Opax = 2 mc?p? (1-82)’1<< 2 me?®, i.e. at g2 << 0.5.

In the emulsion, « 1s interpreted as the total energy
transferred tc the bound electron and is equai to the sum of
the mean binding cnergy 1 und the kinutic encrgy w acquired by
the elcctron:

w = 1o+ oy

The energy dissipation of the ciected eloctrans is compu-

ted by the algorithm given in a rcport by Kobetich and Katz {155.
This algorithm uses the characteristic thickness - energy re-
lationship for electrons, giving the residual energy

Wir,u) = w(r - uj
after penetrating a foil of thickness u; w is the initial
energy and v is the characteristic thickness. The energy
transmitted through the foil by a single electron is approxi-

mated by the product of W and v, the probability of transmis-

T

sion. When applied to nuclear emulsions, it is assumed that

~

the emulsion can be treated as a homogeneous medium.
integrating the energy dissipation over the §-ray distri-
bution formula and taking into account the angular distribution
of the electrons,we obtain the point distribution of energy
dose, E(t), delivered in a shell at distance t from the par-

ticle's path.

Cpax T 1 \
. Y W 8 - _ . sn
E(t) = SL L3 §T Wit,w,6)n(t,w,06) 5 Sw .
o

The result of such a calculation for a '"homogeneous' nuclear
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emulsion is given in Fig. 1. the grvaph shows the radial
dose distribution fer a singly-charged particle with difte-
rent values of the velocity £.

Our knowledge of the spatial distribution ¢f the depo-
sited energy, E(t), is used to calculate the mean energy
dose E(t), averaged over the volume of 4 sensitive cell.

For a nuclear emulsion, approximated as a homogeneous medium,
this sensitive cell will be a sphere with the same Ag Ir
content as an emulsion grain. The radius ¢t the sphere is

a, = 0.17 uym for I1ford €5 and a, = .13 um for Ilferd K2Z.

Calculations of F(t) for the two emulsion types is given in

Figs. 2 and 5.

Experimental details.

-t g,

The track widths of heavy

b4
7

ions have been measured using
a nuclear track photometer, described by Jacobsson et al. {13).
The essential part of the photometer i$ a microscope with an
optical system including a revelving mirror system, a2 narrow
slit and a photomultiplier. The dimensions of the slit cor-
respond to 11.4 x 0.16 um’ in the emulsion plane. When the
mirror syétem is turned, the image of a track =egment 1is

noved across the slit, which is parallel to the track. In
this passage the amount of light reaching the photomultipli-
er fluctuates and a light absorpticn profile of the track seg-
ment is registered by a pen recorder.

Width measurements ¢f tracks have been made in two nuc-
lear emulsion stacks exposed to the primary cosmic radiation.
The two stacks are of different sensitivity, one consisting
of Ilford G5 and the other of Ilford K2 emulsion plates.

About 40 tracks with a mean dip angle of 4° were included in

our investigation. The tracks were produced hy particles
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with the nuclear charges =6, 12, 18, 24 and 26, stopping in
the emulsion. The charges of the particles had been determined
by photometrical methods in earlier investigations (16-18).
Absorption‘profiles were registered for each track at
every 10 microns in the residual range intervals 10-120,
180-220, =---<- 980-1020 um. Fig. 4 shows some exampleS of
such profiles. For every profile a base line was drawn repre-
senting the 1ight background in the emulsioh pellicle. The
width of the profiles was determined at different levels above
the base line, each level corrresponding to a certain degree

of light absorption.

Comparison with theoretical track profiles.

According to Katz, the probability,‘P, for the development
of an emulsion grain is a function of the mean dose E of ioniza-
tion energy to which the grain is exposed. The assumed relation
is given by the expression:

P(t) =1 - exp(-ﬁ(t)/Eo),
where Eo is the "characteristic' dose at which 63 % of the expo-
sed grains are rendered developable. We determined E  for our
emulsion stacks by grain counts in tracks of weakly ionizing par-
ticles (6). For the 11ford G5 emulsion the value was found to
be E, = 4:10* erg/cm®,and for the Ilford K2 emulsion, Ej = 6+10°
erg/cm®, The characteristic dose depends on the sensitivity and
on the processing conditions of the emulsion.

In I1ford K2 emulsion a track shows a well defined core
with some 8-rays jutting out of it. For the theoretical calcu-
lation of the track width it is assumed that the track is defi-
ned by a cylinder of radius x, inside which the dose E(t) ex-
ceeds a critical limit E.. During the development, the diémeter

of a developed grain will increase by a certain amount, depen-
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ding on the type of emulsion and on the conditions of proces-
sing. The effect of the development on the track width can be
accouhted for by an additive term Ao+ The track width after
processing will be X = 2 x + A .~

Theoretical track widths have been calculated for diffe-

rent values of the parameters, E_ and A, These widths have

o
been compared with the profile widths at half the profile
height. The sest agréement between theoretical and measured
values was obtained for the critical dose E. = 75000 erg/cm’
and A, = 0.4 ym. The measured track widths for different
charges are shown in Fig. 5, together with theoretical track
width curves. As can be seen from the graph, the measured
track widths are very well described by the theory. The agree-
ment covers the whole charge interval 6 < Z < 26 and the re-
sidual range interval 100 < R < 1000 um. Theoretical calcu-
lations using suitable parameter values can also be reconci-
led with profile widths at other absorption levels.

| In Ilford GS emulsion, the core is surrounded by a
large number of &-ray grains. These grains,’lying at diffe-
rent depths in the emulsion, contribute to the light absorption.
Accordingly the absorption must be considered as a function of
the number of developed grains within a volume enclosing the
track. The absorption of light, passing parallel to the
Z-axis at a distance x from the track centre, can be described
by a function

F(x) =1 - exp [-aAG P(t)dz) , t2 = x? + 22 |

[ e W

i

where G = 49 um"’ is the density of undeveloped grains.
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A = 0.28 pm? is the mean projected area of a developed grain
and o is a multiplying factor to the geometrical cross-sec-
tion. The integrafion of the probability parameter, P, 1s
performed within a depth interval 2, and Z., in which the
photometer registers the silver grains belonging to the track.
This method of calculation implies that the photometer works
with a beam of parallel light. However, this is not true,
though an invéstigation has shown that the measured track
widths are almost insensitive to the shape of the light cone.
The function F(x) describes theoretical absorption pro-
files with absorption values between 0 and 1, where 1 implies
total absorption. The measured light absorption cannot be
compared directly with the thearetical values. This depends
on the iight scattering in the cmulsion, which influences
the registration of the light absorption. To cumpensate for
this effect all the profiles were normalized to the same height
where the absorption was set equal to 1. This can be justified
by the fact that the track core is compact and has no gaps.
The profile widths at four different absorption levels 1/3,
1/2, 2/3 and 5/6 have been compared with the calculations of
F(x). The multiplying factor a in F(x), which is intended to
accomodate optical effects, was then treated as an adjustable
constant. The comparison shows that it is not possible to get
a satisfactory description of the measured profile widhts in
the wﬁole range and charge interval. We have chosen to make
a fit which gives the best agreement for the experimental
widths of the low charges, Z= 6 and Z=12, In Fig. 6 the theo-
retical width is compared with the profile width at half the
profile height. For the aBsorption level equal to 5/6, the

comparison is shown in Fig. 7. The theoretical curves in




these Figures are calculated for a = 0.42 and AC = 6.1 un.
The development correction AO has in fiford 5 emuision less
importance than in Ilford K2 owing to the greater track widths.
In Fig. 6 therc is~a cleay disagreement betwesn the mcasured
and calculated half-width for the charges 7 > 8. 1t is rnot
possible to adjust the parameters, a and AQ, to reach agree-
ment for these charges in a large range interval. A& somewhat
better agreement is obtained for the profile width at an ab-
sorption level equal to 5/0 as shown in Fig. 7. For the range
interval 600 - 1009 pm there is good agreement for ali the
charges. However, for R < 480 um it is not possible t¢ explaan
the experimental track width of the charges 7 > 18 from the
assumptions made in the thcory.

Fig. 8 shows the measured light absorption as a functiun
of the lateral distance from the track axis together with cu' -
culated relations for the charges Z = 6 and 2 = 26 and for tiu

residual ranges R = 200, 600, and 1000 pm. The graphs indicate

that the theory fails to explain the distribution of grains

far from the track centre. This is most pronocunced for the

high charges. The rcason may be that the calculations of the
energy dose do not take properly into account the scattering
of the electrons. Further, a more thorough description of

the light scattering in the cmulsion may give a somewhat bet-
ter consistency. In the calculation of theoretical track pro-
files, Mathiesen has introduced a new light-scattering para-
meter and a modified angular distribution of the d-rays (19).
Good accordance with theory was then obtained for profiles

of iron tracks at jon velocities B - 0.3. Preliminary results

for the charges Z = 14, 16, 20, 24, and 26 and £ = (.3 - 0.7

show acceptable agreement with calculated profiles in the whole
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B-interval (20).

Our results show that the track {fermation theory deve-
loped by Katz and co-workers gives quite a good description
of the track width for the non~elecfron sensitive Ilford K2
emulsion. However, the theory cannot be used without modi-
fications for the description of heavy ion tracks in the elec-
tron sensitive l1ford G5 emulsion in the residual range in-

terval 0 < R < 1000 um.
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Fipure captions.

The point distribution ol energy dose, E{t), divided
by Z?, as a function of the distance t from the par-
ticle path. Calculation for a "homogenous” nuclear

emulsion.

The mean energy dose, E{t), divided by Z%, averaged
over the volume of a sensitive cell with the radius
aj = 0.13 um for Ilford KZ.

The mean energy dose, E(t), divided by 2%, averaged
over the volume of a sensitive cell with the radius
3, = 0.17 um for I1lford 55.

Examples of absorption profiles for ijon charge Z = Ib

from the measurements in flford G5 (to the left) and

Il1ford K2 (to the rightj. Observe the different scales.

Track widths at half the profile height for different
charges from the measurements in the Ilford K2 emul-

sion stack.

The theoretical curves are calculated for the criti-

cal dose E_ = 75000 erg/cm® and A, = 0.4 um,

Track widths for different charges from the measure-
ments in the Ilford G5 emulsion stack together with

theoretical curves calculated for the parameter va-

$

lues a = 0.42 and Ao = 0.4 um. Absorption level

equal to 1/2.



Fig. 7.

‘Fig. 8.

Track widths for different charges from the measure-
ments in the Ilford GS emulsion stack together with
theOretiéal curves calculated for the parameter va-
lues a = 0.42 and Ao = 0.4 um. Absorption level

equal to 5/6.

The light absorption from the measurements in the
Ilf;rd G5 emulsion stack plotted és a function of the
lateral distance from the track axis. The theoretical
curves are calculated for the parameter values @ = 0.42

and A, = 0.4 um.
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