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The energy dose cone ej> ̂^.tLiJjrd to__ heavy ion

LiL n u c *• e j * r ^J5lif SJ

!.. Jacobsson a n >.t R. Ros a n d e r .

Department of Physics, University of Lund, t.UM), Sweden.

Experimental data on track widths in nuclear emulsion

are compared viith the theoretical distributior of the energy

dose around the path cf a moving ion. The dose distribution

has been calculated following the formalism of the track for-

mation theory developed by Katz and co-workers. The track

widths have been estimated from light absorption profiles of

heavy ion tracks. The profiles have been recorded wi th a

nuclear track photometer with a narrow slit. The tracks stu-

died were produced by stopping cosmic ray particles with the

charges 6, 12, 18, 24, and 26. The measurements cover the

residual range interval 0 < R < HUM) urn, implying ion veloci-

ties below 0.33 c. Two types of emulsion with different sensi

tivity, 11 ford GS and J1 ford K2, have boen investigated.

The measured track widths in K2 are quite v;ei1 described theo-

retically, whereas regarding the measurements in G5 there :i s

some disagreement between experimental and theoretical track

widths.

In t reduction.

Several models for the formation of particle tracks in

nuclear emulsion have been proposed (1). The grain density

of a track can be described approximately by the average

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



formula. It is, however, nor possible to obtain a unique re-

lation between grain density and i on i ration. The reason is

that at high ion velocities the most energetic secondary elec-

trons (5-rays) scatter awav from the centra] track region

and deposit their energy at the side of the path to an extent

which depends on the ion velocity. The next step in the deve-

lopment of a relation between energy loss and grain density

was to reduce the influence of the ener1':. tic £--rays on the

track parameter, only including the energy deposited by 6-rays.

of k i n e tic e n erg y I ess t h an so mc p r e c i e t e r mi :\ e d value. T h i. s

energy loss parameter is called "restricted energy loss n or

REL, and is equivalent to the energy cut-oif form of "linear

energy transfer" or LET (2). It has been shown that REL is

a useful parameter in the description of heavy ion tracks in

nuclear 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). Modifying a track format ion model suggested

by Bizzeti and Delia Cortc- (7), they introduced the concept

of energy dosage and calculated the energy dose distribution

around the path of the particle. The theory has been applied

to effects of heavy ion bombardment on various detectors in

attempts to understand their response (8-11). it has also been

used in studies on interactions between 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



have been carefully studied by means o i a specially construc-

ted photometer (13) which registers light absorption 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 elsewhere (10).

Spatial distribut ion of ionizat ion energy.

In calculating the energy dose distribution around the

path of a heavy ion, we have strictly followed the computa-

tional structure presented by Kati and Kobetich (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 6-ray distribution formula differenti-

al in energy, an assumed angular distribution and an algorithm

fitted to electron dissipation data.

The number of <$-rays with energies between w and w + dw,.

6n/6o), ejected per unit length of ion path by an ion of speed ftc

and effective charge Ze, is given by Mott's formula (14):

) (1 - - ) ,
max i

where e 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 is assumed

to follow classical kinematics according to
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m e * ft = -il

ma x

where 9 is the angle between the ion path and the ejected

electron with energy to. The formula is strictly valid only if
— i

u^ n v - 2 mc 26 2 (1-B2) << 2 me 2, i.e. at B2 << 0.5.ma A

In the emulsion, * is interpreted as the total energy

transferred to the bound electron and is equal to the sum of

the mean binding energy 1 and the kinetic energy w acquired by

the electron:

The energy dissipation of the ejected electrons is compu-

ted by the algorithm given in a report by Kobetich and Katz (IS)

This algorithm uses the characteristic thickness - energy re-

lationship for electrons, giving the residual energy

W(r,u) = w(r - u)

after penetrating a foil of thickness u; w is the initial

energy and r is the characteristic thickness, The energy

transmitted through the foil by a single electron is approxi-

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

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 6-ray distri-

bution formula and taking into account the angular distribution

of the electrons ,v?e obtain the point distribution of energy

dose, E(tj, delivered in a shell at distance t from the par-

ticle's path.

- 1

E(t) = - JL
2irt

W(t,w,6)-n(t,w,6) in 6w

The result of such a calculation for a "homogeneous" nuclear
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emulsion is given in Fig. j. The graph shows the radial

dose distribution for a sSuply-charged particle with diffe-

rent values of the velocity p>.

Our knowledge of the spatial distribution of the depo-

sited energy, E(t), is used to calculate the mean energy

dose E(t), averaged over the volume of a sensitive cell.

For a nuclear emulsion, approximated as a homogeneous medium,

this sensitive cell will be a sphere with the same Ag I'r

content as an emulsion grain. The radius of the sphere is

a - 0.17 urn for llford 05 and a^ = 0.13 urn for 11 ford K2.

Calculations of E(t) for the two emulsion types is giver, in

Figs. 2 and 3.

al details.

The track widths of heavy ions have been measured using

a nuclear track photometer, described by Jacobsson et al. (13;

The essential part of the photometer is a microscope with an

optical system including a revolving mirror system, a 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 system is turned, the image of a track segment is

moved across the slit, which is parallel to the track. .In

this passage the amount of light reaching the photomultipli-

er fluctuates and a light absorption profile of the track seg'

men! is registered by a pen recorder.

Width measurements of 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 II ford K2 emulsion plates.

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

our investigation. The tracks were produced by particles
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with the nuclear charges 2*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 ym. Fig. 4 shows some examples of

such profiles. For every profile a base line was drawn repre-

senting the light background in the emulsion 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(-E(t)/Eo),

where E 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 II ford G5 emulsion the value was found to

be E Q * 4-10* erg/cm
3,and for the Ilford K2 emulsion, F>0 * 6»10

5

erg/cm3. The characteristic dose depends on the sensitivity and

on the processing conditions of the emulsion.

In Ilford K2 emulsion a track shows a well defined core

with some 6-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 diameter

of a developed grain will increase by a certain amount, depen-



ding on the type of emulsion and on the conditions of proces-

sing. The effect of the development on the track width can be

accounted for by an additive term XQ. The track width after

processing will be X • 2 x • XQ* *

Theoretical track widths have been calculated for diffe-

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

been compared with the profile widths at half the profile

height. The best agreement between theoretical and measured

values was obtained for the critical dose E = 75000 erg/cas

and X * 0.4 yra. 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 G5 emulsion, the core is surrounded by a

large number of 6-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

f2
F(x) - 1 - exp [-<*AG P(t)dzj , t2 - x 2 • z2 ,

where G * 49 vim" is the density of undeveloped grains
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A * 0.28 um2 is the mean projected area of a developed grain

and Q is a multiplying factor to the geometrical cross-sec-

tion. The integration of the probability parameter, P, is

performed within a depth interval Zj and 22, 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 investigation 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 theoretical values. This depends

on the light scattering in the eau*i*ion, which influences

the registration of the light absorption. To compensate for

this effect all the profiles were normalized to thm 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 whole 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
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these Figures are calculated for a - O.M anj A ~ ^.4 un.

The development correction X has in ilforci t:S emulsion less

importance than in II ford K2 owing to the greater track widths.

In Fig. 6 there is a clear disagreement between the iiieasured

and calculated half-width for the charges Z > 18. It is not

possible to adjust the parameters, at and ).„ , to reach -Agree-

raent 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 S/(> as shown in Fig. 7. For the raajie

interval 600 - 1000 pm there is good agreement for all the

charges. However, for R •"_ 400 unt it is not possible to explain

the experimental track width of the charges Z > 1»H from the

assumptions made in the theory.

Fig. 8 shows the measured light absorption as a fimctun:

of the lateral distance from the track axis together with cir-

culated relations for the charges 2 = 6 and Z - 26 and for r.Mt:-

residual ranges R - 200, 600, and 1000 jjm. The graphs indicate

that the theory fails to explain the distribution of grains

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

high charges. The reason 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 emulsion 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 S~rays (19).

Good accordance with theory was then obtained for profiles

of iron tracks at ion velocities £ >_ 0.3. Preliminary results

for the charges Z - 14, 16, 20, 24, and 26 and B = 0.3 - 0.7

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

Our results show that the track formation theory deve-

loped by Katz and co-workers gives quite a good description

of the track width for the non-electron sensitive IIford K2

emulsion. However, the theory cannot be used without modi-

fications for the description of heavy ion tracks in the elec

tron sensitive llford 65 emulsion in the residual range in-

terval 0 < R < 1000 ura.
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Fig. 1. The point distribution of energy dose, K(. t), divided

by Z?, as a function of the distance t from the par-

ticle path. Calculation for a "homogenous" nuclear

emulsion.

Fig. 2. The mean energy dose» K(t), divided by V , averaged

over the volume of a sensitive cell with the radius

aQ = 0.13 urn for I Iford K2.

Fig. 3. The mean energy dose, Eft), divided by I2 , average..]

over the volume of a sensitive cell with the radius

aQ = 0.17 ym for IIford G5.

Fig. 4. Examples of absorption profiles for ion charge 1 - 2--

from the measurements in FI ford C5 (to the left) and

Ilford K2 (to the right). Observe the different scales.

Fig. 5. Track widths at hail 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 Ec ~ 75000 erg/cm
3 and \Q * 0.4

Fig. 6. 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 X ~ 0.4 pin. Absorption level

equal to 1/2.
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Fig. 7. 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 X * 0.4 vim. Absorption level

equal to 5/6.

Fig. 8. The light absorption from the measurements in the

Ilford G5 emulsion stack plotted as a function of the

lateral distance from the track axis. The theoretical

curves are calculated for the parameter values a * 0.42

and A * 0.4 urn.
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