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AN EXPERIMENTAL STUbY OF THL
FORMATION OF TRACKRS CF FAST [IEAVY TONS
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M. Jensen, L. Larsson, (. Mathicsen and R. Resander

S

Department of Physics, University of Lund, Sdlvegatan 14
$-223 62 Lund, Sweden

Transverse absorption profiles of tracks of heavy
nucleil with charge numbers 14, 16, 20, 24 and 20 have
been mecasured in Jlford G5 nuclear emulsions using a
niuclecar track photometer with a slit whose width reduced
to the ecmulsicn plane 1s 0.3 un. The measurements cover
the velocity interval 0.3<2<0.8. The velocity is obtained
from known valucs of the charpge numher and the residual
range of the particle. The measured track profiles are
compared with the track formaticen model by Katz and co-
workers. According to our preliminary results reasonable
agrcement between experimental and calculated prefiles
can be obtained if the backscattered light is considered.
The work 1s still in progress.

1. Introduction. In cosmic ray physics using nuclear emulsions

as the particle detector the width of a track can be determined
from measurements of the absorption of light by means of special
track photometers. For calibration purposes it is of great ilmper-
tance to be able to predict the combined respense of the photonme-
ter and the detector for ions of different charge number 7 and
velocity f. Such predictions must be hased on a reliable track
formation thecory. Current ideas about track formation in nucle-
ar emulsion cmanate {rom the pionecering work by Bizzeti and Della
Corte (1). These authors formulated a theory for the width of
the very last portion of the track of a heavy ion. Their idcas
have becen modificd and further developed by Katz and coworkers to
obtain a theory which should be applicable to particles of all
vclocities (2,3). Up to now very few attempts have been made to
compare this theory with experimental data (2-7). From this la-
boratory results have been reported only for ions with 6<Z<26 at
B<0.3 by Rosander and Jacobsson (6) and for ions with 2=26 at
0.3<B<0.7 by Mathiesen (7).

In the work by Rosande¢r and Jacobsson (6) the widths of light
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abhsorption profirices were cumpared with Xato' theory for two dilice-

y

rent types ol nuciear emulsions.  The

e

best (1t wes found {ov the
less sensitive Dltord KD ocmulsion.  For the clectron scasitive
11{ford G5 ecwulsion the theoretical track widths ceuld not be put
into gocd accordance with the cxperinental track widths at hall
the prolile madxinun. A somewhut betiey agrecenent was obtained -

when they stadicd aniy

;

the “rack c¢orve and usced the prefile width
at /6 ot the maximum.

In the repert  given by Mathicsen (7) a res-onable it was
obtained for underdeveloped Ilford G5 emulsions if a further pa-
ramcter was incorporated into the theory. Thils paramcter is
thought to accomodatc {for changes in the cbserved traasmittance

of light caused by light backscattered i1nto the cone of acceptan-

e

ce when using a photometer with & high numerical aperture. His
woTk aiso shows that the fit of the calculated profiles depends
on the assumed anculayr distribution of the delta rays. The as-
sumption that 411 clectrons are e¢jected perpendicularly to the
ion's patn yiclds better results than the distribution arising
from collisions between the ion and initially free ciecctrons at
rest.

Considering the limited experimental checks of Xatz' theory
we have started a move cvomprebensive investigation., We have sica-
sured the transversc light ahsorption profiles on 27 tracks of

particles with charge number 142726 and velocity 0.345<0.8. In
I o / .

—- ——

this report we will present scmce preliminary comparvisons of our

experimental data with Katz' theory.

2. Experimental details and mcoasurcments.  The detector used in
this study consists of llford G5 cmulsions and was exposed at

Fort Churchill in 19067. 7The measured tracks of known residual
rangce have been identificd by S&derstrom et al. (8) and corres-
pond to charge numbers 14, 16, 260, 24 and 26. The actual jon ve-
locitices were taken {rom the range-velocity calculations by Rosan-
der and Larsson (9). A1l tracks uwscd in this study {fulfil the
follpwing criteria:

1. the tangcent of the dip angle 3s less than 0.35

2. no readings must bhe taken closer to an cdge than 8 mm




3. all readings must be taken in the depth interval between the
upper 30 % and 55 ¢ of the cemulsion thickness.

With these conditicns we intend to minimize systematic errors
owing to dip, processing and light scattering. The photometric
‘apparatus is described by Jacobsson et al, (10). 1In the present
study we used a 53x 0il immersion objective. The dimensions of
the'photomotcr sl1it correspond to 24.4 x 0.3 um? in the emulsion
plane. The tracks were adjusted pavallel to the slit. During
the rcadings the image of the track segments was moved perpendi-
cularly across the slit. In each profile the transmission of
light was mecasured at 1 um intervals out to a lateral distance

of about 85 um to both sides of the track axis. The number of
tracks of particles with different Z and £ is shown in tahbhle 1.
On cach track with givern 2 and £ four profiles were takeu at app-
roximately the same range. For numcrical rcasons all resulting

data points, about 84,000 in number, could not be used in the com-

Table 1

The number of tracks usced at cach £ and 2

S ! 0.30 0.40 0.50 0.55 0.60 0.65 0.70 0.75 0.80 ]
14 3 4 4 4 4 5 4 2 -
16 3 3 4 4 4 4 3 - -
20 2 2 : 4 5 4 3 - -
24 3 - 3 4 3 4 3 - -
26 3 : 6 5 6 6 6 6 5

parison with the theory. The data were reduced and smoothened in
the following way: All profiles taken at the same Z and B were
lumped together and folded back at the track center. A smoothened
transmittance profile was obtained by a lecast squares it of a 5th
degrce polynomial in a double-logarithmic scale. From this fit
transmittance values were calculated at six lateral distances,

y = 0.5, 1.5, 4.5, 8.5, 13.5 and 39.5 pym. For each charge number
the'values at a given lateral distance were smoothencd along R by
fitting a cubic spline to the data. From this fit transmission




values at given 7 and y were extracted for 6= 0.3, 0.4, 0.5, 0.¢C
and 0.7. This leaves us with 30 data points for euach charge num-
ber or 150 reduced data points altogether. These were used for

the test of the theorctical model.

3. Theory. The theoretical profile is calculated 1n thrce steps:
1. The density of grains at a given distance from the track axis
is calculated accovding to the model given in (3). We have follow-
ed Mathiesen's algorithms (7) which diffcr from ref. (3) on a few
points, a) the angular distribution of the delta rays is assumecd

to be co0s9 = 0, i.e. it is simply assumed that the secondary clec-
trons are cmitted at right angles to the ion's path, b) the ener-
gy dissipation is calculated by the algorithm given by Kohetich and
Katz (11) including the contribution of the straggling of the eclec-
trons, and ¢) all threc tevms are retained in Mott's formuls which
gives the energy distribution of the emitted delta rays.

2. The calculation of 7_, the transmittance of paral]él light
through the emulsion follows closcly the procedure given in (3).

3. A model for high aperture photometry is constructed by assum-
ing that the obscrved absorption 1 - 1 can be found from a power
series expansion in 1 - rp, the absorption of parallel light. Do-
ing so the absorption can be written

1-T = a + ax(l—Tp) + az(lep)7 N €

In this part of the study two special cases have been considered:
Case 1: ag = 0, a =1 (ai=0; 1>3)

1 -
Case 2: a_ = a = 0 (a.=0; 1>3)
0 2 1 -

The thcoretical profiles have been {itted te the experimen-
tal points by means of a paramcter optimation algorithm. This 1is
a procecdure for solving the non-lincar Jeast squarcs problem.

The quantity minimized by the procedure 1s the sum of the squares
of the differences between the calculated and the experimental
data. In the fit according to casc 1 Ho’ a and 4,6 were

treated as adjustable paramecters. The quantity ﬁo is the charac-
teristic dosc for sensitization and development of 63 % of the
cmulsion grains in a uniform exposurc. The quantity o is thought

to accomodite for Rayleigh scattering in the emulsion in the for-




ward direction, owing to the small dimensions of the grains. The
negative constant a is intended to account lfor the light reflcec-
i

ted back into the cone of acceptance.
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Fig.1-2. Comparison between calculated absorption prqfiles apd
experimental data. Theoretical curves for g=0.3 and (0.4 predic-
ted from the fit for p=0.5 - 0.7.

4. Results and discussion. Fig. 1 and fig. 2 show the fitted

profiles for case 1 togcther with the data points for Z=14 and 26.
The fit has been made for 8 = 0.5, 0.6 and 0.7 for all Z values.
The results obtained for the other charge numbers rescmble close-
ly those given for Z=14 and 26. The valucs obtained for the con-
stants were EO = 0,8 keV umﬂa, a = 0.06 and a = - 0.22. As an
application of the model the absorption profiles for 8 = 0.3 and
0.4 were predicted. A reasonable fit is obtained also for these
velocities, in spite of the fact that the track structure begins
to change more rapidly when g approaches these low valucs.

Since the numerical values of Ho and o are interdependent,we
have also tried to determine Eo experimentally. The value of EO
was estimated according to the mcthod cescribed in (3). The va-
lue of Eo was found to be 10.5 keV um's. With this value of Eo
a new fit was made to all 150 data points which yvielded the values

a = 0,09 and a, - 0.22. No obvious changes in the calculated

profiles as compared with the previous fit could be found.
The values E, = 10.5 keV ,um'"3 and o = 0.09 were used in a
fit of the transmission profiles according to casc 2. Here a;
was treated as an adjustable constant. This fit gave a sum of
squares 65 $ higher than that obtained for casc 1, Our conclusion

is that tihe model basced on case 1 is more realistic.




helicve that the
\\’jll

combined response of

The work reported here will continue. We

large ameunt of cxpervinmental dzto available toe us make it
possible to improve our calcutations cf the
the photometer and nuclear emulsion to ions of different charge

number and velocity. In the {irst place we plan to use more
complex models to describe the backscattering of the refllected
light. However, we arc of the opinion that the remaining differ-
ences between theoretical and expervimental profiles are mainly
due to the approximations inherent in the calculation cf the
spatial distribution of the cnergy delivered to emulsion grains.
Although some improvement can be expccted from the use of a more
realistic form for the angular distribution of the emitted elec-
trons, we feel that improvements in the theory of electron energy
dissipation are neceded to bring the calculated profiles into

closer agrcement with observations.
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