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Response of Nuclear Emulsions to Ionizing Radiations

Robert Katz and F. E. Pinkerton
University of Nebraska-Lincoln, Lincoln, NE 68588, U.S.A.

Abstract

Heavy ion tracks in Ilford K-2 emulsion are simulated with a computer program that makes use of the delta-ray theory of track
structure, and the special assumption that the response of the emulsion to gamma-rays is 8-or-more hit. The Ilford K-series of nu-
clear emulsions is produced from a parent stock called K.0 emulsion, sensitized to become K.1 to K.5, and desensitized to become
K-1 to K-3. Our simulations demonstrate that the emulsions K.5 through K.0 to K-1 are 1-or-more hit detectors, while K-2 is an
8-or-more hit detector. We have no data for K-3 emulsion. It would appear that emulsions of intermediate hittedness might be
produced by an intermediate desensitization, to mimic or match the RBE-LET variations of biological cells, perhaps to produce
a “rem-dosimeter.” In the K-2 emulsion no developable grains are produced by stopping H, He, and Li ions. The emulsion has
“threshold-like” properties, resembling etchable track detectors. It should prove useful in the measurement of high LET dose in a
strong low LET background, as for pions or neutrons. Since it can be expected to accumulate and repair “sub-lethal damage,” to
display the ion-kill and gamma-kill inactivation modes, the grain-count and track width regimes, it may serve to model biologi-
cal effects.

1. Introduction fect, which come from differences in “radiation quality,”
are attributed to the spatial and temporal differences in
The response of many radiation detectors and biolog-  the secondary electron distributions, on a scale compa-

ical systems to ionizing radiations is described by the  rable to the size and characteristic lifetimes of the tar-
delta-ray theory of track structure. Each detected end-  gets. This model of a detector is patterned after a photo-

point comes from a chain of events initiated by second-  graphic emulsion, where the silver bromide crystals are
ary and higher generation electrons, which interact with  the targets, or after biological tissue where the cell nu-
sensitive sites within the targets. When the effect is mea-  clei are the targets while some internal structures, possi-
sured as a function of absorbed dose, differences in ef- bly chromosomes, are the sensitive sites.
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Figure 1. Inactivation probability P vs average number of hits per target, A, for the multi-target single-hit per target model, with
m subtargets, or sensitive sites.
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Figure 2. P vs A for the multi-hit single-target model.

It has not been possible to predict detector response
from first principles. Instead the theory assigns a set of
operationally defined parameters to each detector. Once
these are found experimentally, the formulas and con-
cepts of the theory are used to predict detector response
in any defined radiation environment.("?

The response of a detector to energetic heavy ions
is calculated from its response to gamma-rays, and the
radial distribution of local dose deposited around an
ion’s path by delta-rays. The two mathematical forms
used to describe the response to gamma-rays, called the
“multi-target single-hit, “ or the “ single-target multi-
hit” models,® give the probability P that a target will be
inactivated:

multi-target single-hit : P(m, A) = (1 - e-4)™ (1)
single-target multi-hit: P(c, A) = Y A¥e™/x! (2)

Here m is the number of sensitive J;iies within a target,
c is the minimal number of hits required to inactivate
a target, and A = E/ E is the ratio of the average local
dose E to a characteristic dose E, at which there is 1 hit
per target. The two forms are identical whenm =c=1 (1
hit detectors), are very similar when m = ¢ =2 or 3, and
diverge at higher values, as shown in Figures 1 and 2.
Physically a hit is interpreted to be a “registered event”
caused by an electron passing through the sensitive site,
with an efficiency depending on its speed. Most physi-
cal detectors are 1-hit detectors, where a single electron
passing through a sensitive site either creates an observ-
able effect, or leaves the target unaltered. Otherwise, as

in biological cells, more than one electron is required,
and the detected end-point results from cumulative
damage. The process then is much more complex, for
there is a problem of the fading or repair of sub-lethal
events, and the complication that heavily ionizing par-
ticles sometimes deposit sufficient energy (eject a suffi-
cient number of delta-rays from the detector medium)
to yield the required number of hits in the passage of a
single particle (ion-kill) in a time shorter than atomic or
molecular metastable lifetimes, and sometimes not (be-
cause of the statistical nature of the delta-ray production
process) under apparently identical circumstances. In
the latter case the detected end-point can only arise from
the passage of many particles (gamma-kill). For the pre-
diction of the response of the detector to heavy ions, we
must first find the radial distribution of local dose about
an ion’s path, estimate the probability for ion-kill, and
then (for detectors requiring more than 1-hit) accumu-
late the dose contribution of each particle to the gamma-
kill mode of inactivation.

_ The radial distribution of the average local dose
E(t, a,) deposited in a representative target of radius
a, whose center is at radial distance ¢ from the path of
an ion of atomic number Z, effective charge number z,
moving at relative speed f, through a medium contain-
ing N electrons/cm3, is found by first calculating the
point-distribution of dose E as

~ Nz2et _(1 1)

T mepr T T a—— ®3)
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where we assume normal ejection of delta-rays, neglect
binding energy, and take the electron to have constant
energy loss, with the electron range t given by t = wk,
when its initial energy is w. The quantity 1 is the range
of the most energetic delta-ray from an ion moving at
relative speed f, from kinematical considerations.®) The
point dose is averaged over a sensitive volume, approx-
imated as a short cylinder whose axis is parallel to and
at radial distance ¢ from the ion’s path, with the result
shown in Figure 3, for emulsion, where we have taken
N =1.04 x 10?* electrons/cm?, k = 3015 cm/erg, and g,
= (.12 pym, for the Ilford K-series.®) More sophisticated
calculations of E seem not to make substantial difference
in the end result.©®)

Once E is determined, and the dose-response func-
tion for the detector is known [say, equations (1) or
(2)], the radial distribution of inactivated elements
(or sensitized emulsion grains) follows immediately.
It is assumed that heavy ions generate delta-rays, that
these produce higher generation electrons, and that
the response of the medium to these is just as its re-
sponse to gamma-rays, except that the entire medium
is more-or-less uniformly irradiated with gamma-
rays, while there is a large gradient in local dose near
the path of each heavy ion, so that the detector must
be examined in cylindrical shells about the ion’s path.
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Figure 3. Radial distribution of local dose, in emulsion.
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The theoretical extension from single particle effects
to the effects of beams of particles, or more complex ra-
diation environments, depends on the ability of the tar-
get to accumulate damage.

2. Experiment and theory

Experimental information dealing with the response
of emulsions to ionizing radiations is sometimes avail-
able as blackness vs dose data (or vs incident fluence),
and sometimes as particle track data, but both forms of
data are typically not available from the same processed
plate.

First, consider the blackness. If we take G to be the
number of grains per unit volume in the undeveloped
emulsion, and P to be the probability that a grain will
become developed, the number of developed grains per
unit volume is PG. In an emulsion layer of thickness T,
the projected number of developed grains per unit area
is N = PGT, and the measured blackness B, after process-
ing is

B=aNA/2.3 )

where a is a factor intended to accommodate light scat-
tering and optical differences among densitometers, and
A is the cross-sectional area of the developed grain. For
a 1-hit detector irradiated to dose E, uniformly, with low
LET radiations, we have

B = (aGTA/2.3)(1 - eE/Ev)

©)

which describes the response of virtually (nearly) all
emulsions to X-rays, gamma-rays, electron, and even
proton beams.7-11)

Figure 4. Box structure for computer simulation of particle
tracks. The particle is taken to pass along PP'. The depth of
field is d, the segment length corresponding to a Ap = 0.01 in-
terval is L, while the placement of a spot at x/L is determined
by the output of a pseudo-random number generator. Boxes
A, B, B', C, C' are centered on the raster lines of the visual dis-
play unit (a TV tube).
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Figure 6. Computer simulation of tracks in K-5 emulsion.

As for all 1-hit detectors there is a decline in radiosen-
sitivity with an increase in the LET of the incident radia-
tion, when the blackness is measured as a function of the
macroscopic dose, for there is overkill at small ¢ adjacent
to the path of a heavy ion which is reflected in an appar-
ently diminished value of E; as predicted by the theory.
The radiosensitivity parameter E, is relatively indepen-
dent of the energy of incident electrons or gamma-rays,
when E is the absorbed dose in the emulsion, although
there are large apparent variations in sensitivity with the
energy of incident photons, when the blackness is plot-
ted against the absorbed dose in a gaseous dosimeter.(1?)

There are suggestions in the literature of emulsions
whose response to ionizing radiations is more-than-
1 hit.(> 13) In these cases a log-log plot of blackness vs
dose is not a line of unit slope but displays perhaps a
greater slope, and some curvature.

Quantitative measurements of the tracks of individ-
ual particles in nuclear emulsion have also been consis-
tent with the 1-hit assignment, and the requirements of
the delta-ray theory of track structure. Measured val-
ues of the grain count in G.5 and K.5 emulsions, from
energetic protons and heavier ions are in precise accord
with the theory.® When microdensitometric measure-
ments of the opacity structure of individual particle
tracks are corrected for optical problems in the micro-
scope, the measurements are in excellent accord with
the theory, for radial distances in emulsion from an
ion’s path from 0.5 to 40 ym, for relative speeds from
0.3 to 0.94, and for ions of atomic number equal to or
greater than 14.(14.15)

109

Other data are available in the form of track pho-
tographs, of particles from accelerators, that are best
treated as a problem in visual pattern recognition. To
this end we have developed a computer program for the
simulation of particle tracks in emulsion.®) Developed
grains are simulated as bright spots on the screen of an
IBM 2250 visual display unit, are photographed onto di-
rect positive film, and are printed so that black spots ap-
pear on a white ground. The positions of the spots are
computed from the theory. The program calculates the
number of developed grains in long rectangular boxes
parallel to the ion’s path, whose length corresponds to
a speed interval of Af = 0.01, and then distributes them
according to a pseudo-random number program. The
depth in the simulated emulsion, d in Figure 4, must ap-
proximate the depth before processing of that part of an
emulsion layer which is in sharp focus in a micropho-
tograph. Here we have taken d = 0.25 ym to include the
combined effects of depth of focus, shrinkage, and per-
ception. The subvolumes (A, B, B', C, C', ...) are divided
into microboxes, as shown. We first find E in the micro-
box, then use it to find P, and then multiply this by the
number of undeveloped grains in the microbox to yield
the number of developed grains. We sum to find the
number of developed grains in the subvolumes (which
correspond to raster spacings in the visual display unit)
and write on the face of the visual display unit. No at-
tempt is made to group the developed grains into track-
like structures, to represent delta-rays, nor is any at-
tempt made to represent the scattering of the heavy
ion. Tracks are then photographed in simulated 100 ym
segments.
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Figure 8. Computer simulation of tracks in K-0 emulsion.
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Figure 10. Computer simulation of tracks in K-1 emulsion, assuming it to be a 1-hit detector, like Figures 6 and 8.
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Figure 11. Computer simulation of tracks in K-1 emulsion, if it were a 2-or-more hit detector.

We have applied the track simulation procedure
to analyze the radiosensitivity parameters of K-series
emulsions exposed to heavy ions at 10 MeV /nucleon, (19
and processed (temperature cycle) in a developer of the
Brussels type, after storage for two days at room tem-
perature and 50% humidity. Differences from ion to ion
arise from the different values of z and f at the same
range. Differences picture to picture are from different

values of m, ¢, or E, but a single set of parameters de-
scribes all ions in the simulation of a single emulsion
picture. In all cases the tracks are of “°Ar, 2’Ne, 1°0, *N,
and '?C, which enter the emulsion at high energy at left,
and stop at right.

Track photographs in Ilford K.5 emulsion, Figure 5,
are to be compared to simulations in Figure 6, with ¢ =1
and E, = 2 x 10° erg/cm?, in emulsion.



uoudg ‘A " JO AS93IN0D) “UOIS[NWS g-3 PIOJ[[ UL SYOeL] "¢ dInS1g

%)
Z
°
=
o
[a]
<
o~
Q
Z
N
4
©]
—_
o
=
%)
4
S
%)
-
=)
=
]
~
<
m
=
]
=)
Z
=
@]
m
%)
Z
o
&
%)
m
a4




114 R. Karz & F. E. PINKERTON IN NUCLEAR INSTRUMENTS AND METHODS 130 (1975)

cate » A40
cr teteme et eo o orem— . c—— Ne20
K-2
ot e mameeiet e tmmes memm. o . - o't
E, = 1.00 x 108
tees  ssmimmitem tes temse semine asmue me e . N4
c=1
Ch e eiee b se mee semm eees g s mese mmem—. c!?
0 50 100
L 1 |
microns
Figure 13. Attempted simulation of tracks in K-2 emulsion, if it were a 1-hit detector.
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Figure 14. Second attempted simulation of tracks in K-2 emulsion, if it were a 1-hit detector.
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Figure 15. Simulation of tracks in K-2 emulsion, an 8-or-more hit detector.

Track photographs in K.0 emulsion, Figure 7, are to
be compared with simulations in Figure 8, with ¢ =1,
and E, = 2.4 x 107 erg/cm?, in emulsion.

Track photographs in K-1 emulsion, Figure 9, are to
be compared with simulations in Figure 10, with ¢ = 1
and E, = 4 x 107 erg/cm® and in Figure 11, with ¢ = 2
and E; = 1.3 x 107 erg/cm?, in emulsion. We judge these
to be the best simulations we have been able to make
with ¢ =1 and ¢ = 2, and that they demonstrate that K-
1 emulsion is a 1-hit detector. At higher values of c it is
immediately obvious that the simulation does not match
the observed track.

Track photographs in K-2 emulsion, Figure 12, are
compared with simulations for which ¢ =1, and E; = 1
x 108 and 4 x 108 erg/cm?, in Figures 13 and 14, respec-
tively. These are chosen to be a best possible approxima-
tion (with the 1-hit assumption) to the *°Ar and to the
12C experimental tracks, and clearly are unsatisfactory
simulations.

We have identified K-2 emulsion as an 8-hit detector,
with ¢ = 8 and E; = 8 x 10° erg/cm?, in emulsion on
the basis of Figure 15, to be compared to Figure 12. A
quite good simulation can be made with ¢ = 9, but simu-
lations made with ¢ = 6, Figure 16, and ¢ = 10, Figure 17
are unsatisfactory.

It may be the uniformity of the emulsion grains in
these nuclear emulsions, as shown for K.5 emulsion in
Figure 18, that makes it possible to determine the value
of ¢ so narrowly, as indicated by these simulations,
where we find ¢ = 8 + 1, for Ilford K-2 emulsion as pro-
cessed here.

Reasonably acceptable simulations of the tracks in K-
2 emulsion may be made with the multi-target single-
hit model, equation (1), as shown in Figure 19, where m
=8 and E, = 2.3 x 107 erg/cm?, and in Figure 20, where
m =20 and E; = 1.75 x 107 erg/cm®. It is not possible to
assign as narrow limits to m as to c. This suggests that
the functional form of the multi-hit model is a better ap-
proximation to the response of emulsion to gamma-rays
than is the multi-target model.

3. Discussion

The discovery that Ilford K-2 emulsion is a more-
than-1-hit detector implies that its “RBE” must pass
through a maximum at an appropriate value of the
“LET” of a beam of incident particles, and that a maxi-
mal value of the RBE, greater than 1, is not a uniquely
biological property. If, as a rule-of-thumb, we take the
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Figure 16. Attempted simulation of tracks in K-2 emulsion, as a 6-hit detector.
A40
e Ne20
K-2
—e—— 016
E, = 7.60 x 10°
v e— N14
c=10
_ cl2

0 50 100
L I J

microns

Figure 17. Attempted simulation of tracks in K-2 emulsion, as a 10-hit detector.
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Figure 18. Grains in K.5 emulsion. Courtesy of J. Ehrlich.
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Figure 19. Attempted simulation of K-2 emulsion as an 8 target, single hit per target detector.
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Figure 20. Attempted simulation of K-2 emulsion as a 20 target, single hit per target detector.

RBE to be a maximum where about half the intersected
grains are made developable, the maximum occurs for
“0Ar ions at 7.4 x 10° MeV g™ em?, where g = 0.15, and
the residual range is 109 ym, with a kinetic energy of
10.6 MeV/amu. Here the grain count is calculated to be
3.5 grains/um. At a fluence of 10° ions/cm? where the
dose in emulsion is 120 Rad, and where the contribution
to gamma-kill from overlapping delta-rays from differ-
ent ions is negligible, the “RBE” relative to gamma-rays
is calculated to be about 300.

We must expect to see in emulsion, as we cannot see
in biological systems, the effects of very low levels of ra-
diation, and the transition in effect from purely ion-kill
to a mixture of ion-kill and gamma-kill. Though single
energetic electrons, protons, alpha-particles make no
grains developable in K-2 emulsion, beams of these par-
ticles must blacken the emulsion.

Since there is no evidence of internal sensitive sites in
emulsion grains as there is in biological cells, we antici-
pate that 3 radiosensitivity parameters (E, a,, c) will suf-
fice to describe their properties, in place of the 4 param-
eters (E, x, 0, m) required to describe cells.

Both E, and ¢ can be expected to be affected by manu-
facture, by processing, and by fading.

The Ilford K-series of emulsions is manufactured
from a parent stock called K.0, increasingly sensitized to
become K.1 to K.5, and desensitized to become K-1, K-
2, and K-3. We have no data for K-3 emulsion, but oth-

erwise in this series the most striking change is the rel-
atively abrupt increase in hittedness from K-1 to K-2,
resulting in a qualitatively different detector.

There are suggestions of more-than-1-hittedness in
other emulsions, and with other processing procedures.
Thus the incorporation of sodium rhodanide (NIKFI T-
1) produced a sharp discrimination between the tracks
of recoil protons and alpha particles, from neutron ir-
radiation.’”) Such a discrimination would be useful
in neutron and pion-star dosimetry. The use of spe-
cial developers resulted in discrimination between low
and high LET radiations in Ilford K-2 and K-3 emul-
sions,) in Kodak NT2a emulsion,™® and in emul-
sions available in the USSR (-2 and Romania.V It
has been suggested that such developers tend to bleach
the smaller latent image sites. Thus, only those crystals
through which several electrons had passed would be
developable.??

It seems reasonable to anticipate that further investi-
gation will yield an emulsion-processing scheme yield-
ing adjustable values of ¢ and E; from which emulsion
response to individual ions or to mixed beams of radia-
tions can be predicted. It may yield an emulsion whose
parameters are so adjusted as to mimic the variation of
RBE with LET of biological cells and tissues. The exis-
tence of such an emulsion would have important impli-
cations for radiation protection and for high LET radia-
tion therapy.
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