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ABSTRACT

Mcasurements of the true grain density were made by several
metheds on the tracks of electrons, pions, K mesons, protoens, I hyperons,
snd alpha particles. The curve of grain density versus velozity in K.5
enulsion was obtained. The results found by different objective methods
and by different observers arve in agreement. Owing to the finite density
of silver~halide crystals in the emulsion, the grain density saturates.
The naeture of the saturation effect was studied. A decomposition of the
grain density into primary and seccndary components was made. Even at the
mininum of grain density, some 25 percent of the grains are of secondary
origin. Since only the primery grains are affected by the relativistic

D

of the grain density, the interpretation of the plateau/minimum

8

fooke

-
grain density ratio 1s affected. OSpecial observations of the grain denslity
in the relativistic region were made, teking precautions to avoid tempera-
ture, fading, and development-difference effects. A rise to the platesu of
1%  in the primary grain density was found. This implies & mesn excitation
votentisl for AgBr of 442 e.v. Finally, indices that measure emulsion quality

are suggested,
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THE GRAIN-DENSITY OF EMULSION TRACKS

Jack W. Patrick and Waiper H. -Barkas

Lawrence Radietion Laboratory
University of California
Berkeley, California

I. INTRODUCTION

The grain.deﬁsity in the emulsion-track of a charged rarticle is an
indicator.of its ;elocity. The information implicit in the track-étructure,
~ however, generally is only partly utilized.. Some reduirements for more
rapid and accurate deiermination of the velocity of a éafticle-from measure=-
‘ments on its track are (q) understanding of the connections between the
various measﬁres of the grain density and ﬁhe true grain.density; (b) know-~
ledge of the measurements that-will yield the‘optimum amount of' information
from & paiﬁiéular.frack 5e@mént;l(o) knowledge ol the'connection'between
the true grain density end the particle velocity;.(d) eaiablishment of the
Atelationship of.the primary and secondaiy grain density'in a track to‘eaéh
cther,‘and to the particle charge &ad vélocity (tﬁ;s is requireﬁ especialiy
for interpreting the ratio of platesu to minimuﬁ grain density); and
4(e) establishment of indices of merit for emulsions which define the density
of information obtainable from a tréék'and the veldcity intervals in which
the track'can yield information regerding the particle velociéy.

These guestions recently were reétﬁdiedAtheoretically, and consider= -
able progress ma&e.l’2 In thie paper we cé}ry oﬁxthe investigation, largel& .
empirically, by analyzing the results of measurements at many velocitieslin
some seven.emulsion stacks, and-iﬁ several additional plateé.' An essential
pfelimiuary'is the operational definifion oflmeasuréble éﬂd useful track

guantities (icnizaticn paremeters),
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A particle track is seen as a more or less continuous series cof
grain images. These are roughly circular in projection, but their céntefs,
'1n general, are displaced around the particle trajectory, both vertically | |
and horizontally. They mey occulﬁ each otﬁer or'bé too close for resoluticn

with the optical equipment employed: They vary in size.

Suppose the length projected oﬁ e plane perpendicular fo the line of
sight between the centers of two érain imaées is.COnsidered} This is a dis= -
tance "a" when the grains can4Just be resolved into two objects. Then if
"o" 48 the disténce:projecfed onlthe particl§ trajeptory‘between the centers
of two such grains, and the'pfojecﬁed image of no other grain comes between
.them, a gap of iength c-a. ia sald to exist in the tfack@ Since "a" varies
for different pairs of grains, an.expectaiion Value, {a) =a is defined
vhich describes in one combined psrameter the emulsion, the cptical eQuipment,
‘and the observer characteristics. The blobAdéneity, B, 1s defined as-the
linear density of gaps, or of clusters of unresolved grains in the. track.

A gquantity H ='H(l) is the density of gaps exceeding the length ., 1t
is, of course, also equal to the density of clusters of grains in which are
found no gabs exceeding ,( « The blob de'nsity,is , tﬁerefo_re ’ the specilal

case of a cluster density in which €= 0, so that B = H(0). If different

values of 4?, nemely j&, jz, etc., are'considered, several valués of

'. H, H,, H,, Hj’ etcs are introduced.

1’ 72 ,
THe lacunerity, L, of the track is the linear fraction of it that

consists of gaps. Thus

L o | @Woap | (1)
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We define, but measure only indirectly, the primary grain density,

5p’ the secopd&ry grain density, gs, and the‘trde grain density,

B =8yt & The primary grain density is the deneity of crystalsAthat were
penetrated by the particleAin traversing the emulsion.endAeubsequently
developed into silver grains. The average number of silyer-halide crystals

penetrated per unit path i8 n. Then

P 0233,,\,""_ @
: 42 : _
where C 1s the ailver-hallde concentration, 33%4; is the mean projected
" area of & crystal, and 34%-;> is the mean crystal VOiﬁme. The maximum
“walue of gp, lof course, is 3n.: Secondary grains are'those that develop
along the path of the particle and are counted as part of the track, although
they were not penetrated by the moving particle. Delta reys are projected
from the path of the primary particle, and they render crystals developable
that. were not traversed by the primary particle.‘ At Velocities low enough
for tﬁe delta-ray density t0 be high, however, the range of the del;a-rays
~is limited. In addition, there is a certain displacement, f9 ,'from the axis
of a track that e graln cannot exceed and still be recognized as part of the
track. Theé number , N, of grains per unit volume of emulsion is finite.
The“lideer density of crystals, n_, within a cylinder of radius e,
therefore, is also limited, and .n is a saturation value of the grain den-
sitytthat g does not exceed. As the charge on an 1on increases, however,
Vthe density of delta rays produced by it and the effective value of /9 both
:1ncreaoe also: A
Photons produced by the ionizing particle in the transparent gelatin may

be an additional source of secondary grains. No means for their identification,

should they be'present with an appreciable density, have.been developed, however.

784 04
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"I1. METHODS FCR MEASURING GRAIN DENSITIES

The true grain density, g, seldom Cap be‘measu:ed merely by counte-
ing the developed grains. ‘The error involved in sucﬁ 8 measurement rises-
rapidly as the‘graih density 1ﬁcreases. The density of silyeréhal4de crygtals
in K,Sbemulsion 18 about 100 per cubic micron. Even if just one per micron
of particle path were réndered develépdble, Onl& 37% would be resolveble as
single dbjects undér the best micr6scope, end the blob density wodld be
about 0;6 per micron. vAs the grain density rises; 1t reaches a point vhere
conntingqis hopelgss‘and it. becomes necessary to obtain estimates of the trug
grain'densltyﬁindirectly from the track features tﬁat“remain-meusurable. fhe
quantities defined in the introduction have been studied theoretically, end
same are suitableyfér this purpose. Their definifions rather precisely pre-
scribe the way 1ﬁ{wﬁich measurements aré to be taken, and only technical
details may be varied. In praectice, many of our messurements were made on
a machine devgloped for the purpoée. A description of an early model of fhe
inetrument has-been given.’ It provideg a means for moving the plate parallel
to the track at en adjustesble velocity. The track'ie kept centered iq the
+ mieroscope field and in focus by an observer who holds a key depressed during
the time that a fine reticle line perpendiculer to the track crosses the
track in & gap. He releases the key when the end of each gap 18 reached,
and deﬁresses 1t‘when each néwngap first reaches it. The 1engthso£ track and
-.gap, the number of gaps, and the digtribution of.gaps in ten interyala of
length.are tabulated eiéctrqnically.' For relisble work the stage velocity
must be decreased until no changesin results are produced by & further reduc-'
tion in Bpeed.l' |

The connections between those measurements and the true grain density

were established by theory.l’2 We quote the pertinent.resulta. The formulas

784 Q@5
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are wfitten for unit length of track,

g(a+1€)

It vas found that H(.Z) = where g 18 the expectation value
of the grain‘density, and H is the expectation value of the cluster density. }
Good empirical evidence for the exponential gap length distribution was first
put forwerd by O'CeallaighQ The distribution of many hundreds of gaps is
given by Menon énd O'Ceallaigh.h The expectatior value of the lacunarity is

L &

= €

go that en estimate of . z 18 cbtained from

G- AL . IS

, The éarameter ¢ must be measured in order to derive g fram single
meaéuremente‘of B, H, or L. As L: vaiies, 1t may be noted that B (= ge"®)
lpasaes through 8 maximum at g = 1/a, or Q.= (eB )‘ls Observation of the
maximum ‘velue, Bhé#, of the blob density 1s simple, ‘and is an operationally
cofféct means for determining ®. We have done thiq for each combination of
emulsioh, optical'arrépgement, and ébeerVer used in meking these measurements.
'The grain diemeter, &, is perhaps even better obteined merely by
observing B and L 4in tracks qimilar to-those‘being-meaeured. Then
- % ',Zh L 1s‘an expression for Q that takes account of the instrument and
observer idiosyncrasies. The introduction of guch en operationally defined
parameter greatly improvee the objectivity 6f grain'density measurements. If
each observer uses his own value of «, one expectsAand finds no_systematic
) differences between obgervers. The quantity o here is ggt the symbol « used
. by Alexender and Johnston’ in epplying O'Ceallaigh's theory? of the track
structure. Because in O'Ceallaigh's emulsion model the . crystals are confined

t to 1ie with their centers on the particle trajectory, the crystal diameter

764 08
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appears explicitly in their formulas. Our notation vas selected to be in
accord with thet of Fowler end Perkins.'

| The derivation of g from the measuréments was carried out by a numbér
of methods. The gap length coeffiéient method ylelds & value of g without

requiring knowledge of «. As suggested by Fowler eand Perkins,7 one measures

the velue of H et two gep lengths, Afi and ,fé. Then

n [wL)me)] | ()
Lo - zgl

If only two values are to be measufed, then one takes ,461 =0 and’ H(,fé)qy &/5.
One can also calculatg g from Eq. (3). Of course, g then contains any uncer=-
~ tainty that exists 1n Q.

The most efficientlmeana for utilizing the granularity information is

the method of maximum 11kclihood which combines the grain density estimate

from the mean 5_2 _ggs__ with that from the mean blob 1ength.2 This method
was not developed for'application to grain density measurements at the time our
work was carried out, however. To attain a givén statistical accﬁracy, more
work was required than would have been necessary by the imbroved procedure.

On the other hand, the diversity of methods that we employed tested the theory
- more completely.

Wé'have noted that because the deﬁeity of silver-halide crystéls is

finite, a maximum grain density n, will be observed in the track. The 1imit-

ona "na
ing lacunardity 1s e °  end the limiting gap density is n_e © ., Some con~ -

Jectures regarding other emulsion defects have been made.7’8 Although the
Re{erenoe

possibility of their presence was mentioned in Ref% 1, the effect of such

defects in the emulsion was not readiLy treated. At very low particle veloci-~

ties, nevertheless, a limiting empirical lacunarity Lo -is'found_that does

not very with particle ionization. While we have no definite indication that

764 07
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they are important, we may consider how they wuld be manifested in emulsion.
Avparticle that produces delte rays coplously could presumably render
developeble all the crystals in a cylinder of one micron radius. Then in

’ 150

K.5 emulsion, the lacunarity would be less than e , Were there no
defects in the emulsion. In such a track any gaps should be attributed to
emulsion defects. Even in an emulsion free of defects, however, gaps occur
in tracks when no is not large. We define the saturation ggp distfibutioh
Ho(l) as that gap distribution which does not change with inqreasing particle
charge for é fixed particle velocity. Then, in principle, the saturation 6f
g can be avoided 1f one defines idesl quantities H'(2) and L' in terms

of the observed H(f) end. L by

B'(e) = H(1) - (1 - L) E(R) . N )
and = 'L"a-—"z%'-dz-. | 16)
0 L

III. ‘ OBSERVATIONAL PROCEDURE

Somé dépendence of the degree of development on depth in the emulsion
is likely to exist. We believe we'haVe eliminated this effect from conslder-
ation in these meassurements. We used plates in which there was obviously little
change of grain density with depth in thé emulsion. All ﬁere'deveioped'by
our method of immersion during the hot stage in developer of reduced concén~
tration. In eddition, we either calcuiatéd a§erage values of g for tracks
that.were slightly inclined ;ﬁ the emulsion and sampled all qtrata; or we |
pa;red known and unknown trgcks and observed grain-density ratios of tracks

that were at the same depth in the emulsion.

784 08
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The angle of inclination, § , of‘the track was required to be small
for thq track to be used for a grain denaity measurepent.' If the correction‘
for dip turned out not 10 be completely negligible, it ves hade according to
the following genexal pfocedure: AAuniversal felation y = xe * exists
betwéen y ® Ho+ d)sec § and x = gla+l)sec § , where £ is the g&p
length in a projected image of the track, H 1is the average number of
clusters in unit projected length of the track, and (n/e) - & 4 is the.
angle between.the track in the unprocessed emulsion and the ponmal to the
emulsion plane.2

In Table I is summarized the essential information on the emulsion .
stacks and plates used in tﬁia experiment. The bulk of the wofk was done with
K.5 emulsioh.

In the veloelby lmterval bLetween P, =0 and B_ = 02 1in units of the
light velocity, ¢, lacunarity measurements were made with 25 x 100 pswer
megnification on the tracké of alpha particleé, sigma hyperons, protons,
K-mesons, and pions. |

Each flat track was examined carefully to defermine the identity of the
particle. The ending was scfutiniZed to insure that the particle came tc rest.
A track was discarded if there was any reason to doubt its 1déntity‘or the
certainty of its coming to rest. The wérk was done by several trained observers
who checked each other. (One of the satisfying aspects of this work was that
when a value for & was found as prescribed, consistent yalues of g were
found by all observers, and different methods of measurement also‘yiélded the
same result.)

For the veloclity interval between ﬁo = 0.2 and ﬁo'= 0.5, proton end
K-meson tracks were observed under 25 x 100 magnification. The gap-length

distribution was used in conjunction with the blob count so as to obtain the

i (8

e~
¢

\
Cﬁ
hf:f. 3
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" TABLE I
' Peilicie —
Emulsion Emulsion Bize T ‘
Designation Type .(in . )2 Thijﬁni g8 Partic;es ('_ﬁ7 )ma.x
A K.5 6 x 9 600 K 0.870
, ‘ _ -
T s 4P variable
B G.5 6x%x9 600 K 2.33
BB K.5 1x 3 600 x” 5.16
- 1409.
ID G5 13 x 3. 600 % 2.58
-5 K.5 1x3 600 a " 0.250
' P . variable
8D G.5 1x3 200 P 6.61
e 391.
Y K5 3x6 600 " " 115.
764 190
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gap length coefficient with the best precision. Datg wére collected using 
both a‘simple divided reticle in the microscope ocular end the special insﬁru-
ment mentioned above. | |

In the velocity intervel B°.> 0.7, the method of blob couﬂting also
was used. If the availeble amount of track is not limited, the effort
expended pér unif of information ls about the same for the two methods. More-
over, no spéciai equipment 1s required for blob qéuntingf Thg value'of o
appropriate to the observer, optics, and emulsion combination must be determined;'
* however, in order thaf g be found from the relation B = ge &,

.We used the trécka:of'protons, K;mesons, piong, and electrons. When
the particle stopped in the eﬁﬁlsion, ifa tracks and ﬁgrminal behavior were
'carerlIy studled to‘cheék its identity and to éetablish'that 1t came to rest.
Measurements begen at tﬁe terminus end were carried up to any desired velocity
by fqilowing {he track.

In some cases we blob-counted tracks of particles that did not stop 1n.
the emulsion. Their velocities then usually were 6btained by magnetic analysis.
For example, the BB plates were exposed to a magnefically analyzeﬁ beam con-
sisting of T0% pions and 30% electrons. The grain density identified the
particles. A sample of about 80 tracks was blob counted. The distribution
revealed two aéparated peaks,

A one-millimeter grid photographically printed on each pellicle was
sufficientlj accurate for thé estimate of ranges exceeding about 3 ééntimeters,
vhen allowance for the dip and large'scattering angles wes made., Short ranges
Qere usua;ly measured with a calibrated eyepiece féticle or on an aufomatic
coordinate read-out micrOScope.9

If the range could not be measured directly, as in the case of particles

that did not stop in the emulsion, then two procedures were avallable:

784 11
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'(l)- The beam momentum was known and the cor;eSponding range Ro when the
particle entered the emulsion was calculated; The path length in emulsion RA.
was subtracted, leéving the residual range R = Ro - RA at the point of
meééurement. From this range th¢ velocity fBc was detéminedo In thé SD
end BB stacks, the beam momentum was accurately known. The calculation of it
at the point of grain density determination thep was rélatively simple. In the
ID stack, protons'that had been magnetically analyzed along with thé,pions were
followed 1ntoAthe emulsion from three separate points 6n the beam edge 6f the
pellicle. The beam momentum véried along the edge so these three polnts
represenfed high, low, and medium mémentum. The proton ranges Weré measured,
and this gave the common momentum of p?otons and piéns.at entry in the stack.

For the BB stack the situation was slightly different. Thé identity of
the particles could not be détermined individuaily - only a statistlicel method
was available, but the grain denéities separated into two groups assumed to
consist of n~mesons and electrons.

(2) .The second momentum determinatioﬁ procedure was used for electrons in the
SD stack and for secondary pions in the Y gtack. This was the method of multiple
scattéring.

The electrons vere produced by the Lawrence Radiation Laboratory synchro-
tron. Their moﬁentum et entry was found to be 1mperfec£ly defined although they
had been magneticelly separated. Electrons radiate so much énergy while penetra-
ting matter that it was considered wisé to multiply-scatter every track at the
same time that it was blob-counted. Then individﬁal yalues of. pBO and g
ﬁere assigned to éach track. The data from iracks foﬁnd to lie in small inter-’
- vals of pBO were eventually a&eraged. |

The multiple scattering of the tracks was carried out using a Cooke,
Troughton and Simms scattering micrqscope end a digitizea Koristka MS-2 micro-

scope.lo The mean angle. of scattering and the-moménfggcﬁire comﬁgted from the
/64 A2
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data cards by an IBM 650 program.lo
IV. GRAIN DENSITY VERSUS PARTICLE vELOCITY IN K.5 EMULSION

The grain density was obtained in each velocity interval by the methods
deécribed in Bections II aend III. These data were then subjected to a statis-
‘ ticai error evaluation épprqpriate to the method used.
Ih Fig. 1 the grain &gnsity measurements in K.S‘emulsion are plotted as
f; function of 'So. The method'of»measurement is indicated by the character of
the plotted point. There was c&nsiderable overlap ofidifferent methods in scme:-
velocity intervals, and in somé intervals three méthods were employed. No
systematic differen¢e in the reéults obtained by diffefent methods was observed.
We notice that at lbw velocities the apparent grain density does not
saturate at g = n = 328/100 microns, as the primary grain density must in
this emulsionf The curve doeé tepd to flatten, however, below BO = 0,07,
This portion of the curve is derived from labgnarity measurements near the
terminl on the tracks of singly charged particles. We are able to understand
this behavior better by noticing the «-particle branch of ihé grain density
curve. The same saturated grain density is reached by both singly and doubly
'charged particles. Wé interpret this to mean that in K.5 emulsion an irreducible
track-lacunarity Lb is presenﬁ ;nd is equal to 0.0l-0.0j,'regafdless of the
rate of energy loss of the particle. Owing to this emulsion limitation, high
rates of energy loss are not measurable in this emulsion by graln measurements.
On the other hand, when B_> 0.1, the curves fér charge 1 and charge 2

start to separate, and above Bo = 0.15, K.S.emulsion permits us to measure a

difference in the rates of energy loss.
V. DECOMPOSITION OF THE GRAIN DENSITY INTO PRIMARY AND SECONDARY COMPONENTS

As mentioned above,'the grain density in a sensitive emulsion at a low

particle veloclty may exceed n because the primary grain density saturates at

.- 784 13
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gp = n, and, in addition, secondary grains are present.
We shall now calculate the density Qf‘euch secondary grains produced by

delta féys. AThe rapge-velocity relation fof protons is
R = 3.6 x 10° pt%/? nicrons. (8 < 6.5)
The rﬁnge,- 3e, of a 1ow-ve;ocity electron 1s obtalned with satisfactory
accuracy from the proton range merely by multiplying'b& the mass-ratio (1,1800):
Rowex1f 0P L o (7)
The giain denéity at velocity B aogording to our measurements is given by:
8,92 =328 per micron, (B < 0.3)

for & eingly-charged particle in K.5 emulsion. Then the humber of grains,

a(B), in en electron track of initial velocity 8 can be found by integration.

B - B .
6(s) = fgda-et_ - 2% [ (g2-328) 875 a
° I  (®)

= 0.18 Qj/j - 0.0 wD/6 ,

where k(n 256 ﬂe) is the eleztron energy in Kevw. The number of delta rays in
the energy interval v to w + dw on the track of a particle with charge ze

fe o2
and velocity Bo is about 949@52—5— Qg per micron. This formule breaks

o}
down‘at delta ray energies that ére comparable to the electfonic‘binding
energies in the stopping material.

‘ The number of grains ga per micron proiuced by the delta reys along the 
path of a particle of charge 2ze¢ and velociﬁy Bo then is found by integrating

over w '
* 2

>
)

(9) -

[red
il
N

14
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with A = 0.68.(w 2/3 . w 2/3) - 1.1 x 1072 (w 76 | W 7/6).
' ) m : o m )

In this expressibn, w; represents tﬁe’lowest average éneréy of délta
rays contributiﬁg to'the‘secondary grain density, aﬁd' L is the maximum
energy that a delta ray may have while its grains stili are considered part of
the track locus. |

The delté rays of longest range sre projected fOrward and tend to lie on
the particle trajectory. Electrons are very much scattered, ﬁowever, 80 that
some will reach points off the particle path. The definition of :wh, théfefore,
must be made carefully. ObviouSlyAthe Judgement of the observer plays a part
in its definition. Ifs valué cannot be established without meking reference to
the technique of observation. L |

Twé.obaervers estimated et what residual range 016 tracks were so
widenéd by delta reys that some of the grains would not have been.éonsidered
part of the track locus had they occurred on the_ﬁrack.of a singlyeéhaiged
particle. Heavy=~ion tracks were used so that'a-good‘density of delta r&ys.
would be present. This residusl range was sbout 150 microns. Hére the energy
of the‘oxygen ion is 2 160 M’ev.12 The delte ray épectrum at this energy extends
up to 22 Kev, and this value was adopted for LA

We believe that particu;arly in near-minimum tracks, where the grains
are ﬁidely spaced, observers who are blob~counting accept grains as pértvof
the track locus that extend 1.25 miérons_or more from the true traJecfory of
the particle.

From the‘range-enargy relation, W, must be eround 2 Kev for a crystal
radius of ebout 0.1p (K.5 emulsion). With 'wm as high as 22 Kev, the value of
A .then is insensitive to W This evaluatioh of 4 fa;ls when 2 mc2Bo2
falls below LA Then the nominal upﬁer limit of the dé;ﬁa ray spectrum does

not reach the limit Vi set by the observer. I the ebove formules were exact,

784 15
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/4 would fall to zero and remzin zero for all Bo such tﬂatl 2 mce'r:‘»o-2 < W
ﬁowever, in a sensitive emulsion the observed grain density does not fall to
n at very low particle velocities. Actually the crosé section for producing
delta rays of any .energy less than th§£ of the pérticlé 1tself never completely
vénishés. As mentioned sbove, our simple formula for the delta ray density was
derived with the suppcsition that the atomic electron velocities are small
compared to the particle velocity.- A much more eleborate study would be neces=-
gary to treat courrectly the terminal portion of the track.

| We find A= 3.9 per 100 microns, and edopt tﬁé relatibn' gy = 3.9 z2/Bo2
pér 100 microns for all high velocities. | j

The difference g -g, is présumably the primary grain density; It is

almost surely father complicated in its dependence.oﬁ the rate of energy loss
of the primary particle, as discussed in Ref. i. Long ago, hoﬁever, a formula
- was derivedll with simplifying assumptions that may approximate the true situa-
tion. The assumptions were merely that an incfement in grain density.is to be
attributed to the product of three factors: the increment in the effeétive
‘raté of energy loss, the remsining density of grains nof already rendered
developable, and a parameter measuring the emulsion sensitivity. The relation-
ship found was

‘AI')

g, = n(-e M) (20)

Here A measures the emulsion sensitivit&, and I' is the effective rate of
energy loss. _ |
In Fig. 2 we have plotted -'JZn(l - gp/n)'vs. I, vhere I' is
taken to be the restricted rate of energy 105512 ﬁith a cutoff at 2 Kev. We
can assign a sensitivity, A , of 0.048 gm/Mev--cm2 to this K.5.emulslon if

we agpproximate the 'dmtazby a straight line throuwgh the;origin.
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VI. OCRAIN DENSITY IN THE RELATIVISTIC REGION

In virtue of the simple behavior of béth the primary and secondary
grain denslities when the track is highly unsaturated.and Bo 2 1, we can
wriﬁe

g % n >\z2 U+ /422/{302 ' (11)

where z2 1! = I'. The second term.is new, and we are certain that it is not

negligible. In K.5 emulsion our crude estimate of A implies that 25 percent
of the grain density at the minimum is of secondary origih. The relativistic
_rise of I does'not'affect ﬁhé secondary grain density; on the coatrary, By
falls some 6 percent between the miqimum and the plateau. For this reason,

the mihimpm of grain density méy be non-existent or at least less pronounced in
tracks of multiply-~charged particles.l' In sﬁch tracks the grain denmsity will
already be tendiing to‘saturaté at the ilonization minimum.

In the relativistic region'where small differences are important, special
precautions were tsken in our observations. One waé'careful control of the
temperature of the emulslon at the timé of exposure.‘ Another was minimizing the
time lépse between different exposures. All tracks.to be compared were produced
in the emulsion at the seme temperature and within a time interval of a few
'hours at most. They were produced in the same emulsion pellicle and were
developed simultaneously. Different kinds of particles near the minimum
generally were caused to traverse the emulsion at 90O to each other so as to be
readily ldentified.

We always measured ratios of grain densitiés neér the minimum end have
nérmaliZed all grain densities, g; to unity at the minimum. The results |
are shown in Fig. 3.

The primary grain density rises from the minimum to plateéu by a factor
of 1.18. The theoretical curve of 'gp, assuning that 1£ is proportional to

the restricted rate of energy loss in AgBr, 1s also graphed in Fig. 3. The
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curve is drawn for a mean excitation potential.éf AgBr equal to 442 e.v., end
8 delta ray cut-off of 2 Kev. Vhile we believe these results to be reliable,
-we do not consiaer them to be final and decisive for the question of the
behavior of the relativistic rise in grain density. In order for this rise
to be used Quantitatively to measure trans-minimum particle velocities, much

more véry painstaking work will be required.
VI. INDICES OF MERIT FOR EMULSION

The information density in a track 1is limitedfby the maximum gap density,

Bmax' In general, thg higherlﬁhis guantity the more information the track can
yield. Of course, such optica} rqsoiution then must be employed that .Bmax

does not change with the opfical resol§ing power. It is directly related to

the devaléped grain diamefer, a (= l/éBma¥)'

‘The sensitiviﬁx of thp'emulsion is usually measured by the grgin density,
gmin, produced at the minimum of ionization. It is necessary to det?ﬁine this
at some preselected Tog level.f It may perhaps be arbitrarily established at
one background grain per 1000 cubic microns. If oﬁe states the quantity (gp/n)
at the minimum, he gives a more absolute measure of the sensitivity for the
halide concentraticn ié then eliminated from the measurement. For our K.H
emulsion this ratio wes 0.037:

The saturation lecunarity, L , limits the amount of information that
is obtainable from tracks of slowly moving particles. As the ionization
increases, eventually a point is reached at which the gap~structure of the
track measures the guality of the emulsion rather fhan the particle velocify.

We have mentioned the limitation caused by the finite density of grains. If,
in sddition, the emulsion céntains a popuwlation of totally 1n§ehsitive grains,

the gap density will be incressed. Transparent or soluble ocelusions will

have the same effect.
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The quantities B, &, and L are all operationally defined
and can be.used to describe emulsion gquality. It sﬁould-be noticed that
gmin can be gi%en for en emulsion of any sensitiviﬁy if, as is reasonable
to egsume, g varies linearly with 1’ iﬁ the very uhsaturafed region.
Altérnatively A can be quoted. Both Bmax and Lo' of coﬁrse, must be

measured with such an optical resolution that it does not affezt the measure-

ment.
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FIGURE CAPTIONS

- Figure 1
The observed grain density of singly and doubly-charged. particles igAK.S

emulsion versus velocity Bo. Measurements by different mefhods were made

;n bverlapping regions of 'Bo. ‘The légend.is: * minimum in this K;S emulsion,
O tracks of Z h&perbns (1acunarity method), A trécks of K mesons, pfotons

and 1 mesons (lacﬁnarity method),'[j tracks of the same pérticles using,thevr

gap length coefficlent method, {7 tracks of K mesdns,*n mesoné and electrons

(biob count.method), and o.tuacks of & particles (lacunerity method).

Typical errors are iﬁdicatgd. ‘

Figure 2 -

g ] R
The quantity - 1n (1 - EE-)‘ as a function of the restricted rate of energy

loss 15 . The cutoff ehergy for 1' was taken to be 2 Kev, hencé the subscript.

2

Typical errors are shown. .

Figure 3 -

. The ratio of primary grain density to that at the ﬁinimum plot£ed versus (1 - %)1/2
in the relativistic region.  The solid curve is the restricted’energyhloss rate
normalizéd to unity at the minimum. The legend 1s: O " measured grain densitj

ratio in X.5 emﬁlsion, v measgred grain density ratiovin G.5 emuléionf The

errors shown are statistical standard deviations.
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