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TE GRAIN-DENSITY OF EMULSION TRACKS
Jack W. Patrick and Walter H. Barkas'

Lavrence Rallation Laboratory
Undverszity of Celifornia
Berkeley, California

ABSTRACT

Mcasurements of the true grain density were made by several
metheds on the tracks of electrons, plons, K mesons, protons, I hyperons,
ond alpha particles. The curve of graln density versus velozlty in K.5
emulsion was cbisined. The results found by different objective methods
and by different observers are in agreement. Owing to the finite density

-of silver-helide crystals in the emulsion, the grain density saturates.

The neture of the saturation effect was studied. A decomposition of the
grain density into primary‘and aecondary compenents was made Even at the \

minimum of grain density, some 25 percent of the'grains are of sccondary

origin. Since only the primery grains are affected by the relativistic

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

grain denslity ratio 1s affezted. Special observations bf the grain density

in the reletivistic region were made, taking precautions to avoid tempera-
ture, fadihg, end development~difference effectas. A rise to the plateau of
18%. in the primary grain density was found. This impliea e mean excitation
potentisl for AgBr of 442 e.v. Finally, indices that measure emulsion quality

Care suggested.
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THE GRAIN-DENSITY OF EMULSION TRACKS

~ Jack W. Fatrick and Walter H. Barkas

- Lawrence Radietion Laboratory
University of Californie
Berkeley, California

I. INTRODUCTION

The grain density in_the emulsion—track of g charged particle is an
indicator of its Qelocity. The information implicit in the tiackoétructure,
~ however, geneially is only partly utilized.' Some reduirements for more
rapid and acourate determination of the Velocityvof'a éaiticle from measure-
ments on its track are (a) understanding of the connections between the
various measures of the grain‘density and ﬁhé true grain density; (b) know-
© ledge of the measurements that‘will yield the optimum amount of informatién
from a partiéular»frack segmént;_(c) knowledge of the connection between

the true grain density and the par:.:icle velocity; (d) esteblishment of the
‘relationship of the primsry and secondary grain density‘in a track to‘eaéh
other, and to the particle charge &ad velocity (this is required especlally
for interpreting the ratio of plateau to minimgﬁ grain density); and
.(e) establishment of 1ndices of merit for emulsions,which define the density
of information obtainable from a tréék'and the velocity intervels in which
the track.can‘yield inforumation regerding the particle velocity.

These guestions recently were restudied theoretleally, and congider-

able progress made.l’d

1In this paper we carry on the investigation, largely
empirically, by analyzing the results of measurements at many velocitles 1
gome seven emulsion stacks, end in several additional plates. An essentlal

preliminary is the operational definition of measursble and useful track

quantities (icnizaticn paremeters).
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A particle tfack 18 seen as & more or less continuous series of
grain images. These are rouéhly cirCﬁlar in prdjection, but their cénters,'
in éeneral, are displaced around the particle trajectory;vboth vertically
and horizontally. They may occult each other or be too close for resolution

" with the optical equipment employed. They vary in size.

Suppose the length projected oﬁ & plane perpendicular ﬁo the line of
sight between tbe centérs of two grain insges is»cbnsidéred} This is a dis«~ .
tance "a" when the grains can'sust be resolved into two objects. Then if
“c" ie thevdistancerprojeoﬁed oﬁ.the particlevtrajegtory‘between the centers
of two such grains, and the:pfojected image of no other grain comes between
them, & gap of length c~a. is sald to exist in the tfackg Since "a" wvaries
for different pairs of grains, én.expectaﬁion velue, <&} = is defined
which describes in one combined psrameter the emnlsion, the optical equipment,
‘and thé observer characteristics# The blob density, B, is defined as the
linear density of geps, orbof clusters of unresolved grains in the track.
A quantity H = H(L) is the density of gaps exceeding the length L, it
is; of course, also equal to the density Qf'cluéters of grains in which are
found no gaps exceeding 4?; The blob density is, tﬁerefore, the speclal
| case of a cluster density in which _/€= 0, so that B = H(0). If.different
- values of x?, némely _11? ',f;, etc., are'considered, severﬁl valu@s of

H, H HE’ Hj’ etc. are introduced.

lﬂ
THe lacunerity, L, of the track is the linear fraction of it that

consists of gaps. Thus

L= A8 an - (1)
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We define, but measure only indirectly, the primary gréin density,
gp, the secondary grain density; Byr and the‘trge grain denslty,
g = gs'+ gb( .The primary grain density 1s the denéity of cfygtals‘that wére
penetrated by the particle in traversing the emulsion.and éubsequently
devéloﬁéd into silver grains. The average number of silyer-halide crystals

penetrated per unit path is n. Then
_ v . 2\

'<D5\

n

| (2)
’b?)

where c is the silver-hallde conﬁentration,' 333&- i3 the mean projected

area of a crystal, and 54%222 15 the mean crystal volume., The maximum

~value of gp, 'of:course, is 3n,: Secondary'giains are those that dévelop

along the path of the particle and ere counted &s part of the track, although

they were not penetrated by the moving particle. Deita rays are projected

| from the patﬁ of the primary particle, and they render crystals'deVElépable

that.were not traversed by the primary particle. At velocitiéé low enough

for the delta-rey dénsity to be high, however, the range of the delta rays

"is limited. In addition, there is a certain displacement, ;7 , from the axis

of a track that a graln cannot exceed and still be recognized as paxrt of the
track, The number » N, of grains per unit volume of emulsion is finite.
The'liﬂeér density of crystals; n,, within a cylinder of fadius f? ,
therefore, is aiso limited, and n, is a saturation value of the grain den-
sity phat g does not exceed. As the charge on an iOn‘iﬁcreases, however,
the density of delta rays produﬁed by it and the.gffective value of /W both
iﬁcrease élso. | . |

Photons prdduced by the ionizing particle in the transparent gelatin may
be an additional source of secondary grains} No means for their identification,

should they be pfesent with an appreciable density, havé.been developed, however.
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II. METHODS FOR MEASURING GRAIN DENSITIES

Thevﬁrue-grain density, g(f agldam can be measured merely by counte
ing the developed grains. .The errof_involﬁed in suchva measurement rises
rapidly as the grain density 1ACreases; The density of silver-hal;de cryspals
in K.5 emulsion 18 Aboux 100 per cubic micron. Even if just one per micron
of particle pafh were réndered developable, onl& 37% would‘be resolveble as
single cbjects under thevbést m1¢roacope, end the blob density would be
ebout 0.6 per micron. vAé the éréin deﬁsity risés,_it reaches & point where
counting is hoPeigss_and 1t becomes necessary to cbtain estimates of the‘true
grain_deneity indiiect1y from the track. features that rémain meeasurable. The
quantitiéu defined in the introduction have been studied theéretieally, and
same are suitab1e~f$r this purpose. Their definitions rather precisely pre-

scribve the way 1n‘which messurements are to be taken, end only technical

details may'be varied. Ih practice; many of our measurements were made on

& mschine developed for the purpose. A deecription of sn early model of the
instrument has been given-5 It provides a meéns for moving the plate parallel

to the track at an adjustable velocity. The track 1s kept centered 1h the

- mieroscope field and in focus by an cbserver who holds & key depressed during

the time that a fine reticle line perpendicular to the track crosses the
track in a gep. He releases the key when the end of each gap 18 reached,
and deﬁreases it when each newngap first reaches it. The lengthsof track and
gap, the number of gaps, and the distribﬁtion of gaps 1n ten intervals of
length are tabulated electronically.v For reliable wbrk the stage velocity
must be decreased until no change in results are produced by & further reduc4v
tion in Bpeed.v '

The connectlons between those measurements and the true grain density

vere estebliched by theory.'’? We quote the pertinent results. The formules
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are written for unit length of track, -

ge-g(a+)f)

It was found that H(Ag) = ,'where g 1is the expectation value
of the grain density, and H 1is the expectation velue of the cluster density.
Good empirical evidence for the exponential gep length distribution was first
put forward by O'Ceallaigh{ The distribution of many hundreds of geps is
given by Menon end O'Ceallaigh.h The expectatibb value of the lacunarity 18

L = e &
80 that an estimate of z 18 obtained from

3L=-'-£§-'-I-‘- - | ) (3)

- The ﬁarameter o must be measured in order to derive g from single
meaéurements of B, H, or Ly As g varies, it may be noted that B (= ge'gz)
_pgségs through a mgximum at ¢ = 1/, or a-# (eBmax)“l. Observation of the
: méximum'value, ~3ﬁ4¥, of the blob density 1s simp;e, and is an'operétionally
cotféct meens for determining O« We have done thiq for each coﬁbinatibn of
emulsion, optical‘arréngement, and observer used in meking these measurements.
The grain diaemeter, a, 1s perhaps even better obteined merely by
obgerving B and L in tracks similar to those‘being measured. ‘Then

-k ,éh L is an ekpreésion for «. that takes sccount of the instrument and

B
observer idiosyncrasies. The introduction of such en operationally defined
paremeter greatly improves the objectivity of grain density measurements. If
each observer uses his own value of @, one expects and finds no systematic
differences between dbaerveré. The quantity o here is 293 the symbol o used
by Alexander and Johnston5 in applying 0'Ceallaigh's thedry6 6f the track

structure. Because in 0O'Ceallaigh's emulsion model the crystals ere confined

to iie with their centers on the particle trajectory, the crystal dlemeter
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appears explicitly in their formulas. Our notation was selected to be in

accord with that of Fowler and Perkins.7

The derivation of g from the measurements was carried out by a number

of methods. The gap length coefficient method yields a value of g without

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

the velue of H at two gep lengths, ,[; and /(é. Then

~ A [mC L)) (1)
Ly = 4y

g

1f only two velues are to be measufed, then one takes ,4?& =0 and’ H(,éé)xn &/5.
- One can &lgo calculatg g from Eq. (3). Of course, g then contains any uncer=
tainty thet existé in Q.

. The mos£ effigientlmeana for utilizing the granularity 1nforﬁation is
the method of maximum likelihood,7ﬁhich combines thejgrainhdensity éétimate

from the mean gap length with that f:om the mean blob 1eng§§,2 This method

was not developed for applicatioh to grain density measurements at the time our
work was carried out, however. To attain a givén statistical éccuracy, more
work was required than would have been necessary by the imbroved procedure.
On the other hand, tﬁe divérsity of methods that we employed tested the theory
more completely.

welhave noted that because the denslty of silver-halide crystals 1s
finite, & maximum gritinadensity B, Will be cbserved in the track. The limit-
ing lacunarity 1s e °  end the limiting gap density is ne % + Some cone -
Jectures regarding other emulsion defects have been made.7’8_ Although the

. ' . ' _ _ Referevaoe

possibllity of thelr presence was mentioned in Ref, 1, the effect of such
defects in the emulsion'waa not readily treaﬁed. At‘very low particle veloci~

ties; nevertheless, a limiting empirical lacunarity Lo 18 found that does

not vary with particle 1onization. Whilé wé have no definite indicatioh that
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they are important, we may consider how they would be manifested in emulslon.
A particle that produces delta rays copiously could presumably render
developable all the crystals in e cylinder of one micron radius. Then in
150

K.5 emulsion, the lacunarity would be less thanv e s ¥were there no
defects in the emulsion. In such a track any gaps should be attridbuted to
emulsion defects. Even in an emulsion free of defects, however, gaps occur
in tracks when n, is not large., We define the saturation gap distribution
Ho(l) as that gap distribution which does not change with increasing particle
charge for A fixed particle wvelocity. Then, in principle, the saturation of
g can be avoided 1f one defines ideal quantities H'(2) and L' in terms

of the observed H(1) and L by

() = H(2) - (1 -1) H (1) | - (5)
wa ow oo Ea (©)
0 o

III.  OBSERVATIONAL PROCEDURE

Somé-dependence of the degree of development on depth in the emulsion
is likely tovexist. We believe we have eliminated this effect from consider-
ation in these measuremeﬁts; We used plates in which there was obviously little
change of grain density with depth in the emulsion. All were developed by
our method of immersion during the hot stage in developer of reduced concen-
tration. In addition,’we elther calcuiated average values of g for tracks
that ﬁere slightly inclined in the emulsion and sampled all strata, or we
paired known and unknown tracks and observed grain-density ratios of tracks

that were at the same depth in the emulsion.
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The angle of inclination; S ’ of‘the trgck was required to be small
for the track to be used for a grain deﬁsity measurement. 1f the correction
for dip turned out not to be éompletely negligible, it was made according to
the following general piocedure: A.universal relation. y = xe_x exists
betwéen y ® Hla+ f)sec § and X = glo+ 4 )sec 5_ , where _{ is the gap _
length in a projected image of the track, H 1s the average number of |
clusters in unit projected length of the track, and (x/2) - § is the
angle between.the track in the unprocessed emulsion and the normal to the
emulsion plane.2

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

In the veiocity interval between BO =0 and Bo = 0,2 din units of the
light velocity, c; lacunariiy measurements ﬁere made with 25 x 100 pbwer
magnification on the tracksvof alpha particles, sigma hyperons, protons,
K-mesons, and pions.

Each flat track was examined carefully to determine the identity of the
perticle. The ending waes scfutinized to insure that the particle came t¢ rest.
A track was discarded 1f there was any reason to doubt 1ts identity §r the
certainty of its coming to rest. The work 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 values of g were
found by all observers, snd different methods of measurement also yielded the
same result.)

For the velocity interval between ﬁo % 0.2 and ﬁ0-= 0.5, proton end
K-meson tracks were observed under 25 x 100 magnification. The gap-length

distribution was used in conjuncticn with the blob count so as to obtaln the
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-8a-
TABLE I
- | Pelllcle -
Emulsion Emulsion 8ize N
Designation Type _(in. )2 Thljﬁe_ss Particles ('W)ma.x
A - K.S 6x9 600 K 0.870
. v 2
o 4T ,p veriable
B G.5 6x9 600 K 2.33
BB K.5 1x3 600 X~ 5.16
' e 1409.
ID G5 13x3 600 < 2.58
K-5 K.5 1x3 600 ©0.250
' P variable
8D G.5 1x3 200 P 6.61
e 391..
Y K.5 3x6 600 < 115,
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gap length coefificlent with the beét precision. Datg were collected using
both a simple divided reticle in the microscope ocular and the special instru-
ment mentioned above.

In the velocity interval Bo > 0.7, the method of blob couﬁting also
was used. If the available amount of track is not limited, the effort
expended pér unit of information is about the same for the two methods. More-
over, no speciai equipment is required for blob qounting. The value of «
appropriate to the observer, optics, and emulsion combination must be determined,
~ however, in order that g be found from the relation B = ge &,

We used the trécka‘of protons, K;mesons, pione, and electrons. When
the particle stopped in the eﬁulsion, 1£s tracks and ﬁerminal behavior were
'carefully studied to check its identity and to éetablish that it came to rest.
Measurements began et the terminus end were carried up to any desired velocity
by following ﬁhe track. |

In some cases we blob-counted tracks of perticles that did not stop in
the emulsion. Their velocities then usuelly were 6bta1ned by magnetic enalysis.
For example, the BB plates were exposed to a magneﬁically analyzed beam con-
sisting of 70% pions énd 30% electrons. The grain deneity identified the
particles. A sample of abéut 80 tracks was blob counted. The distribution
revealed two separated peaks,

A one-millimeter grid photographically printed on each pellicle was
sufficiently accurate for the estimate of ranges exceeding about 3 centimeters,
ﬁhen allowance for the dip and large scaettering angles was made, BShort ranges
were usually measured with & calibrated eyeplece féticle or on an auﬁomatic
coordinate read-ocut microscope.9

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

thet did not stop in the emulsion, then two procedures were available:
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(1) The besm momentum was known and the corresponding range R when the
particle entered the emulsion was calculated. ‘The path length in emulsion RA

was subiracted, leaving the residual range R = Ro - RA at the point of
measurement. From this range the velocity Be was detérmined. In thé SD

and BB stacks, the beam momentum was accurately known. The calculation of it
at the point of grain density determination then was rélatively simple. In the
ID stack, protonsvthat had been magnetically analyzed along with the plons were
followed into the emulsion from three.separate points bn the beam edge 6f the
pellicle. The beam momentum véried along the edge 86 these three poilints
represented high, low, and medium mémentum. The proton ranges were measured,
and this éave the common momentum of protons 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 individually - only a statistical method
was avallable, but the grain denéities separated into two groups assumed to
éonsist of w~mesons and electrons.

(2) .The second momentum determinatioﬁ procedure was used for electrons iIn the
8D stack and for secondary plons in the Y stack. This was the method of multiple
scattéring.

The electrons were produced by the Lawrence Radiation Laboratory synchro-
tron. Their moﬁentum at entry was found to be 1mperfec£ly defined although they
had been magnetically 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 pﬁo and g
wére assigned to each track. The data from iracks found to lie in small inter--
vals of pB =~ were eventually averaged.

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

sc0pe.lo The mean angle. of scattering end the momentum were computed from the
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data cards by an IBM 650 progrem.
IV. GRAIN DENSITY VERSUS PARTICLE VELOCITY IN K.5 EMULSION

The grain density wasvobtained in each velocity interval by the nmethods
described in Sections II end III. These date were then subjected to a statis-~
,ticai error evaluation épprqpriate to the method used.

Iﬁ Fig. 1 the grain aﬁnsity measurements in K.5 emulsion are plotted as
(; function of 'ﬁo. The method'of measurement i1s indicated by the character of
the plotted point. There wds cénsiderable overlap of‘different methods 1in scome
velocity intervals, and in somé intervals three methods were employed. No
systematic differente in the reéults obtained by different methods was observed.

We notice that at low velocitles the apparent grain density does not
saturate at g = n = 328/100 microns, as the primary grain density must in
this emnlsiop.. The curve doeé tepd to flatten, however, belqw Bo = 0.07.
This portion of the curve is derived from lacgnarity measurements near the
terminl on the tracks of singly charged particles. We are able to wnderstand
this behavior better by noticing the «~particle branch of the grain demnsity
surve. The same saturated grain density 1s reached by both singly and doubly
charged particles. We interpret this to mean that in K.5 emulsion an irreducible
track lacunarity Lb is present and is equal to 0.0l~0.05,'regardless 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 grain measurements.

On the other hand, vhen 60 > 0.1, the curves for charge 1 and charge 2
start to separate, and above Bo = 0.15, K.5 emnlsion permits us to measure a

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

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

particle velocity may exceed n because the primary. grain density saturates at
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gp e n, and, in addition, secondary greins are present.
We shall now calculate the density of such secondary gralns produced by

delta rays. The range-velocity relation for protons ie
R = 3,6 x 10° %2 microns. (8 < 0.3)

The range, - Re, of a low-veloclity electron is dbtaineq with satisfactory

accuracy from the proton xange‘merely by multiplying by the mass-ratio (1,1800):
R~ 2x 162 103, (1)
The grain density at veloaity B8 according to our measurements is given by:

8,2 9.2 = 32 B per micron, (B < 0.3)

for a singly-charged particle in K.5 emulsion. Then the humber of grains,

6(8), 1n an electron track of initial velocity B can be found by integretion.

S . 2000

G(ﬁ) = g 4R B — “(o (9.2 - 32 a) ‘37/3 ap

e 2

(8)

= 0,18 w5/5 - 0.03 276

)

wheré w(= 256 Ba) ls the electron energgy in Kev. The number of delta rays in
the energy interval w +to w + dw on the track of a particle with charge ze
and velocity ﬁo is about 9$§@32~33 %g per micron. This formulé bresaks
o}

down‘at delta ray energies that are comparable to the electronie bindipg
"~ energles in the stopping materisl. |

The number of grains gg per mieron produced by the delta reys along the
path of a particle of charge 2ze and velocity Bo then is found by iategrating

over W
A ’ 2

€=
83

(9)

o
W
na
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with A = 0;68.(w 2/3 . W 2/5) - 1.1 x 1072 (w 76 . W 7/6).
m o m V)

In this egpression, wé represents tﬁe lowest average energy of délta
rays contributiﬁg tovthelsecondary grain denéity, aﬁd. v .is the maximum
energy that é delta ray mey have while its grainsvstili are considered part of
the track locus. |

The delté rays of longest range ere prbjected fCrward and tend to lie on
the particle trajectory. Electrons are very much scattered, However, so that
some will reach points off the particle path{ The definition of LAY therefore,
must be made carefully. Obviocusly the Judgement of the observer plays a part
in its definition. Ifs valué cannot be established without meking reference to
the technique of observationQ | 3 |

| Two. observers estimated at what residual range Cﬂé tracks were so
widenéd by delta rays that scme of the grains would not have been‘¢onsidered
part of the track locus hed they occurred on the,trackvof a singlyséhafged
particle. Heavy-lion tracks were used so that'a good‘density of delta rays
would be present. This residual range was about 150 microns. Hére the energy

2 The delta ray spectrum at this energy extends

of theroxygén ion is 42 160 Mev.™
up to 22 Kev, and this value was adopted for wﬁ.

We believe that particularly in neer-minimum trecks, where the grains
are ﬁidely spaced, observers who are blob-counting accept grains aé part of
the track locus thet extend 1.25 miérons or more from the true trajectory of
the particle.

From the range-energy relation, LA must be around 2 Kev for a crystal

radius of about O.1p (K.5 emulsion). With v, s high as 22 Kev, the value of

2

A then 1s dnsensitive to Woe This evaluation of 4 fails when 2 mc2Bo

falls below v Then the nominal upper limit of the delta ray spectrum does

not reach the limit Vi set by the observer. If the sbove formules were exact,
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/7 would f21ll to zero and remain zero for all BO such_tﬁat' 2 mcg'ﬁda < W
However, in a sensitive emulsiqn the observed grain density does not fall to
n at very low particle velocities. Actually the cross section for producing
delta rays of any energy less than th§£ of the particle itself never completely
vanishés. As mentioned above, our simple formula for the delta ray denslty was
derived with the suppcsition that ﬁhe atomic electron velocities are small
compared to the particle velocity. A much more elaborate study would be neces-
sary to treat correctly the terminal portion of the track.

| We find A= 3.9 per 100 microns, and adoPt the relat;on g, = 39 z?'/fso2
pér 100 microns for all high velocities. | |

The difference g - gs is présumably the primary graln density. It is

almost surely rather complicated in its dependence oh the rate of energy loss
'of the primary particle, as discusse@ in Ref. i. Long aéo, however, a formula
wa.s 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 factorsx the increment in the effeétive
'rate of energy loss, the remaining density of grains nof already rendered
developable, and a parameter measuring the emulsion sensitivity. The relation-
ship found was

“AI ).

g, = n (1 - e (10)

Here A measures the emulsion gensitivity, and I' is the effective rate of
energy lcss. |

In Fig. 2 we heve plotted - n(l - gp/n)‘vs. I, where I' is
taken to be the restricted rate of energy 105512 ﬁith a cutoff at 2 Kev., We
can assipgn a sensitivity, A , of 0.048 gm/Mev-cm? to this K.5 emulsion 1f

we approximate the ’Awth/by a streight line through the origin.
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VI. CRAIN DENSITY IN THE RELATIVISTIC REGION

In virtue of the simple behavior of both the primary and secondary

grain densities when the track 18 highly unsaturated and ﬁo Qf’l, ve can

write

g & n N2t 4 /]22[[302 ' (11)

where z2 3! = 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 origin. The relativistic
rise of I! doesvnot'affect the secondary grain density; on the contrary, By
falls some 6 percent between the minimum end the plateau. For this recason,

the mihimpm of grain density méy be non-existent or at least less pronounced in
tracks of multiply-cherged particles.l In sﬁch tracks the grain density will
already be teniing to,saturaté at the ionization minimum.

‘In the relativistic region‘where small differences are important, special
precautions were taken in our observations. One waé'careful control of the
temperature of the emulsion at the timé of exposure.' Anothef vas minimizing the
time lapse 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 pellicdle and were
developed simultaneously. Different kinds of particles near the minimum
generally were cauged to traverse the emulsion at 90O to each other s0 &8 to be
readily identified.

We always measured ratios of grain densitiés near the minimm and have
n§rmalized all grain densitles, g, to unity at the minimum. The results
are shown in Fig. 3.

The primary grein density rises from tﬁe minimum to plateéu by a factor
of 1.18. The theoretical curve of gp, assuning that 1£ is proporticnal to

the restricted rate of energy loss in AgBr, is elso graphed in Fig. 3. The
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curve is drawn fOr a mean excitation potential of AgBr equal to Lh2 e.v., and
a8 delta ray cut-off of 2 Kev. Vhile we belleve these results to be reliable,
‘we do not consider 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 very painstaking work will be required.
VI. I1INDICES OF MERIT FOR EMULSION

The information density in a track is limitedjby the maximum gap density,

Bmax’ In genefal, the higher this quantity the more information the track can

yield. Of course, such optica; resolution then must be employed that B oy
does not change with the optical resol§ing power. It 18 directly related to
the devaléped grain diameﬁer, o (= l/égmax)'

The sensitiviﬁx of the emulsion is usually measured by the grgin density,
€pin’ produced at the minimum of ionization. It is necegsary to detgﬁine this
at some preselected fog level.’ It may perhaps be arbitrarily established at
one background grain per 1000 cubic microns. If one 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 0.03%7.

| The saturation lacunarity, Lo’ limits the amount of information that
is obtailnable from tracks of slowly moving partiéles. As the lonization
increases, eventuaily a point is reached at which the gap~structure of the
track measures the yuality of the emulsion rather than the partlcle velociﬁy.
We have mentioned the limitation caused by the finite density of grains. If,
in addition, the emulsion céntains a population of totally insensitive grains,

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

have the same effect.
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The quentities B ., &, , and L are al; operationally defined
and can be used to describe emulsion quality. It should be noticed that
Byin can be given for sn emulsion of any sensitivity if, as ig reascnable
to sssume, g varles linearly with I' in the very unsaturated region.

Alternatively A can be guoted. Both Bma and Lb’ of course, must be

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

ment.
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FIGURE CAPTIONS

- Figure 1 : : - ,
The observed grain density of singly and doubly-charged particles iéﬂK.S

emulsion versus velocity Bo‘ Measurements by different methods were made

in overlapping regions of Bo‘ ‘The legend is: * minimum in this X.5 emulsion,
0 tracks of = hyperons (lacunarity method), A trécks of K mesons, protons

and x mesons (lacunarity metﬁod),'[] tiacks of the same par;icles using,the»:

gap length coefficient method, {7 tracks of K mesons, x mesons and electrons

(biob count method), and @ ‘tracks of o particles (lacunarity method).

Typical errors are indlcated.

Flgure 2
g .
The quantity =- 1n (1 = EE ) a8 a function of the restricted rate of gnergy

loss 12

Typical errors are shown.

+ The cutoff energy for 1' was taken to be 2 Kev, hence the‘subscript.

Figure 3

The ratio of primary grain density to that at the minimum plotted vefsus (1 - %)1/2
in the relativistic region. The solid curve is the restricted energy-loss rate
normelized to unity at the minimum. The legend is: O measured grain density

ratio in X.5 emulsion, ¥V meagured grain density ratio in G.5 emulsion. The

errors shown are statistical standard deviations.
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mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





