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ABSTRACT {

A synopsis.of the mechanism of formation of the photographic
latent image is presented. ‘The role of delta-rays in latent image
formation in nuclear tratk emulsion and their relationship to track
grain density are discussed. Varioﬁs sou‘kes of background and their
qualitative effect upon the-limit of detection of nuclear emulsion are

. o0 . .
discussed. Low temperature (5 to'77C) prod‘lsrng of nuclear emulsion

»

is described. The physical and CheTiEal processes occurlng in each of the
o~

processing stages are dlscussed )The de51gn, constructlon and operatlon
of a large scale nuclear emu1510n processing system is 1ncluded.'

.In hiéhlenergy~physics experiments using nuclear emulsion as
a detector, it rs concluded that minimization of fog background in
order to optimize the 1imit‘of detectability of miniﬁtm tracke is of
utmost importance. In procéssing, presoaking serves to swell the
emulsion which increases the developer penetration rate during the '-{
development stage. Temperature control of * 0.5° C is necessary dur%ng
the developing stage of low: temperature processiﬂg since the develepment
rate is exponentially temperature Aebendent: The‘fiking rate is. -
concluded to be a diffusipn controlled because of the large .
thicknesses of nuclear emulsion peliicles. Consequentl&, the steady-

state fixing rate is equal to the rate of dlscharge of 511verrthlo- )

sulfate complex ion from the emulslon pellicles. Circulation in the!
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-

fixing'béth increases the rate of fixing by increasing the afore-
mentioned rate of discharge. Iglis'found that after thewfinal alcohol
drying stage the emulsion thickness is greater than its final thickness

by a factor of 2.3 * 0.1 since it still contains excess absorbed water .

P

When designing a nuclear emulsion proeessing system, it is
found that type 304 stainless steel, plegiglass, ?olyvinyl chloride and
chlorinated polyvinyl chloride are staisfacfory construction materials
since they are capable of resisting corrosion by any of the pfbcéésing ‘

solutions. Installing stainless steel processing vessels inside

i'lnsulated polyethylene jacket tanks through which a contlnuous flow of

’ .
temperature regulated coolant is passed Qrov1des the necessary temperature

control.

. ‘ . R . |
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STATEMENT OF OBJECTIVES. '

N - 1
The objectives in performing the work for and the writing of
this tﬁesis were:
~1) To'design and. successfully operate of a large scale
Processing system for Fuji nuclear track emulsion. A 25 liter

Fuji stack was processed with this system during the winter of 1979.

»

‘The two basic processing.procedures weré supplied by Japanese ”
emulsion’physicists from Nagoyé, Osaka City and Kobe Universities

in Japan. . ’

ii) Té describe in détail the chemic%l and physical processes

occuring during the various Processing stages.
' . 3

. ”

~ -
= .



STATEMENT OF ORIGINALITY . ;

. a
“ *
!

\ | B
To the best of the author's knowledge, the followxng are
orlglnal contributions to the field of nuclear emulsion.

i) A system design for low temperature proéessing’of nu;lear.
—.emulsion on a large sca{e, At SOC, the processing capacity for 330u
thick supported emulsion film is «7 liters per week. The‘capacity
for 600y thickléupport film is 2 liters per week at 7065'

ii) oA silver grain 4rowth rate model This model, equatlon 2-11,

is derived from the principles of chemical kinetics, electrochemlstry
>~

and chemical thermodynamics., -
iii) A fixing rate model for low temperature fixing
of thick emulsion films. The model is derived from the principles of

unsteady~state mass transfer and chemical kinetics. /

iv) An extension of the delta-ray explanation of the variation of
) . ’

" track grain density with incident pargicle energy. The.ponventional
delta-ray energy distribution, N(E) QE = KE_2 dE is assumed but K is
considered to be a perameter which varies as l/vz, v being the incident

particle velocity. A derivation of the aforementioned variation of K with
. ‘ I ‘

.

incident particle velocity, equation 1.13, is preanted and its effect

upon'ihe variation, with incident particle energy, of the number of latent

e

.
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image producing delta-rays is discussed.

The author wishes to stress that the chemical reactions which

appear in this thesis are standard known reactions and are consequently-not”

part of the originality of the thesis,

\



- involving an internation?} collaboration of physicists from Canada,

‘ .
. .
\ -
) . .
-

INTRODUCTION - - A

4

Expgriment E-531 is a high energy neutrino physics expériment

japan and the United States. This coktaboration is searcﬂing for
neutrino produced, charmed particle dec&ys in nuclear emulsion. The
Canadian ugiversities involved are Ottawa, Toronto and McGill. The -
Japanese universities inwvolved a;e Nagoya, Osaka City and Kobe.

The American university iﬁvolﬁed is Ohio State. Féom mid-

Novemﬁér 1978 to the end of Januwary 1979, the E-531 collaboration
exposed a 25 liter nuclear emulsion stack, cénsisting of approximately

4000 plates and pellicles, to a neutrino beam at Fermi National

:Accelerator Laboratory in Batavia, Illinois, U.S$.A. This stack had

been manufactured by Cénadian and Japanése emulsion physicists, the
author included, at the University of Ottawa during the late summer,
1978, Facilities for processing the exposed E-531 stack were designed
by and built under the §upervision of the author in the Phisics

Department of the.Universitj of Ottawa as the basis of his Master's

<y
e

the51s in nuclear emu151on physics, supervised by Professor J. Hébert.

. This nuclear emulsion processing system is currently the
. =%

largest of its kind in the world. It was used to ptoceSS'the E-531

stack during the six week period beginning in mld—February and runnlng

-

tlll the end of March, 1979.

b

‘r
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1.1 Composition and Properties ‘of Nuclear Emulsion
. ’._‘ EREN

Nuclear emui;ion is composed of énimal gelatin, a plasticiser
such as glycerin, sensitized sil&er halide crystals and water. << Tpe
halide‘crystals are mainly bromide with small admixtures of iodide.

A fing layer of silver atoms and silver sulfide molecqles on the sur-"~
faﬁs}of the crystals acts as a Sensitizer.>>l .The gelatin, "a three
) dimensional_organi; network , acts as a support‘matrix for the crystals.

The crystals are dispersed throughout this network which holds them

firmly in place.

The gelatin is fabricated frbm the skin and bones of animals,

in particular those of pigs and cattle. The essential components ?f the

v

gelatin are collagen from the skin and osseine from the bones. The

. fabrication process is long, complicated and extremely specialized. It
requires approximately foﬁr months to produce a batch of gelatin suit-
able for nuclear emulsion wé&k. << Osseine and collagen are trans-
formed into gelatin by a slow, cold hydrolysis process in the presence
of lime or, le;s often hydrochloric, phosphoric or sulfuric acid.>>2

Many of the details of the various nuclear emulsion manufacturing

processes are industrial secrets and as such are unavailable. For

. further details see reference,l.

1. -Ref. 2, pg. 4

2. Ref. 1, pg. 31.
Y

v

i



1.2 Track Formation and the Latent Image

The trajectories of charged particles traversing nuclear
emulsion are registered by the emulsi;ﬁ. A charged par?icle traversing
a medium transfers some of its eﬁgfgy to the medium conéequently
losing energy itself dué to the various electromagnetic interactiocns
it undergoes. Thus,a charged particle such as a proton traver;ing
nuclear emulsion transfers some of its énergy to the silver bromide
crystals‘%lcng its path, activating them in the process. Some of
these activated crystals acquzg a "latent image".

-

i During the developing étage of precessing, silver bromide
crystals possessing a "laten? image" are reduced to g;ains of solid
silver. 'Mést of those cfystals which do not posses a
"latent image™ are left intact,.being unaffected during the de@eloping
_s£age. The undeveloped crystals are then removed from the gelatin
support durindnthe fixing stage, the developed grains being unaffected
dﬁring fixing. Tﬁus,a track of silver grains which cén be}giewed under a
microscope remaing in the gelaﬁiﬁ network. Complete processiﬁg”details,
including reagqnts and reaétions involved,are discussed in detail in

Chapter 2.

The fine sensitizing layer of silver atoms on the surfacés
of the crystals plays a crucial role in the formation of the latent

image. << The arrangement of atoms in a perfect silver halide crystal



is egquivalent to two interpenetrating face-centered cubic lattices,
one made up of silver and the other of halide ions.>>3 The sen-
sitizing layer is dispersed over the surface of the crystal. The"sub-

latent image" is due to aggregation of the surface silver atoms .into

groups of two or three. The mechanism of formation of these surface
aggregates is still subject to theoretical speculation. The mechanism
to be discussed here is mainly‘due to Mitchell and his co-workers

: 3a
{1953, 1954, 1955, 1957 and 1958}.

\.
\'\

N

A silver bromide‘cryﬁﬁal becomes photoconducting if light is
shone on it and an electric field is applied. This photoelectric
current is believed to be due to the deioﬂization of bromine -ions in

\

the crystal lattice by the photoné of light. In the body of the
crystal, each bromine ion is negatively charged and is surrounded by
six positively charged silver ions. When a bromine ion is ionized bj
a photon of light,the electron is pumped into the conduction band of
the silver lattice where it effectively neutralizes a silver atom.
This electron is not free to move as in the conduction banq‘of an

ordinary.metal. Thé ionized bromine ion becomes a neutral bromine atom

surrounded by six positively charged silver atoms. This results in a

-

center of positive charge or "positive hole". If an electric field is
dpplied, the electrons migrate in a direction opposite to that of the

field, jumping from one atomic sight to another and the holes migrate

- ' - AN
Ref. 2, Pg. 1. ) A

3a Ref. 14, 15, 16, 17, 18, 19, 20

Fav



in the direction of the field. .The migration of the positive holes
can b% thought of as electrons jumping into the holes from neighﬁburing
bromine ions. TIf no electric field is applied, the holes and electrons

diffuse rapidly through the crystal.

-

~

These positive holes and associated electrons eventually
’ ' . . L )
recombine but it is the mechanism of recombination which is critical
to the formation of the sub-latent image. The holes diffuse to "kink

sites" at the surface of the crystal and become trapped since the

electrical poténtial at the kink sites is minimum. This can be under-

stood by cgpsidering the fact that at surface "kink" sites a neutéal

broﬁine atom‘will be surrounded By a minimum number of positive silver

ions rather than the ﬁaximum number of six as in the body. of the crystal.

A hole trapped at a kink site can now be neutralized by one of the '

silver atoms of the sensitizing layer. A silver atom donates an electron

to aﬂgole. The donating silver atom thus becomes a silver cation. <<It

H%glbéen suggested by Mitchell (1954) that immediate recohbination of

the electron in the conduction band with the silver iqn 1s prevented

by the operation of the Frank-Condon principle. The raéius of a silver

. ion is about 1.1 g and of an atom 1.4 g. If the ion is to capture the
P

electron, its nucleus must therefore move out from neighbourihg surface

o
atoms through a distance of approximately <0.3 A, The process of - ~ '

capture is thus rendered very improbable.>>4 The surface silver ion,

Ref. 2, pg: 5.
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though, is free to migrate on the surface of the crystal. It is attracted to
other silver atoms of the surface layer by Van Dé: Waals forces. The ion forms
an aggregaée with one or two silver atoms, thé positive charge being shared bet-
ween them. The charged aggregate then neutrglizes itself by capturing the eleétron
from the conduction band. This neutral aggregate forms what is called a

“latent" sub~image speck. These specks g?gw into latent iéaées by capturing
eiectrons from the conduction band and interstitial-silver ions frém the body

of ~the crystal. Latent sub-image specks can also be produced by surface silv;r
ions and mobile interstitial silver ions in the immediate neighbourhood. In’
conventional photography, the latent image is produced by photon absorption

whereas in nuclear emulsion it results from delta-rays produced by the

ionizing effect of charged particles traversing the crystal.

1.3 Grain Density and The Role of the Delta-Ray

One of the most important properties of processed nuclear
’ %
emulsion is the track grain density, conventionaliy defined as the

number of grains per hundred microns. In nuclear emulsion physics,

it is generally accepted that those crystals acquiring a latent image

along the trajectory of a charged incident particle do so because of

the action of delta-rays produced by the incident éarticle. Delta-
rays are freed electrons produced by theriénizing effect of the_
incident particle. The average rate of energy loss of the incident
particle can only account for the observed grain density as a function
oflincident particle energy if a halide crystal sensitivity disﬁri—

L )
bution identical to the measured distribution in developed grain size

RES



is assumed. Unfortunately, experiments with light indicate théz no
such sensitivity distribution exists. If each crystal acquiring a
latent image is assumed to @q so because of the action of a single -
delta-ray produced in and arrested in the crystal itself, the observed

variation in grain density with incident particle energy can be

e7pfained satisfactorily. N——

Consider a heavy, charged, incident particle of charge ze
and-velocity v traversing a medium. Considér a collision with an
individual electron in the medium. The electron is assumed to be
frge and at rest and the' incident particle velocity great enough that
the electron's position changes negligibly during the collision. The
particle passes within a perpéndicular distance b, the impact para-
meter,of the electron. The incident particle is travelling in the
x-direction anﬁ is moving with sufficient momentﬁm that its direction
changes negligiblf during the collision. The situation is shown
schematically in Fig. 1.1. . e is tﬁe electric field intensity of the

incident particle at the position of the electron and €,is the

component of its electric fiéld perpendicular to its trajectory.

The average ionization energy loss of the incident particle

per unit path length, -dEI/dx, is converntionally given by the Bethe-~

Block formula o



“
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4n22 2 2mv2 2 5‘
-GE_/dx =  n [ log —Y-I-— - 8] (1.1)

where
m - rest mass of an electron
n -~ electron density of the medium '
B - relativistic speed of the incident p;rticle
(B = v/c) | |
»
. € - speed of light
I - a#erage ionization energy of the medium.
The average ionization energy.is an average of the atomic ionizatioﬁ
potentials of the medium. It is found to be approximately proportional
te the atomic numger, Z, of the medium. The impact parameter in a

single collision is propabilistic, the energy transfer to the electron

being given by

2 2 (ap) 6
E o= 2 (2 = == (1.2)

where Ap is the momentum transfer
The maximum impact, b ¢ is
max

b = X _ (1.3)’

-max <>

> Ref. 3, pg. 31.
6

Ref. 3, pg. 29.
7

Ref. 3, pg. 30.



where 3 .
<v> - is an average of the atomic orbital frequencies
2. -5 s
Y = (1 -B") is the relativistic factor.

The minimum distance of approach occurs in a head-on elastic collisiop..

In the frame of reference of the incident particle, the electron is

moving with initial speed v and initial momentum yhv directly towards
the incident particle. After the collision, it is meving directly away

from the incident particle with momentum ymv if recoil is negleeted.

Therefore,

Ap = 2vymv . o(1-4)
\

Combining equations 1-2 and 1-4, the minimum classical distance of approach

. W
b, , is
min

bmin = g . {1-5)

Equations 1-1, 1-2, and 1-3 are sténdaid formulae employed to describe
ionization energy losses of charged particles in matter and th;s a
rigorous development is not- presented. These fofmulae are included
.here because they are useful in explaining the delta-ray energy dis-

-’

tribution and observed track~grain densities in nuclear emulsion physics.
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. " Useful expressions for maximum and minimum energy transfer to

\

electrons in.individual collisions éan now be determined . Since the
electron in Fig. 1.1 was assumed to be free and at rest, tﬁe maximum
energy transferred is equal to maximum delta-ray energy
pfoduced by theqﬁnciaent particle. Combining equations 1.2 and 1.3;
the minimum energy transfer, Emin' is

E - 2 ( <u>ze2 2

min m B2c2Y ) ' (1.6)

The minimum energy transfer occurs at maximum impact parameter.
“ - - -

Combining equétions 1.2 and 1.4, the maximum energy transfer, Emax'
is -
E = 2Y2132mc2
_max
.= _ﬁn‘_’i. AR (1.7)
o ' 1-B

This is the maximum kinemétically allowed energy transfer and occurs
at minimum approach distance. This expression concurs with the

expression found in the reference literature (Ref. 9, pg. 25).

1f one examines eqguations 1.3, 1.4, 1.6 and 1.7, it is

evident that the enefgy transfer to electrons and consequent delta-

ray energy distribution is statistical in nature., The upper limit
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~

of tﬁe spectrum depends upon the iTfeident particle energy since both,
the minimum and ma i mum energy transferred cepend upon- the incident
particle speed. Ae the incident energy increases,the minimum energy
rransrerred decreases due to an increase in the maximum impact para-
‘meter and the maximum energi/ transferred increases due to a decrease
in the minimum approach distance. Thus, thepdelta—ray energy spectrum
broadens with' increasing incident particle energy.
T _
As previously mentioned,a "latent" image is produced in a
crystal in whlch a delta-ray is produced and recaptured. If the delta-
'ray escapes from the parent crystal there is hlgh probability that no
latent image is produced and coﬁsequently:a corresponding grain of
elemental silver does not usually appear in.the developed track. *
<< It has been previcusly atated that ic is delta~rays of energy’ less
than v 5 keV which .are particularly effective in the formation of the
latent imaée in crystals along a track, for'they are frequently
arrested within the crystal in which-they originate.>>8 Those celta—
rays of‘ghergy mz_S‘keV escape from the parent crystals which
consequently do not usually acquire .a latént image. A low energy delta-

RV

ray follows a path which is both short in length and extremely contorted

[y

since it has a small relativistic mass and thus undergoes a
'large amount of scattering. Correspondingly, there is a high probability

,
of it being captured in the parent crystal. As the delta-ray energy

Ref. 2, pg. 46. . . h
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increases, the path length and relativistic mass both increase. It

acts more and more like a heavy fast moving particle. The scattering
is reduced, thereby reducing the path contortion. Thus,the probability
of escaping the parent crystal increases.

. ks

The grain density in nuclear emulsion is proportional to e

degree of ionization squaredﬁ-zz, of the incident particle. Since

‘the average rate of ionization energy loss of the incident particle,

i

expressed quantitatfvely by equation 1.1, is also proportional tq 22,

the q;aiﬁ density is proportionai to the average rate of ionization

energy loss. lThe'average rate of ionkzation energf loss, thé energy loss
per unit path length, of the ihcideng‘?article %s th?/péoduct'of the average
delta-ray energy and number of delta‘;ays per unit path lengthpplus a c§;1
. :

stant term. As will be discussed later, for fixed incident particle energy,

the average deltfa-ray energy is constant. Thus,the grain density is

- -

. . -
proportional to the number of delta-rays produced. Consequently, the

production of a latent image can be attributed to the action of single

delta-rays rather than .the joint action of two or more delta-rays. -

Since the track grain density is proécrtion%l to the average
rate of ionization éneréy loss given bi‘equatign 1.1, the grain density
curve as a Eunction of incident partiﬁle ene;éy has the same shape as
the energy ioés curve. ‘The two shapes are ‘ideptical wp to minimum

ionization energy loss. Minimum ionization energy loss in emulsion

.
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©ccurs at incident, particle energy of ~2Mc” where M is the rest mass
of the incident particle. Thus, ¥y = 2 at minimum ionization. Beyénd

minimum ionization loss, the observed grain density differs from the

 Predicted value. This is shown schematically in Fig, 1.2, At low

¢
incident particle energy, the average rate of‘Energy loss (equation

l.i) varies as-l/v2,v the first term in the equation being dominant.

The more lowly varylng second term increases logarlthmlcally as

Y v2 and con equently contributes negligibly. Thus, the rate of

enexgy loss decreases with 1ncrea51ng incident particle energy. For
i

extremely relativistic particles, v;2 increases slowly with increesing

incident energy but y rapidly approaches 1nf1n1ty. The second term

becomies domlnant and the average rate of energy loss increases rapidly

with increasing incident partic¢le energy. The graln den51ty curve,

though, no longer follows the rate of energy loss curve. Tt increases
very slonly from minimum at minimum ionization enerqgy loss.at Y =2 u
to a constant plateau value at Y = 10, the plateau grain density Being
about 10% higher than the minimum.

-

" An alternatlve approach in explaining the observed grain

'den51ty as a functlon of incident particle energy is to consider both

the mechanism of latent image formation and the energy distribution of

the delta-rays. One assumes- a delta-ray energy distribution to

»

explain the observed grain density. << For delta-rays of hlgher energy

the distribution in energy is commonly assumed to be
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N(E)AE = KE “dE (1.7)

. the spectrum extending up to a Qalue of Emax' which is degined by the
need to conserve energy and moméntum in a collision.>>9 N(E) .is the
"number of delta rays of energy E per unit path length. The maximum

possible energy. transfer has already been discussed. K is assumed to

-

be a constant of proportionality.

'

-

The author proposes that this energy diétris%tion‘assumption
is unnecessary.since it is a natural consequence of the l;ws of
probability and the physics involved. The proportionaiity constant, X,
is actually constant only for fixed incident particle energy. It cg;nges
with changing incident particle energy. This is easilj seen if one
considers the statistical nature of the impact parameter %n a single
ccllision. The probability, é(b)db,of an incident particle passing

within a distance b to b + db of a given electron is proportional to

27bdb. This is shown schematically in Fig. 1.3. Thus,

- p(b)db =« 27bdb - ) N (1.8)

The energy transferred in the collision is given by equation 1.2. If

. . R 2 .. -
- one rearranges this eguation to isolate b~ , it becomes.

2 _ 2(292)2 1

=)

mv

Ref. 2, pg. 48.
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If one now takes the derivative for fixed incident particle energy

(constant v), one fihds that

2.2 :
Lo (ze™) 1 L .
bdb = — - dE (1.10)

mv E

If one combines equations 1.10 and 1.8 and absorbs the negative sign

into the constant of proportionality, one can say that

2.2
p(b)db « —2(2‘;—) 1—2 aE (1.11)
. mv E

The number/ég electrons per unit path length acquiring energy E to
E + &E is preporticnal to the probabili&y of an electron acquiring .

this energy in.an individual collision, Consequently,

b
Ps

2.2
N(E) dE a,ig-)—. E? a& (1.12)
mv ! . '

-
If one now compares eguations 1.12 and 1.7, one finds that

2.2
R« 222 (1.13)
mvo ~a

: ¥
. - . £
. Recalling the fact that v is the incident particle speed, equation 1.13

indicates that K is actually a parameter which depends upon the incident
particle energy since K varies as l/v2. Consequently, both the upper limit
and the shape of the delta-ray energy distribution depend upon the

incident particle energy and the variation of the parameter X is
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identical t¢/ the variation of the rate of incident particle energy

loss.

The delta~-ray enefgy distribution is useful.in calculating

the average delta-ray energy. The total energy, E._, per unit path

12
,length, of the delta-rays between limits E1 and E2 for fixed incident |

particle energy is

-

E E

w o Ep : . P2
N " \ -2
E12 = J EN(E)JAE = J ' EKE "dE
Ey Ey
= K Rn- EZ/El ' : . (1.14)
» ' [+]

The number of'delta—rays, le, per,unit path length between the limits

E, and E_ is

1 2 | | -
. .
2

N12 = J NSE)dE

El

1 1
= K (E_ - E—-) (1.15)
1 2 -
The average delta-ray energy between these limits is
E - El_2 - M (1.16a)
AV Ny, 1 - ’
y ' E E . J

1 2



- 20 -

If E2 >> El

EAV = El n E2/El . _ . (1.16b)

The delta-ray energy distribution is assumed to be

min’

valid from the average, latent image forming delta ray energy, E
determined experimentally to be v 200 eV, to the maximum delta-ray energy
as given by equation 1.7. If one now recalls that delta-rays of energy

> 5 keV, are uhlikely to produce latent images, then the fraction,-

E' ,
max
FL, of the total delta-ray energy of delta—réys’of energy E-Egin which

produces latent images is approximately

¢n E' /E',
P - max’ min (1.17)

In E /B!,
max’ min

.

Recall that Emax is the maximum possible energy transfer in a collision.

) ' This energy distribution has several important features.
Firstly, the average delta-ray energy of those delta-rays producing.

\

latent images is

" &n El;tax/E'. :
Epor, = T .T“‘ (1.18)
E'. . B’

min max
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_“SinceLFAVL is independent of K, the distribution parameter, and both
géia‘;ﬁd EAax are fixed~average values, the average energy of laten£
image producing delta-rays is independent of éhe incident particle
eneréyt This is extremely important in explaining the observed grain
density variation witﬁ incident particle energy. On the other hand,
theléfproximate number of latent image forming delta-rays, NL' is not
inde;endent of the incident particle energy since

' 1 1
Npo= K - 5 (1.20)
min max

Thus, the ﬁﬁmber of latent images per uﬁit path length and éonsequently
the observed grain density depend upon the distribution parameter K
which varies as l/vz. The rate of éﬁergy loss of the incident particle
also varies as l/v2 up to minimum ionization eﬁergy loss (Fig. 1.2).
Thus the energy loss and grain density curves must be i?entical

in shape up to this point. They are identical ' due to thé nature of the
-Qariation of'thg distribupidn parametér, th%s variation being a
fﬁnda&entai mqnifestafiop of the physical and statistical nature of the
electron collisions of the ionizing particle.

.

Secondly}~the distribution indicates that the total number,

«Nys, of delta-rays of eneray > Ein 2150 depends upon the incident

particle energy but in a manner slightly different from that of the

total number of latent imige producing delta-rays since



- 22 =

N = K { - ) (1.21)

where Emax and K are functions of the incident particle energy. Thirdly, the
fraction of the total delta-ray eneréy of delta-rays > Eéin which
produces latent images, equation (1.17), decreases as the incident

energy increases since the maximum energy transfer increases.

&

-

One can gestimate the fraction of the total delta—réy énergy
and thus the fraction of the ion;zation energy loss producing "latent
images" in ‘emulsion at minimum ionization energy loss; It has been
stated that vy has a value of two at this point. Thus, from equation

1.7, the maximum energy transfer, Emax’ is

s

2Y2B2 mc2 ‘ - (1.7

=
It

max '

2 x 22 x 0.75 x 0.511 MeV

[}

' 3.06 MeV.

This is in accord with the value found in the literature. << The

average rate of energy loss of a particle of mass M, charge |e[ and

eneréy éﬁcz is about 650 KeV/mm of which about 500 keV is lost in the

halide. The maximum possible energy transfer by such a particle to an

. . 10 , ..
electron, if M>>m, is ~3 MeV. >> The average maximum and minimum

10 Ref. 2, pg. 48.
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v

energy of latent image forming delta-rays is 5 keV and 200 ev, L

"":b’
respectively. Thus,from equation 1.17, the fraction of the total

delta-ray energy of delta-rays of energy > 200 eV which produces latent

images is

] '
n Emax/Em:Ln
FL = - ; (1.17)

in ! .
max/ tnin

&n {5000/200)
an (3 x 10°/200)

0.335

Thus, at minimum ionization, less than 35% of the ionization energy loss
forms latent images. The Percentage decreases as the incident

»

particle becomes more and more relativistic.

_Beyond minimum iopizatién,, vy > 2, the grain density
increases slowly to a constant plateau value at Y = lO.. It remains
constant and equal to the plateau value in ‘the extreme relativistic
region, the plateau grain density being about ld% higher than the
minimum value. The rate of energy loss,though,increases quite rapidly
since it increases logarithmically w1th Y which rapidly approaches
infinity. Thus,the grain density and energy loss curves no longer
correspond. There are two reasons for this. As equation 1,6 indicates,

the maximum transferable energy varies as Y2 and thus becomes very
, _ .
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largelwhereas the fraction, equation 1.17, of the total delta-ray )
enéEﬂ!-'f\gelta-rays E-EAin which produces latent images becomes.very
small since Emax becomes very large. fThus, most of the incident
particle energy loss éppears as very rare, extremely energetic, delta-
rays that escape from the parent crystali whiéh thus do not acquire
latent images. These crystals do not appear as grains of silver in
the track after processing. The slight 10% rise to fhe platea; grain
density is attributed to an increase in the number of low energy delta-
rays since the minimum energy transfer varies asfl/y2 {equation 1.6)

‘
and the number of low energy delta-rays depends on Emin' It was
stated previously that thé average minimum delta-ray energy reqﬁired for
latent image production was n 200 eV. This is necessarily statistical
in nature since in order to produce a latent imaée holes must be
trapped at a "kink" site at thg surface of a cffhtal and the electrons -
must be retained in the conduction band. 2 hole resulting from a low
enérgy délta-ray produced near the surface of the crystal obviously
hag more chance of reaching the surface and being trapped instead_of
recoﬁbiﬁing with the electron than a hole frém a delta-ray of equivalent
‘energy produced near the center of the cxystal. If there is a
significant increase in the number of low energy delta-rays , there is
a corresponding increase in the number of low energy delta-rays produced
near the surface ofrsome crystals and thus an increase in the ﬁumber of
low energy delta-rays producing latent images. This decreases the average
minimum énergy of latent image producing delta-rays. Since K,which

. 2, . \ .
varies as 1/v”, is nearly constant, there is an increase in the number

f
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of latent image forming delta-rays per unit path length,as equation 1.20
indicates. Consequent®ly, there is a slight increase in grain density,

corresponding to the 10% rise to the Plateau. °©

L4

The plateau is attributed to polarization of the medium, which
limits the maximum impact parameter. The polarization is attributed

to the relativistiéF;}b ation of the perpendicular component of the

field

€y T vey - (1.21)

€, is the perpendicular component of the incident particle electric

field in the incident particle rest frame whereas eLf is the perpen-

dicular.component in the medium rest.frame. In effect, the electrons‘
in the medium see ¢ ' rather than ¢ . When the perpendicular component
becomes elongated to the point where it has a significant intensity at

a distance from the incident pParticle of the order of the average inter-
b

atomic distance of the medium, polarization of the medium occurs. As
.

a result,distant electrons are shielded hy the reverse electric fieka

produced by the polarization. The maximum impact pParameter reaches a

~

. N
constant maximum value. The minimum energy transfer and consequently

the number of latent image prbducing delta-rays become constant which
s .

results in a consfant plateau grain density.
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\j‘The'onset of polarization qﬁv;ousiy depends on the“density
of the medium: As the density decreases, the averége interatomic
distance increéses proportionaly,as does the value'pf the maximum
impact parameter. Thus,the beginning of the plateau occurs at higher
values of . Consequently, the relativistic risé is incréaséd. It
can -be as much Es.éo% iﬁ gases. when considering only local iohiiati&n‘

energy loses.

1.4 Classification of Tracks. !
-
. Y

In' nucléar'émulsion physics, there are several classifications

of tracks. The tracks -are converitionally classified according to their -

grain'density, the grain density being the number of grains per

)

hundred microns.

a) Minimum Tracks

Minimum tracks are produced by incident éarticles of minimum
ionization‘energy loss, particles with y = 2. Thus, minimum tracks are
tracks of minimum grain density, 9,- < "

b) Shower Tracks

Shower tracks are conventionally cl%ssified aswtracks with ;
' grain density less than or equal to 1.4 times the minimum grain density.

Thus,

g < g < 1.4 9% . _ (1.22)
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where g is the‘grain density. Thus, minimum tracks are 1ncluded in

the larger set of shower tracks. -

1

) -Grey Tracks , <

'Grey tracks are. tracks of grain density 1.4 g £ 9 < 80.
1

They are called grey .tracks because they appear greyish under the micro-

.

scope. The graln den51ty is Stlll low enough “that" 1nd1v1dual gralns ) T

can be dlstlngulshed and counted. ‘ k

d)' Black Tracks. .

Black tracks appear black under the mlcroscope. The grain

a

[
A

den31ty becomes 50 high that individual gralns can no longer- be dis-

1

tinguished with any degree of certainty. The tragk appears as almost . -
solid black lines of silver. '_Black tracks are produced by low energy

particles since they have a'high rate of energy loss and a corres—

pondingly high grain density.

1.5 Background
- -
Once Fuji emulsion gel is melted and poured into sheets it
becomes active. It begins to accumulate background. Emulsion registers
several different'types of background . Fog, cosmic rays and slow

electrons are someé examples.
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During the“developiué;stageﬂof procees§ﬁgj aﬁsmaii PEfCenfagé; 'ﬁ-{
of the halide grysﬁglslin tbe-emu;sibn{eieherleeg'peeiessié;“; }etent'.
i;;ge or acquirigg‘enerranagmly,are géﬁqud ée’éfains of silver.’

: . . . v
These backéfeund graiﬁe,“commohly called "fog', seem to'&eyelop .
'fendomly but 3t a euchkslowe; rata tha; crystals posseseing latént - . ’ - “3

' . . - - R “
images éloné tracks. .In emulsion ghyeics,“it islexfremely iﬁportept
to minimize the.fog'deneity so that minimum tracks ‘can be distinr.‘l

- “
- ~ v
'

guished. .. If the fog den51ty becomes too great, mlnlmum tracks can' be

either partially or completely masked. If ;his océurSfi; high‘energy i jp “;\:T
- “ . ) P ¥
experimentation, it can be fatal to .an entlre experiment 51nce‘one is .
deiilng with interactions by relat}#istic_parficleg.and,éonsedueetly, Lf"iJ S
:einimum Fracksf Fog-and ﬁe%hods of minimiziﬁg'if‘eili Be discussed : ‘ii‘ ”l';h‘

-

-

in more detail in Chapter 2 which describes nuclear eﬁuléioﬁ;pyocessing
in detail. =0T L T SN,

L8 L . ' . ' 3 T

b) Cosmic Rays and‘Natural Radiation

- e . - '\
I .

Nuclear emulsngn reglsters the tracks of all charged particles, such as,

i ‘ Pl L P .. . . .
muons, plons and protons produced by cosmlp rays. Cosmlc ray plons

e

-are created by hlgh energy COlllSlonS between cosmic rays and nuclel

- of the atmosphere. A muon is cfeated when a plon‘subsequeptlyudecayg'

\hto a muon and‘a'neufrino. This charged secondary radiation which

i

results from primary cosmic radiation leaves background tracks in. the
y . . R .
r

. . ™ - * "
‘emulsion. .

I id

- fesp
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Naturally radicactive. materlals such-as ‘thorium and radon

- ~F

are aotually‘contalned in the emulsion. They. 1eave small radioactiveL

stars in the emulsion when they decay'. Slow electrons are produced

-

.r - oo -

by "Compton" scatterlng or absorptlon of hlgh energy electromagnetlc

L
LY 7o

) radiation; Gamma—rays are_partloularlly harmful as they can result ‘in

both Compton scatterlng and pair production. If ‘an electron absorbs

* “
B -

' suff1c1ent energy durlng “Compton" séatterlng or absorption of a gamma-

ray. 1t can become a- delta -ray wh;ch elther escapes from the parent

',..‘ ke . - A

gralnfproduCLng a shbrt contorted track called a slow electron track

‘ -

0L - 1S‘recaptured by the parent crystal which consequently acqulres a

S -

latent 1mage and thus contrlbutes to the fog background. Pairs also

“ - R £ L

leave background tracks. s ) ‘

w P et . .
'’ . ‘ . - . "

'Concrete'cah be extremely harmful to emulsion plates. Concrete

‘,g_.f;‘ _\_" P .’ . T . . v
,contains potassiﬁm'fohrty, K40.'“ Kﬁo 15 radloactlve. It can decay to

- E ! z

exolted*argon forty by electron capture. The“exCited argon'forty nuclei
then each emlt a l 461~“LV gamma—ray as they decay to the ground state.
These gamma—rays are suff1c1ent1y energetlc to produce unwanted tracks

. » .

. of palrs and slow electrons in the emulslon Unshlelded emulsxon stacks

Soan g e

“ should be kept as - far away from concrete walls, floors, etc as p0551b1e.3_

-

One should take great” palns to properly shield emu151on stacks prior -

v RE

to and during exposure.- Non—radloactlve lead 1s partlcularly effectlve.

v
L, = “ S

N
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l.6 Idiosyncrasies of Emulsion

. .

A barticularily interesting characteristic of emulsion, a

1

property which is extremely important in emulsion physics, is the

R - .hygroscopic nature of the gelatin. Gelatin immersed in an aqueous
splptionvabsorbs water. It also absorbs water from the water vapor

Lo in the air untll equilibrium is reached at which p01nt the rate of.

‘ absorptlon from the air equals the rate of desorptlon lnto the air.

The eqﬁilibrium water conFent depends upon the relative hiﬁidity of
ihe—air. If tee relatlve ‘humidity of. the air decreases; the rate of
- il ) - desorptlon becoméslgreater than the rate of absorption. ?here is a
| net desorption of water until the two rates again become equal. As
q.conseqpence;ehe emulsion "shrinks". iThe reverse effectloecurs if
the relative himidity is increased.i This causes the eﬁuision to swell.
pimensional changes occur as.the emulsije “shrinks"-or "swells" due
. to a n€t desorption or abseréeioh of water. Thus spatia; and grain
density track measurements change with changing temperature and
humidity conditions. If consistent, unbiased data 4is to be obtained,

~

the necessary steps must be taken to ensure that measurements are

alﬁays performed in a ‘controlled, consistent environment.
A controlled storagebenvironment is also essential for pro-

cessed emulsiqp due to the hygroscopic nature of the gelatinl It is

common Practice to stick emulsion pellicles to a glass or plastic

e -
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supporﬁ just prior to processing. The pellicles remgin stuck to the
support during and after processing. If the processed emulsion loses

" +o much water in an uncontrolled environment, enormous tensicnal forces

are created in.thé gelatin network as the emulsion dries out. Such

.

forces can become large enough to break or even tear the glass suﬁport,

rendering the emulsion worthless for any further quantitative measurements.

-

Optimum storage conditions depend upon thqbtype of emulsion. The pro-

1)

cessed Fuji emulsicon used in experiment E-531 must be stored at relative

-
'

humidity > 70% and a temperature range of 20 to 2500;.

The non—elaétic and hygroscopic nature ofhéelatin are two
extremely important factors in nuclear emulsion processing. The gelatin
support. network behaves somewhat like abplastic materiéi. During the
processing,the emulsion absorbs large amountslgf water and Ean thus
swell to seyeral times its initial size. During the alcohol drying
stages at thé end of processing (Diagrams 1 & é‘), the dbsorbed water
s removed at a cgntrolled rate. As the absorbed water is rémoyed,the
network shrinks but not beingy compiet?iy elastic.in.nature significant
distortion can occurlif thisighelliné and éubsequent shrinkagg'is not
cafefuilyfdonfrolled. Distortion produces unnatural bending in the
silvérlgrain tracks and thus the trué trajectory of the ionizing
incident“particle is not Erope;ly rggistered..VMinimization or complete
elimination of this distortion is one of the major goals of nuclear

emulsion processing. Swelling, being one of the primordial causes of

distortion, must be minimized and the rate of swelling must be carefully

s
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controlled: Also the shrinkage rate, controlled by the drving rate,

N
N\
N
N\

Several techniques and combinations there of, .are available

must be carefully controlled.

for minimizing the swelling and controlling its raté during processiﬁg.
One of the mOSt.effectivg}‘? technique pérfegtéd by the Japanese and
employed here in Ottaw; in developing the ‘25 liter E-531 emulsion
stack, is loQ temperature processing.  Careful con&rol'og fixing
solution pH isoalso extremely important.. These techniques will be

$ . .
discussed in detail duriqg tHe»discussién of emulsion prbcessinglin

Chapter 2.

A plasticiser, usually glycerin,'is added to the emulsion to -
reduce the brittleness. The pPlasticiser promotes plastic flow under

stress. If insufficient plasticiser is added, the thick pellicles
used in nuclear emulsion work can become ex%ﬁgmely brittle and break

‘as they shrink. ' - ‘ . .

|
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NUCLEAR EMULSION PROCESSING

General Description of the Processing
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2.1 vGeneral Descfiptidn of the ﬁrocassing of the E-531

Emulsion Stack.

.

A detailed description of nuclear emulsion processing will
now be preaented. The varlous proce551ng stages are descrlbed in
chronologlcal .order. A discussion of tha various chemical and physical;
- pProcesses occuring ln each stage is included. The chemical reagents’
alonglw1th their functlons and reactions are dlscussed. The chemical
'solutlohs used.ln ‘the various stages, lncludlng the concentratlon of.
each componEnt, are tabulated in Tables I and II, | |

Two processes are depicted schematically‘in Process Flow
Diagrams 1 and 2. These pProcesses are low temperature taahniqueg used .
for n;ocessing Fuji emulsian. The original Process was devaloped by
G. Marguin - ¢.R. Aa. Sci. Paris. The process was modlfled sllghtly
by the Japanese emu151on groups at Nayoga, Kobe and Osaka Clty |
Unlver51t1es in Japan headed by Professors Nui, Fujioka and Kusumoto,

respectlvely. A 25 liter emulsion stack consisting of approximately
. ' ’ B - .

four thousand plates was processed at-the University of Ottawa during
during a two-month period in the winter of 1979. The emulsion had

been exposed to a neutrino beam for two and one-half months at Fermilab

~

as part of experiment E-531. This neutrino beam was ﬁroduced by the
- interaction of a 350 GeV proton beam with a beryllium target.‘ The

' . + +
resulting pions and kaons decayed in flight via the modes 1 -+ U + v and
+ + . . .
K =+ + v, Thg resulting neutrinc beam contained of the order of

',r,:‘:
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log‘neutrinos per pulse. The emulsion'processihg system was designed
and built at Ottawa. A.detailed description of the system is pre-

sented in Chapter 3.

¢ - Both uerticalland horizontal emulsion plates were processed.
Vertical plates .were exposed vertically to the neutrlno beem whereas
the horlzontal plates were exposed horlzontally. The two cases are
depicted schematically in QiagramSZBe and b. The uertical~plates;

12 cm x 9.5 em x 730y, consisted of a layer of emulsion 330 microns
thick stuck to each side of a 70y thick polystyrene support. The -

emulsion was poured directly onto the plastlc support prior to exposure.

The horlzontal plates were emu151on pellicles, 14 cm x 5 cm x 614y,

mounted on lucite plates of dimensions 16 cm X 7 cm x 2 mm. The
horizontal pelllcles were stuck tc the lucite supports just prlor to

proce551ng.

The‘proce551ng data for both the vertical and horlzontal
euuzslon is tabulated in Tables VIA and B, respectlvely. The vertical
emulslon, 15.3 liters in total, was processed in batches of approximately - -
1. 06 llters with each batch contalnlng approxlmately 140 plates. Parallel
proce551ng was used. The batches were processed two at a time with a
fifty minute delay between the two hetches. A total of fifteen days
was required to process the fourteen and one-half betches since two new.

batches were begqun every second day. The processing time per batch was

approximetely 3 days.
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The horizontal emuision; 9 8 liters in total, was processed 1n
batches of apprexlmately 1.14 11ters, each batch contalnlng approx1mately
264 plates. The eight and one—half batches were processed in approxi-
mately six weeks. Staggered parallel Processing was used. The batches
%ere processed téo at a time with a one day de;ay'between the two
batches. A new set of two batches was begun every six days. The

processing time per batch was approximately 12 days.

"

. The horizontal processing time was much longer than that of
the verticei eﬁulsion since the .horizontal pellicies were twice as
thick as_the vertical pellicles. The processing time is generally
proportional to the square of the pelllcle thlckness. All stages prior
to drying were done at 5°C for the vertical emulsion. All stages pfior
to‘washing were done at 7°C for the horizontal emulsioq.,—The washing
was done at 5.10°c in the horizontal casej Circulation was employed

in the fixing and washing stages of both types of emulsion.

-
A

Concentrations symbols, ‘[ ], will be used in all chemical
equilibrium and rate expressions with the understanding that, at ionic
strepgths' E_O-O} gnoles/L, they imply activities rather than concen-

trations. K&tivity accounts for the non-ideality of aqueous solutions

3

I
at ionic strengths above 0.01 gmole/L. The hydronium ion, H3O » rather

+ s o
than the hydrogen ion, H , will be used throughout to denote acidity.
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2.2 Stage ‘1 -,PfeSoék

S .a . »
?he'horigontel emulsion plates were scaked in a deionieed
cold water bath’atr7oc for two houre."The vertical emulsion p}ates.i
_werelsoaked'in-e.0ﬂ035 molar solutioo of sodium sulfate and deionized
.yaler at S?C for.fifty‘mioutes. | o R )

N

zﬂg major.p;oceee_occuring during. the presocak is:a physical

v

one, since.no siénificant chehicalerehctions‘ocoué The emu151on
‘gelatln‘ belng hygroscoplc, absorbs water and consequently swells to
approxloately tw1ce.1ts 1n1t1a1 thlcﬁnese' Thls swelllng expedltes
the developlng solutlon penetratlon.of the.gélatln support matrlx

during the second stage of processlng by 1ncreas1ng ‘the developer

dlffusmon rate, the coefficient,. of dlffu51on belng dependent on the

. oo .. ’ 3

amount of swelling.

‘ [ . . -
Sodlum sulfate, Na2804 is a.salt.of sulfuric acid,
H2804. It dlssoc1ates completely in aqueous solutlon.. Since it is
the salt of a strong acid, the sulfate anion undergoes only a very

slight hydrolysis reaction of the nature .
soi' (ag) + HO % 'Hso:1 (ag) “+ on” (aq) .. (2=R1)
baee 1 acid 2 acid 1 . base 2

&

" Acids and bases are defined according to the Lowry-Bronsted definitions’
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e ) Sl SR S
L M + T
N ? ‘ * - 41.-. :
» » . " Y - ’ . v ‘(— v . R .
. _ - - . Ps N . .
< of acids ‘being proton donators and bases being proton acceptors in
aqueous solution., 'i‘h'e_' symbol (aq) implies aqueous solutiph. '__'Ifhe
hydrolysis equilibrium constant, K s is
Luso, I lo™], “»x I
4'"e e W : . oy
% 5. T T ko 7 . (2-1)
[so4 1 a2 L Al L
where Kw is t.hg_ e'quilibi"i'um constant for rthé“',a"cid-baée- reactio-n_ of
: water with iself . . . . - T v
H 6 C+ H 6 2 mo + on (2R-2)
27 0 T2 3 - s
acid 1- base 2 acid 2 base 1 )
* . + N _ ’ ) 5 . “ -
% = L8507 Jolow ], b | (22
' : . e
- 2 -2 - . L ’ H
= .10 l4gmoles - L 2] 25°C - S
. K ,"is the second dissociation constant of sulfuric acid T r
+ 2- : ’ ) ‘,
(1,0 ]e[so4 1 ) . ceouE
K = , ) t2-3)
a2 _ . . . L
' [ #s0, 1 R
‘ ..
= 1.2 x 10 4moles - ;.'l @ 25°%.
Thus, from equation 2-1, .
. -14 - K ~ -
K o= —-—i\d—_?_ = 8.3 x 10 l3gmoles';_— 17l e 25%. .
1.2 x 10 ' S e
P ; o
. ‘ ‘ M . ) , -«
. .o
, 5t



"

. . M S

Thls extremely small value for the hydroly515 constant 1nd1cates that

[
~

react;on 2-Rl is very far to the Yeft -at- equlllbrlum Thus,

-

insignificant amounts of HSO4 and OH

of the sulfate anicn. Conséquently, the pH of the vertlcal emu151on

presoak solution is essentially identical to that of pure deionized”

are formed durlng ‘the hydroly51s

d;ﬂff water. This was verified experimentalyﬁané.is tabulated in TablevIIIe

i .. : T w .
’ . L roed
N : . P - :

, k, "In the sulfate anion, the eu;fur atom exists in its Qiéhest

oxidation state, having an oxidation number of +6. Since the sulfur

J is in its highest oxidation state, the sulfate anion will ‘not undergo

w

) " further oxidation. As’'a result, it does not.react with and remove
N - .3

oxygen dissolved. in the presocak watera From th&s, one “an conclude

_‘.'u" "’ that diseolved.oxygen is not a problem durifg, pi¢soak since it ‘is not
.y v removéd‘chemlcally prior to the commencement of processing. This is

a

. 1n direct contrast to the developing stage where reméval of dissolvéd

et
L) o I’F Al

. @xygen, prior to the addltlon cf the developlng agent to developlng

v solutlon, is” absolutely essentlal.

2.3, Stage 2 - Qe\;e‘_lop_ing Lo o -

1. . o

The developing stage is the most crucial stage of nuclear’

© emulsion processing.' The developer is an aqueous solution of amidol,
"~ il e . . . B

T »‘;odiﬁm sulfite and sodium metabisulfite.!. In the'hprizontél case,

e ++ , potassium bromide is-added. It.acts as a-"xestraiﬁer". The sodium

. B o y- oL ' _ .
' ..*f ! - . . ey
. - a - ' 3 I IR L. ; - -

J—
'
.

0

\
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sulfite-and sodium metabisulfite form a “buffer", coritrolling the PpPH
at about 6.6. The sulfite anion also removes dissolved oxygen in the
deionized watexr. The salts are added Eefore amidol, the developing

aéent. The ‘horizontal plates were developed at 7°C for twelve hours

-whereas the vertical plates were .developed at 5% for four and cne-

# - .
plates were developed for .a longer time

half hqu?s. The horizoptai
because the} were’thicker: Precise control of temperaiure and__
develpping‘time is. of Ea;amount'iﬁportance. The standard_Br?stol
‘developing solution was ufed,

’ The Qrocésses occuring during the developing stage are both
physical and chéﬁical in nature. 1Initially, the developing solutionv
m@st p;agtrate the gelatin support patrix Sy the physical process‘Qf
diffusion. The’developing agent, amidol (2, 4—diaminophbﬁol
dihydrochloride), is a pow2§£ql-reducing agent. 1Its mﬁlecular struc-
ture i; shown in Fig. 2.1. Silver bromide crystals possessing a
"latené iﬁage" ére reduced to gréins of eleméntal‘silverlby the dia-
minopheﬁol. The. diafmincphencl is oxidized during the development
reac;ion. The development reaction is thus a redox (oxidation-
reduction) reaction. ‘Silver bromide crystals ﬁhich do not p?ssés a
}atghtrimage.are much less susceptible ts reduction than those
pos;essing ;.latent image althougﬁ some do develop randomly but at.a
mucﬁ siéwer rate. This random deveiopment of non-latent image carrying
halide crystals prodgceshbackground grains, called: "fog”, in the

emulsion. As will be discus$)ed in more detail later, a “restrainer"

suppreéses this random debelopmept and thereby reduces the fog density.
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Fig.2.1- Moleculor 57‘ruc%urc;»0f/]m}"c/g/ L

\

Frg.2.2- Mole q_u’f/c)'r Structure of Hhe Doubly Charged
Cation o3 2, ‘[)/'am mop/)eno/ ' o

O H

N ?

NH;



-Uniform_development with respect to depth from the pellicle
_surface is ;ne of the major criteria for a sﬁbcessful developménﬁ in -
‘"ngcléar emulsion ph&sics./ The degree Qf.dn;formity can be Cal;brated.l

b} determining the grain density of minimﬁm tracks at yarioﬁs dépthé

in the emulsion. If‘the developer penetraéion raté, a diffusion

piocess, }s gloﬁrin eomparison to the development rate, a chemical

procéss, a significént degree of develcpmént~will occur near the upper
surface of the pellicles before the deﬁgloper has dlffused to the

base, the unfavourable result belng hlghly-no; unlform development.

' This is not a majoxr problem‘in conventional photography since thé‘

r

emulsicn thickness is only of the order of ten microns.

. s
o

In nuclear emulsion processing, éeveral techpiques can be
combinéd to minimize the non-uniformity of development wits respect
to depth. Presoaking swells the gelatin support network. This
‘increases the rate of developer diffusion into-the emulsion and through
the support matrix. Thus, developer can penetrate £o the bgse of the
'pellicles more rapidly. The development rate, being an exponential
function of temperaturel is extremely. temperature sensitive. The
aevelopment rate is apprqximately an order of magnitude lower at 7OC
than in mo?e conventional hot-stage development performed at 24°C.
.Cbmbining low temperature deveiopment with éresoaking permits developexr
to.diffuse rap%dly to the base of the pellicles before ; significant
amount of development can cccur near the upper surface, the highly
favourable_result being more uniform development. .

AN

’



proposed to be

4

As previously lndlcated, the development rate is extremely
temperature dependent. In the E-531 development, six hundred and
fourteen micron thick emu151on pelllcles stuck to lucite supports

4
were developed for.twelve hours at WOC. In a separate test develop-
ment, srx hundred micron thick pelllcles stuck to glass supports were

developed successfully u51ng a comblned cold soak and 1mmersed hot-

,Stage development.‘ These plates were- cold soaked in full-strength

developer at s° C.for. two and oneéhalf hours and then ‘transferred to

warm half-strength developer at 24 C for about one hour This amounts

A
to approximately a.tenfold increase’ in development rate when one-

considerslthe half;strength factor. This is an example of the extreme
temperatdre'dependence of the development rate. -This cold soaking
followed by ‘immersed hot-stage is anotner examole of the techniques
available for improving uniformity of develobment in nuclear emulsion
work. Tﬁé relative merite of the: two techniques which have been
described will be discussed later. As will be discﬁesed enortly, the
development rate tem;erature‘dependence can be partially attributed to

the temperature dependence of the development reaction redox potential.

r

The 2, 4-diaminophenol development reaction and its mechanism are

3 s . AN
not well understood. A reaétion and mechanism are proposed and dis-
. ’ A —
cussed in ‘detail in Appendix B. The overall development reaction is °
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OH - ' 0

NH

2 - 2 -
+ AgBr*(s)+H20 “ (aq) + Ag  (s)
(ag) . !
-~
NH2 NH2
(2-4-diaminophenol) " - + Br (aq)‘+ H30+ ' (ag). "' (Bc-R5)

~note: * Signifies an AgBr crystal possessing a latent image with
the redox reaction being the following,single electron

transfer reacticn

,OH ’ R o ) | ;
NH ' :
AV | I\ 2 o
A . - =] +
) e r A vro 2 b e+ ag®ts) + 807 (ag)
\ : "\ - |
. _ . : (BCfR4)
NH2 ) H,

in which silver cations are reduced to solid elemental silver and

diaminophenol,is oxidized. For convenience sake, the 2, 4-diaminophencl
, : . . -, i ' - \

and- the oxidized 2, 4-diaminophenol in reaction Bo-R4 will be

abbreviated as ‘DAP and DAPOx, respectively; The redox potential of this

-reaction, as given by the standard—Nérnst'equation, is

+
pe = 4e°® 4+ 2.303 ;% log .DAP A ¢ . (Be-1)

[oapox] [H30+]

(%



where

o A . ‘.
Ae standard potential in volts when reactants are - ,/////
in their standard states {(unit activity @ 25°%0)
o T absolute temperature iﬁ:OK R
o L ' -1. o, -1
R. + - ideal gas constant {1.98 cal-gmoles - K )

F - Faraday (the charge on a gmole of electrons .= 96489 coul.

= 23060 cal - vblts 1) .

As this equaticn indicates, the redox potential is a function of the

_reaction temperature, the activities of the reactants:and products

o [ . - "
and the nature of the reacting species. The effect of the nature of
the Eeacting species is manifested by. the standard potential,Aeo.
° . .

Latent images are known to be due to aggregates of silver

atoms on the surface of latent image carrying silver bromide crystals.

As discussed in detail in Appendix A, it is suggested that latent images
1

form’de#eloping sites since they behave as microcrystals of metallic

silvef. According to-the free electron model of metallic crystals,

. ~
valence electrons behave as free electrons confined to a box or

potential well. Such metals are capable o¥ accepting electrons since

[

these electrons fall into the potential well ang consequently lower

theiruenergy>states. Latent images are thus able to capture electrons

"from the reducing agent, diaminophenol, -which is consequently oxidized.

AN

As a result, the latent images become negatively charged. A negatively
charged latent image will attract local free silver cations which become

attached to'the'su;face and consequently neutralized. Thig process will
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cause the latent image to grow into a silver grain and the corresponding
* *silver bromide crystal to disappear since it dissociates due to the

I3

local consumption of free silver cations. .

The growth rate of a developing grain is related to the redqgx
potential, Ae, and the surface area of a developiﬁg grain. The rate
of deposition of silver on the surface of the grain will be proportional
to grain surface arga,:the local free silver cation aétivity and dia-
minophenol activity. Since the redox reaction is {?versible,_éorrosion
of the develoéing grain will simultaneously occur, the corrosion rate
being prppo%tional to the gfain surface ;rea, the hydromium ion activity
and the okidized diaminophepol activi;y. The net growth, rate, RG,-will
be equal to the @ifférence between the deposition and corrosion rates.
Thus, |

R, = (2.4)

4

K. = a (t) { x_ [pap] [ag’] - k, [H30+]~[DAPOX 11

-
o

o ‘e

-»
where_k

. L P, . . -
£ is the deposition- rate constant and ki is the corrosion rate

cbhstant._ Thesg.raté constants have uﬁits‘éﬁqlgs_l—cm:z-s—;. ‘a(é) isl

’éhe grain surfacé a#éa in cm2 . The surface area is a function of

tiﬁg'whiié the_grain is growing.’ At equilibrium, the net growth rate

will:be zero,.theﬂdePosition and corrosion'ratgs will be egual and the

sﬁrface areafcoqstant.‘ Tﬂus,frdmlequat}oﬂ 2.4, ' !
. , (

k.o [H3O+]e [oapox]"

= = (2.5)
i . [a'1,_ [omel

A
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1
)

The subscript e denotes equilibrium. The equilibrium constant, K.,

- R
e of the redox reaction Bc-R4 is
N . ..
(1,0"] [ parox]
3 e ‘ e
KR = 4 . ( -6)
[ag"], [oar], R
Combining 2-5 and 2-6. b
X
% T X ‘ (2-7)
3 . .
Ibﬁe can rearrange the Nernst equation, pg-1., to yield
- + " lae - Aeo)np
[DAROXJ[HBO 1 = [ag"][par] exp { - ™ }o(2-8)
¥
* Combining 2-4, 2-7 and 2-8, the growth rate expression becomes
L)
4 .
. o . ) (Ae - Aeo)nF
P : R, = k_a(t) [pap]fag']{ 1 - & exp { - }} (2-9)
_ ¢ f S UK RT .

R .
’ The relationship between the-standard Gibbs free energy of reaction,’

AG?, and the equilibrium constant, as given by eguation A-10 in
. Apﬁendix A, is
R

K. = exp { - AGz/RT} (A-10)

The Gibbs free energy and the standard redox potential are related

/\is‘ilows .
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AG: ‘2 -nF pe® : (2-10)

Combining equations, 2-9, 2-10 and A-10, the growth rate expression

becomes . . ’

"AenF -

Ry = kAtt) [papl[agh] {1 - exp { - = (2-11a)

G

The temperature dependence of the rate constant is given by the standard
L ]
Arrhenius equation. Thus,
kf = Aexp { - Ea/RT 1 - (2-11b)
we T
where Ea is the activation energy and A is the pre-exponential factor.

.

As equation 2~11 indicates,” the silver grain growth rate is

an exponential function of both temperature and redox potential, the

temperature dependence being dominated by the temperature

dependeﬁce of the rate constant. The developmeﬁt‘rate is closely related

to this growth rate. As the temperature decreases, the growth rate decreases

expenentially. When the redox potential beccmes zero the growth‘rate and

consequently the developmeht rate become zero. Sihce the redox potential

Qis extremely sensitive to pH, the development rate is also extremely pH

sensitive, As dlscussed in detail in appendlx B, the diaminoéﬁenol activity
-~

is also ph sensitive, decreasing as the H§ 0 act1v1ty increases, since an

3
increasing portion of it is' tied up as the doubly chargéd‘cation of dia-
minophenol. ‘The molecular structure of this cation is shown in Fig. 2 2.

Thus» lowering the pH reduces the development rate. The development can be

stopped if the pH is lowered to the point where the redox poténtial is zero.

7
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t
.. i
Equation 2-1laalso indicates that the silver grain growth

rate is dependent on the local activity of the\free silver cation.
This expression contains both an ekplicitfand’implicit dependence. .
Expliciély,the growth rate is dependent on the Ag+ activity to first
crder. The implicit rate dependence results from the logarithmic

- . + o :
dependence of the redox potential on the Ag activity. As the silver

cation activity decreases, the growth rate and consequently the

development rate decrease .

In Appendix B, it is proposed that one of the steps in the

. development reaction mechanism is the local dissociation of latent

image carrying silver bromide crystals in aqueous solution via the

reacticon

warope !
* + >
AgBr (s) %7g (ag) + Q (aq) (Bc-R1}
The soiubility product, Ksp,_pf crystals with no latent image is
’ ", e |
= B . 2-12
Kp = (gl [er ] (2-12)

- ) -2
5.2 x 10713 gmoles 2-1.7% @ 25%

1 K

If silver bromide is the oniy source of bromine anions, the equilibrium

silver cation and bromine anion activities will be equal and equal to



ra

S
e .“" b - - [ Coe s .
. , e ) " i ~ s T . . : - §
v N s T -

7.2 x 10-7 gmoles—L-l. The wvalue of thls solublllty product at 7°c

can be calculated from 1ts value at 25 C and the enthalpy of dis-

.

o]
assoc1at10n, AHD ~£51ng equatlon A-12, the thermodynamlc

relationship in Appendlx A. The enthalpy of dlssoc1at10n at 18 c

1s cal¢ulated to be 20100 cal-gmole "t u51ng the heat of formation data
. b N 4

in Table VIIa. The dissociation is en@othermic and will consequently

be suppressed as the temperature is loweréd. Thus, from equation.A-l2

- N & , o
) — P — —_— - -
Ksp = Ksp exp { R Tl v} .(2 13)

L -t _ ’.-2 - X
5.9 x 107 gnoles 2 1.7 @ 79

~ ' —

-

As a result, the free silver cation and bromine anlon activities are

reduced by a factor 3 13 to 2. 3 x 10 =7 gmoles-L l.

)

Slmllar argu%}nts apply to latent image carrylng crystals_

although the local freée ionic activities will be larger since these

. "f‘
crystals will hgvel a greate tendency to dissociate than those n%{

s
+  possessing a‘latept i .+ Th
5 jmagﬂ\\\>m
- mechanism of latent image fo

e understood by considering the
n. A latent image grows on the
\\:iu;}ace by trapplng 1nterst1t1al silver cations from the body of the '

crystal. This will increase the Qumber of vacancies at ionic sites
-in the crystal. as a result,the average bond energy will be reduced.
which will lncrease\gbe crystal's tendency to dlssoc1ate. Thus, s

the formation of a latent lmage weakens, the'internaI'structure of the

-

S U Ref. 5, pg. 301.

N\

<




‘\development rate.

Y

ES

crystal, Nevertheless, reduc1ng the temperature will also reduce the

’dlssoc1atlon tendency of latent image carrylng crystals, thereby
LA
reduc;ng the local free 51lver cation act1v1ty whlch will reduce the

- v

Slnce the 51lver graln growth rate and consequently the )

-

development rate are exponentlally temperature sen51t1ve, eXtreme”

care 1s requlred in de51gn1ng a developing vessel to process on a

¢

large scale. Over or under development will occur 1f the temperat7;

and developlng times are not precisely controlled. The vessel and .

' accompanylng temperature control system must, be desxgned to prevent
the creation of both horizontal and vertical temperature gradients in’

“the developing“solution since non—unlform development from Pplate to

plate will occur if such gradients exist.

!

! t
[ 3

The necessary models are now at hand to‘adequately,discuss
the relative merlts of prolonged low %emperature development Jyersus
the more conventlonal immersed hot-stage. Since the development rate

is an exponential function of temperature, thesrate of change of the

development rate with respect to temperature is also exponentlal. Since
" .
the development rate decreases exponentlally with temperature, the rate

of change of the development rate also decreases exponentlally with
- .
temperature.' As d result, the varlatlon of development rate caused by

temperature fluctuations in the developing solution will .be smaller °

for low temperature development,.than for immersed hot~-stage: development.

-
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Thus, developlng tlme and temperature must be controlled more prec1sely

w1th lmmersed hot—stage development in. order to prevent over or under
- development. The maximum recommended temperature fluctuatlon 1s +0. 1%
: w1th 1mmersed hot—stage whereas,ln the recent E-531 development,

»,satlsfactory results were obtalned w1th temperature fluctuatlons as 1arge

fas+0 5 c u51ng the prolonged low temperature development technlque "

(5 7° C)- - The plate to—plate non- unlformlty, caused by minor vertlcal
N\
and’ horlzontal temperature gradlents, 'is also-less severe using cold
development.' y
‘ - —

L ’ ’ oy
The major advantage of 1mmersed hot-stage development is the

reductlon in developlng time but- thlS produces only a small" reductlon
in overall proce551ng tlme since the f1x1ng and washlng stages are

'y very long compared to the developlng stage. This is immediately

“ ev1dent 1f one examlnes Tables VIa and b 1nﬁshifhithe.processing,datad
of the recent E- 531 development are tabulated.. On the other hand,
N\ - the emulsxon 1s subgected to thermal shock when 1t is transferred
.'\from the cold soak It swells rapldly'as 1t warms up in the hot—stage.
‘:1;h;slrapld SWelllng and subsequent shrlnklng upon transfer to the cold
stop bath may contrlbute 51gn1f1cantly to d;stortlon in the processed

. f' plates. It would also be much more expen51ve to de51gn and build an

adequate control system and vessel for 1mmersed hot—stage development B

¢

“a‘than for prolonged low temperature deVelopment 51nce more prec1se
temperature controlals requlred for the former. - e ‘>';



" recall that in emulsion physics one wishes to siow the devéloprient.’

v

: ‘ .o N L
‘Adding a “"restrainer", such as potassium bromide, to the

- »

developing5solntiqn is another usefulmtechnique used to slow the

~

development rate and réduce fog. At this point, it is useful to

rate to improve the uniformity of .development with respeét to depth
and minimize fog in order to be able to distinguish minimum- tracks . -

LI HEA S S

Pota531um bromide is an extremely Eoluble salt whl h totally

4 5 gmoles—L -1

atH:éb. The.solubiiity preduct, as estimatedzf_ " the--d ta in Table VIIa,
. 9 'en o : . RN L ' -
is 23.5 gmoles "-L 2 at7°C., .-<<The presence qtf;;\gghallne bromide,

such as potassium bremide, lowers the'degree of icriization of silver -

N

dissociates in agueous solution at concen ations A

bromide and, by reduclng the concentratlon of 51lver catlons,restralns

- the development. The addltlcn of potassxum bromlde, however, 15

ordinarily for the purgbse_of preventlng "fogl because - the restraining

'effect is greater on fog than on the latent 1mage'>> Ny The local

. silver cation concentratlon is reduced by the common ion effect and,

as a result, the developlng rate slows. Since the.. di .0ciation of
hallde crystals not possessing latent 1mages::§,8ﬁ§gi::sed more than
those having latent 1mages, the fog developlng rate is reduced more than
the developlng rate of tracks. Wlth a.restralner present;:one can’
1ncrease the developlng time in order to have the same degree cf track
development as occurs with no restralner but the fog den51ty is reduced

12 Ref. 6, p. 35. S R Iy
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allowing minimum tracks to be distingquished more easily or, conversely,
decreasing the‘minimum grain density or track length required for them

to.-be distinguished. .

As equaﬁiong Bc-1 and 2-9 indicate, the developiné rate ‘is

extremely sensitive to the oH of the developing sclution, decreasiné-

as the pH decreases. BAmidol developer is highly acidic in aqueous

. o= _
solution. Reference to figure 2-1 indicates that each molecule of °
amidol contains two molecules of hydrated hydrogen chloride which

form hydrochloric iFid in aqueous solution. Table IV shows that a

solution of deionized water and amidol of the same concentration as

the developing solution has a pH of 2.8 * 0.1. At.this pH amidol
will not develop -since the redox potential is negative. A buffer is
required to set and maintain the deveioper oH. at ;bproximately

6.6 0.1, as indiéated in Table i, so that development can occur.

The buffer must be present in sufficient concentration to maintain

‘a stable pH during the development,éince the redox reaction, reaction

Bc-R4,. produces Hydronium ions. Tf sﬁfficient buffer is not present,
the developing solﬁtion.écidity will inctease as development proéeeds
consequently slowing and_éventu&lly'stopping the reaction before the
development is complete.

A conventional "buffer" ig a solution of a weak acid and its

sodium salt. In agueous solutioh, the sodium salt completély

- dissociates whereas the weak acid remains almost éntirply as
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undissociated molecules. The hydronium ion activity is

' + IR [weak ac:Ld]Q ' .
@e = K [salt anion], y (2-24)

- \
whéere
-
(
i .
[ weak acid], - activity of the undissociated weak acid
53 [ "salt anion], - activity of the salt anion :
ka - " acid dlSSOC.\latlon constant

The pH is ’pendent upon the ratio of the undxssoc:.ated ;acid to the .

salt anion act1v1t1es When the solutzon is dlluted the act:.v:.tles of

the acid and salt anions change but the ratio remains constant.,
Consequently, the nH remains constant. The pHis also relat.wely
J.nsensz_tlve to the addition of small amounts of strong acid since the >
hydrogen icns from the strong acid combine with aniohs from' the salt/';
to form undissociated weak acid molecuies. If the amount.of :weak'- ‘

acid and salt is much greater than amount of hydrogen ion added, the
percentage change J.n their act:LVJ.tJ.es is. small. Thus, the ratmo remains
almost constant and the pH of the solut:.on changes negllglbly._ The’
classic exa.mple of a buffer solutlon is a solutlon of acetic acid and

'l

its salt, sodium acetate.

In the developing. solutions (Tables ‘I and I1) used'for the
E~531 development, the formation of the buffer is socmewhat more comi:)lex.

The buffer is formed by the combined action of the salts sodium sulfite,



-

Na2503 and sodlum metabuisulfite, Na2$205. Due to.its complexity,

this is diécussed in detail in Appendix B. ‘Brieflyf sodium meta—

blsulflte and the acid salt sodlum blsulflte, NaHSO_., are functionally

3

equ;valent in aqueous ‘selution due to the equ111br1um

: ~ . ) . ' .
- (J | 5,02 (g + wo 2 oamso” (ap - . (bar2)
_ 8,0, ag 0 F2 5 (aq . ) é )
. . . : o
! Either salt can be used since the equlllbflum state of Ba-R2Z is - \\\

1ndependenf‘of the direction of approach. Thusr either one will provide a

source of blsuléifE‘EEI;;;T\;;O . HSO is a yeak acid whose

U3t TPY3

corresponding sodium salt is sodium sulfite. This weak acid and its
salt form the buffer in the developing solutioh. -The molecular

weights of sodium metabisulfite and sodium bisdlfitelare,

- '
~

respectively, 190 and 104 but since edch mole of. 52052— which‘reacts

with water w111 produce two moles of blsulflte ién, HSO3 B addltlon of

0.91 grams of sodium metabisulfite to aqueous. solutlon is equ1va1ent

to the addition of 1.0 gram of sodium bisﬁlfite;

Sodium sulfite has one additional function. It removes . '
Y N M - N ’

dissolved oxygen from the-water. Diaminophenol which acts as a

) ' . f powerful;reducing agent in the development redox reaction is very
) ' ‘ easily oxidized. The supply can be completely of'paxtially-depleted
due to pxidhtion by oxygen dissolved 'in the water used to_mé&e the ) -

developing solution. Fortunately, the anion'so3: is easily oxidized 4

in bdsic solution. It reacts wlth and removes the dissolved oxygen

via tgé\Efiftlon;\-ﬁz/////- .
. .




C 0.

2507 (ag) + 0, (aa) ¥ 250,% (aq) h  (2-R3)

-

The sulfur atom in ‘the sulfite anion.has oxidation number +4 It is
ox1d1zed te a hlgher ox1datlon state in the sulfate anion in which
it has an ‘oxidation number +6. Sodium sulfite is the first component

added when preparing a developing solution. As Table IV 1ndlcates

',and as dlscussed ln detall 1n Append1x B, the solution of delonlzed

\ s,

‘-,water and’ sodium sulfite is basic, hav1ng a pH of 9.8 + 0.1 due to

the hydrolysis of the sulflte anion. fThis provides the necessary

alkalinity for removal of dlssolved oxygen and is the reason why
sodium sulfite must be the first compound dissolved when preparing

the deve;operf 0

2.4 Stage 3 - Stop Bath

ns_mentioned previouely, the development rate is extremely
'PH sensitive. The gBvelopment can be stopped and even reversed by
iowering the oH. Reversal of the development reaction, resulfing from
the net redox reaction, Bc = R4, being in the reverse direction, 7
would result in corrosion of devgloped gralns of silver. - This is
highly undesirable since one wishes to maximize.the grain density of
minimum eracks in order to distinguish them from background "fog".
Lowering the pH by addiné a large amount of strong acid directly to

the developer would stop the development but at the same time cause

corrosion. . ’ ,
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‘The problem of stopping the reaction and simultaneously
mlnlmlzlng any possrble corrosron is solved by transferlng the plates

dlrectly into a weak (CG.5%) acetlc acid solutlon., Only a small
N
amount of developlng agent and buffer, that absorbed in the pelllcles
AY

and the thin film adhered to the support plate and pelllcle surfaces,u

is, transferred The acetic acid, belng a weak -acid,’ does not lower

the pPH to a p01nt where corr051on becomes serlous and . 1ts action is

not 1nh1b1ted by a large amount of buffer. Upon transfer, the acetic
R .

ac1d 1mmedlatd&y beglns to dlffuse 1nto the emulsion whereas the

developer and buffer dlffuse out. Consequently,the developer and

buffer are dlluted the overall dllutlon factor belng of the order

', of tWO orders of magnltude. OncCe again, it is lmportant that the

acetic ac1d di ffuse rapldly to - the base of the emulsmon since
development at the base does not .stop untll the acid has completely

penetrated the pelllcles.

Slnce the stopper nust completely penetrate the pelllcles, the

1ength of tlme in tﬁf\stop bath depends upon the thickness of the

‘pelllcles. -For the E- 531 development, the 514u thick horizontal plates

were left in the stopper for 2 hours at . 7 C whereas. the 330u thlck

™~

vertical plates were left in stopper for only flfty minutes at 5. C.

-

e WL R

o
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4

In photography in general, a week rather than a strong acid
"is used as a stoppef since it is desirable juet to stop the reactioq.
Transfering to a bath of strong acid of low pPH would not only stgp the
reaction but alsc cause serious corrosion problems due to the resulting
lafge negative redox potential, equation Be-1: This would serieusly
reduce the quality ef'develeped negatives, siece it would redqee the

contrast between exposed and unexposed areas.

Stage 4 - Fixing

=~ .

Durlnq f1x1ng, the undeveloped silver bromlde crystals are

removed from the egu151on. The plates are immersed in a strong

soluticn - 1.9 molar for vertical and 2.5 molar for herizontal —:pf .

J sodium thiosulfate, Na25203 The fixing solution also contains sodium

metabisulfite to a concentration of 1.44 x 10-l molar. The metabi—
sulfite acts as a'buffer;tEetting and maintaining phe pH'at 4.5 and
at the same time inhibiting the decomposition of thiosulfate
anion."fetessium aluminum sulfate is added to a concentration of

1.9 x 10--2 molar to the solution for vértical plates, It_acts as a

hardener and thus reduces the swelllng. In the E- 531 development,

.. the verﬁlca%gplates were fixed at § C whereas the horizontal plates

were fixed at 7 C.
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‘Minor temperature fluctuations are less serious during fixing
than during developlng. For low temperature flxlng,a control of

+1.0° C is satisfactory. Low temperature fixing is very slow but helps

4

-to minimize swelling, thereby reducing the problem of distortion.
It alsc reduces the risk of bubble formation and subsequent growth

since the emulsion stays relatively hard.

For both the horizontal and vertical emulsion plates, the

flxlng is divided into the five substages shown in Dlagrams l and 2.
P

In the horlzontal case, the rlates are transferred from the stop bath
to substage l, a bath of 1/4-strength fixer, where they remain for-
2 hours whereas in the vertical case they are transferred to a bath

of 1/3-strength fixerswhere they remain for fifty minutes. Substage

2 is a bath of 1/2-strength fixer in the horizontal case and 2/3-

. strength fixer in the vertical case,Kthe respectlve processzng times

~be1ng ldentlcal to those of substage l._.Substages 1 and 2 reduce the

risk ef corr051qg of developed grains of silver. During substage 3,

the plates are immersed in full-strength fixer for approximately four

days in the horiéontal case and approximately twenty hours in the

vertical case.' The plates clear during this eubetege,'indicating that

all but the final traees of siiﬁer.bromide have been dissolved. -'_i .
Substages 4 and 5 are respectively identical to eubstagee 2 and 1,

the 1/2- and 1/4-strength Substages. They are the dilution substages.



.
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The role of each compound in the fixing solution will now

be discusséd individually and in detail.

i) The Reole of Sodium Thiosulfate

L .

The silver bromide crystals are dissolved by sodium thiosulfate.

Yy -

They react chemically with thé.thiosulfate-énions‘to form silver-thio-

sulfate complex iops. The overall fixing redction is

3

-+

AgBr (s} + 2520 {aq) £ Ag(8203):- (ag) +Br (aq) (2-R4)

The developed ;réins of elemental siiver are\not attacked by thé fixer.
Consequently, tﬁey are lefﬁ intaét and in place in the gelatin network.
The gelatin is also inert to the éheﬁical action of the fixer, After -
éll but the final- traces of the silver-broﬁide have‘been digsolved,

the emulsion becomes transparent, the time required being ¢alleq'the

"clearing.time?.
)

~ . -

The plates are ﬁot removed from full—stréngth fixef immediatglyl-
after clearing; .Cleared plates are commonly left in full—stréhg;h fixér
for a'léngtﬁ of time equal to a least éwq-tﬁikdélof the clearing time:'

' This prﬁvides time for the final trac;s of silver bromidé to be

dissolved and the concentration of silver-thiosulfate complex ion to

minimize in the gelatin'nétwork via diffusion out of the emulsion:
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'/‘792.3 - Continued | |
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A further reduction occurs during the two dilution substages . In the
; _ N

next stage, the washing stage, the problem of reformation of silver - . A

bromide via the reverse reac of 2-R4 is considerably reduced v

becagse the Ag(8203)§-‘and r concentrations are étutﬁeir ﬁihimé‘
wheﬁ the plates are transferrgd. - . .-l : | ‘
. ., . :
- The fixing procésé-is a combinatign of the ph§sical ana
Ehemidal processes depicted schématicallyqin Fig. 2-35‘ initiaily,thio-

éulfate.anions, szog , must diffuse inéo the emulsion support netwoik.

1

to reaction sites. These anions then react chemically with silver
. ’ N :

bromide crystals produding silvér—;hiosulfate complex ions, Ag(5203);_
and bromine anions, Br-,'accdrding to reaction 2-R4. - The silver complexes

L

and the bromine anions must then diffuse out through the network to

r

emulsion-fixer interface. They must then diffuse across the interface.

If no agitation or circulation is included in the fixing bath, they

Hust thén diffuse away from the interface and into the bulk of'ﬁhe fixer.

The reaction mechanism-of theffixinqdreaction!is not well
¥ ] »
L]

understood. A Logical'appfoach, tﬁouéh, is to corsider Qﬁ\ﬁo be a

two stepireaétion qonsisting-dfqdiééocia£i§n-ofgéii%ér~brémide c;ystals
fbliswed by an eleméntafy terﬁoieculaé‘éfécess of tﬁo_thio;ulféte-én%oé% .
combléxiné with.éugilﬁérLfﬁtibﬁ;' Thus;lzuRé,cén-Sébrbkén-intéfthé" 'L;iéffﬁ;\\
fo}iowing'two steps -i o, R ;'L‘: i .. :l . ’ ' Tm .1 : .

.-t e Y

- - - - '
£ e .t -
ar

'forward'""';d.h":_ ) ﬁll; ' . "
AgBr (S) 2 Ag . (aq) -4+ Br (aq) - . (BC"'R].)
., reverse el e _— T -

\\\\“‘~“ - ) e _stép 1 E"aissociéEidn""

'

4

o ‘ , R
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’ ."\‘_ d
. . .,
o . q
4 _ forward EYR
Ag (aqgq) + 25203f {aq) s Agc5203)2 (aq)  _{2-R%5)
‘ . reverse - o ‘ t
oY . . a4 :
’ step 2 - complexing. -
( .
¥ ‘p ’

It is 90551b1e to further subd1v1de the ccmplexlng reactlon, 2~-R5, into

two blmolecular elementary reactlons of the _hature o

!

‘

)

+ '; . . - ' 3 B V\ '
Ag  (aq) + 5,05 (aq) ¥ ~ags 03 (ag} i (Z;R/?i)'\,d )

followed by o L . .

., jes .~ S 3_ - o
Ag5203 aaq) + 5203 (aq)  «+ Ag(5203)2 Faq). - {2-R7)

. . ' .. Ao : . .
"but, as wrll_be shown, the flxrng rdte in nuclear emulsion physrcs is a

diffusion

pellicles.:

chosen as

_are 1dentrca1 in.- both cases, the simplified two step mechanism is - ' fe

controlled process due to the large thickness of the emu151on .

Slnce the arguments which will follow concernlng the flxlng rate

the model.

' . ’ +
. (—\ N .
.

Flrstly, con51der the srlver bromide. dlssoc1at10n. At -

hadn- ' ‘
- equilibrium, the rate of dlssoclatlon of the crystals is equal to the CT

rate of association of bromlne and - 'silver 1ons ' Recall that

P, ' .

»

[Ag ] [ Br” e' R oo (2-122 -
. -2 h . . .
= 5.2 %10 " gmoles -1, @ 25%

_=2 . 5 -
5.9 x‘lQ‘1 gmoles 2—L -@ 7%
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2! i ) ﬂ-’l ~ [S 1 . : .
: * ) . B
; - ’ S e v I -
! » : L. ' . ‘ b y ’
. I .' s ~ _ . Nl ,
L . The net didsociation rdte, RDS,:Ln gmoles=cm -5 1, ‘is N -
: . ’ ) ' B l i ‘ - - + W ’ ‘ Mo " . : + s - .‘ . 4 ’:’ ’
N - . ‘_ RDS = Dlssom.atz.on Rate - Assoc1atlon Rate .
. . . iodadl ) o 4 s *
‘ S : . o k + o o \
A S . ‘ = [AgB:c (s)] - k [Ag ][,Bi; ] P« (2-15)
i . . ‘ “w '7-’-‘»‘51-" ] . . . :, . ’. -:' ; . .-r .
, . h where k .’_Ls _the rate constant for dxssoc:l.ation and 'k is th_e rate
’ LY constant for assoc1at10n. The concentrata.on of s:.lven brom:.d’e crystals
'
‘ is constan&s:.nce it is in. the solld phas&. The rate constants are
+ - functions- of.. temperature. Also, : S ', T . .
J oL Ce . 3
' '_ -»._ ...‘ k ; . K ' 2} e \ v" . - .
3 * H_ D _ SB S : (2-16)
; - K ’ . S e < .
‘i - A Lagr 001 - Lo ’
; . N C=1 S R - o
‘ . = 1.5 x 107 gmoles-L 1 @25 b .
Co T s o -
; o s .+, = 1.7% 10 15 gmoles-L 1 @ 7%c .- \.\
e Y - . '- . . s i : .
. J ! ' -
CT sznce the denSJ.ty of silver brom:.de is 6 47 g/cc. This indicates. that
i - - . .
.! . - .the rate of association is 1nherently much more rapld than the rate. of
H / .
| — \ ,
§ bt ) . dlssoca.atlon since the rate 'nsiia.nt for association is much 1arger -tha.n
| for dlssoc:l.at:.on ~ Thhs, t equ.lllbrlum almostpall of the Sllver
N : and bromlne exists -as undissomak ted sol:.d phase crystals because it
;i . . . e -
H . v ) R l Y ) P
‘ is extremely unsoluble :m water. : . . . ¢
, ‘-'0. : E ’ : .. . . . :
: . Cons;Lder now the klnetlcs of the comluexlng reactlon, 2-R5, -
i . in deta:.l.. The. eun.l.Ler.um dq\nstant is . A
o - ’ . et
t

T

1]
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o [Ag(5203)2 Je ' Co ‘ 11
Ke. = ' 5 L : - v (2-17)
T be'lls,0 .3.ei e
L o < o ' ’
o= 2.4 x lol gmoles 2-L2 ‘@ 25°C
"’ =’ ) 2.1 X, ‘101 gmoles 2‘—1_.2 L@, 7°C T e - )
' ’ . . ) ' Co ' B . : i. . . “ | /‘

The equ111br1um-constant at 7 C was calculated. from 1ts ﬁalue at 25 C

and the enthalpy of reactlon,u51ng equatlon A- 12 in; Appendly A. The

K

enthal§§ of reactlon is -19800 cal/gmole. 4It was calculated from the-

data ln Table VIIa. ThlS 1arge equlllbrlum constant-lndlcates that

- -

- the 511ver thlosulfate complex ion is, an extremely stable chemlcal
. . .", . o s . l' A . -

3 specles in. agueous solutlon. ‘It renders the szlver bromlde extremely

s

soluble Sane the 51lVer ions are 1mmed1ately tled up as complexes

by the thlosulfate anlons.t Cnly an extremely small prcportlon of

ionic 51lver w111 ex15t as aqueous silver catjons at equlllbflum

The net complexlng rate, RC, in gmoles—cm 3—s-l',_is LT
o . - |
" Rc =  foward rate - reverse rate - LR o “
. . B ‘ . -‘ P . - V " ' - ' :‘
SRR ’ = [ag'10s:05 1% - % _ [Ag(s,03" 1 - (3-18)..
¥ c T zi . -c 2 32 .
. ' ’ . - . . - ) . .
1v"/’\qhere_ oo . T : ‘ﬁ' 'T)' ‘.
: ;"f“. L k. is the'coﬁﬁlexing‘rate‘constant- o
o _ _j,f k—c islthe‘decpmple;ing':ate constant
and ) e .
Y R Y 2.2 o ' ’
Ke = ;E = 2.4 x 107 gmoles <L -@ ‘25°¢ - (2-19)

N
v . ¢

-
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" This.indicates that the complexing redction rate is inherently much more
rapid than the decomplexing rate because it has a much larger rate

constant.

If one compares the dissociation reaction with’thé complexing
reaction, it is immediately obvibus that the coﬁpiexiﬁg of silver
'cations by thiosulfate anions is inherently much more rap§§>than the
dissociation of silver bromidé since tho former io inheréntly véry
rapid whereas the latter iofinherently very slow. In a well agitatea
reaction .vessel containing thiosulfate anions and "free" silver
bromide crysta}s, the reaction products will be rapidly removeo from. ‘k
the reaction sites. Therefore,the reverse reaction rates will be 3
e#tremeiy‘sm;ll. Conoequently, the dissociation of silver bromide
will be the rate determining step of the fixinpg regction. The fixing
rate will thus be egqual to ‘the net rafe-of dissociq;ion of.the silver
-bromide. . ) T \
In nuclear emu151on,the situation 15 qqéte dlfferent due to
the fact that the Sleer ‘bromide crystals are embedded in the gelatln
support network and because of the la&gq;thlcknesses 1nvolved. The
»
reaction products, 31lver—thlosulfate complex ions and bromlne’anlons,
must diffuse qut through the gelatln in order to get away - fxom the
. reaction 51tes./ The dlffus1on of the Ag(Szp3 2_ complex is undoubtedly

. : 7
‘extremely slodjbecause of its large size. Since thls dlfqulon is very

slow,a rapid-build up of Ag(5203)§;éﬁill occur at reaction sites in the

gy
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. 3- : '
gelatin. Ag(s 0 ) will consequently have a large steady-state

conéentration. The net complexlng rate will slow tremendously, due
& :

/r-the 1ncrease in the rate of the reverse complex1ng (decomplexlng),
reacthn. _The net complexlng rate w1ll be~Controlled by the_steady—
state concentrations which are controlled by the rates of diffusiép

The average net dlssoc1atlon rate of silver bromlde will never exceed

the net compiexlng rate since, on its own,it is extremely igsoluble.

‘The diffusion coefficient of bromi(é anions will be larger than that

of silver-thiosulfate complex ions since the'cdmplex is'hﬁch léréer.‘
Eonsequeqtly,.the build up-;f brrmine anion ;t reaction rites will be
less severe. As a result, its steady-state concentration wrll be
lower than that of the silver-th sulﬁafg_zgﬁgiéx ions. Thus, the
‘average net diésociétior'rate'of silver bromide, which is equal to the

fixing rate, will be equal to and controlied by ‘the net complexing rate,

equation 2-18,which is diffgsion qonﬁrolled. ‘Cénsequently, at steady-

\

. W e . . - ~1
state, the differential fixing rate P RF’ in gmoles-cm ?j; , is
SN,

X
|

*d
|

+ =q 2 3-
X _[f\g ]s'[szoal s ~ ko [hats,0p 7]

. ; $q e - . . _ l
Vkp [agBr ()] - kA [ag ]S [Br_]s | .l (2720)

o

signifyimg® time iyebendence. & . . ’ ' '

.‘- 1 : . , . . ) | - /}

The progess of liduid phase diffusion of silver;;hiosulfare

L s
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complex ion ., thiosulfate anion _and bromine anion will now be

considered iﬁldetail. Consider a horizontal emulsion pellicle placed

in a cartesian co-ordinate system as shown in Fig. 2-4. To a good

first approximation, the diffusion of reactants into and products

-~ "

out of the emulsion cah be considered to be unidirectional in the y-

© direction since the thickness at this stage is of the order of

2000 microns compared to a width gf 5~cﬁ and a length of 14 cm for a

N

horizontal pellicle. Under unsteady-state conditions,-concentrations,

net reaction rates, fluxes and diffusivities are both.time and positiqﬁ

dependent. The unsteady-state differential equations governing the

LA

physical and chemical processes which occur are develpped and discussed

in detail in Appendix C. Only their steagg:stéte analogues will

discussed here, steady-state siynifying time independence of conken- (-

be'

tfations_and,consequently,fluxgs, net reaction rates and diffusivities.

‘
'

"In the focllowing discussion, silver-thiosulfate complexes ions,

bromine ‘anions and thiosulfate anions will be labelled components A, B

awf‘c, respectively. ’

v » : i

<
\

In Appendix C, a unidirectional m'éterial,.balance is pe'rform.é.ﬁ

.

A', equal to the surface area of the eelliéle; The steady;state

of components A, § and C are
ﬁéﬁ’ . dc,(y)

A .
-DA(Y) :

f

on a strip of emulsion of,inifiﬁiﬁessi?at‘thickness dy and surface area

fluxes

(2-21a)
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- . . - Lot .o . - . . L

I -
N
. oo - n ". Y
Coggooodaggy) LT
\ -DB (y dy . . : . - ‘ (2'-2113)" '."" .
acky) o T
= Dly) e . (2-21c)

’ X cdy ¢ - L SR . \
Wheré; D ig the éi‘ffusi\-rity: inﬁcm'z— s Tl and C is the con'centx_‘at-ion in U '
gmoles-c:m_g.. In liquid phase qiffusionai ‘proc;_sses,.the:dif'fﬁéivityi is
1n g;e'neral a function of.the diffusing spec'ies, the concentration of

_the' species’ arid the temperature.: ‘At low concentrations, the
».diffpsivities are often independent of concentration. " The net -
N i - .‘ ) ‘_ e .
steady~-state reaction rates, as derived ‘from the law of diffusion and ‘
YT e T ., .
a ‘material balance, are
' . - . En
. AN, (y) T . ‘
RA(Y) = —dy = . / - (2-.226.) ‘L L
AN (y) . o l
o RB(Y.) = . . (2-22L) ‘
B dNC(Y) ) -
RC (v) = & . (2-22¢)
. - o . ; . A
where RA(:_{) and RB(y) are, respectively, the " net differeté.l rates of
pro@tstion of silvei-thiosulfate complex ton and bromine ion and ' 4
Rc(y) is the rate of consumption of thiosulfate apion, the units being "
.3 - : S .
‘gmoles-cm -5 1. From the stoichiometry of. the fixing reactions, the
. ~ I C om L '
differential fixing rate is related to the rates of production of A
and B and consumptior of C as follows - L. T
\ . ” . ) U' . 06 . . ] T
' () = R (yl.= R(y) = =R (y), " v Ao
R = R B = g R e
-t . ' ) . . : »
9. RS . S ’ . .



‘flx;ng raterbeing equgl_to the rate of dissolutipn of silver»b!ﬁq‘da.

. . . B . . . . .
discharge, there would be a net erletion of these complex ions in

the emulsion and, as a consequencg, its ‘concentration would decrease

- 76 -

S ) N

‘The factor ‘ene-half arlses from the fact that two moles of thlosulfate

anlon are consumed for each moles. of silver bromlde dlssolved, the

. An expre551on for the total flxlng rate can be found by

summlng the differential flxlng rate over the thlckness of the pelllcle. ‘{
- . - . -
Thus, from equatlons 2=-22 end 2-23

. : : . :
7 [ .
]

: ¥z | y=h- AN, (y)
e [ e [T,
: ©y=0 . - y=0
Vo= v, () - - N} | (2-24)

where RFf is the total‘fixing rate in gmgles—s_l. steady—sfate

condiﬂ%?hsjgeazﬁgzzggg the concentratlon of 51lver—thlosulfate complex '

ion be “time 1ndependent. Thus, lts total net production rate, RFT

N ¥

cannot be less than ltS rate of dlscharge A N (h), from the emulsion

" pellicle. If the net production rate were less than it rate_pf

with time and thus not be time iﬁaépendent. As a result, one is = ' .

forced to concludeethat, at steady-state, the §;ux,~NA(O). at“the 2iief///'

of the pellicle i$-zero, and equation 2-24 simplifies to - o
& s o . ' -

s - ’ . i . . F oo



NAFQ)‘ = N (). =

and-thus from equation 2-21

Ng?o) = 0

- 77 -
L. _ , " -
_ Rop A | NA(b) -
¢ _ 4" 'dCA(Y ' ;
v = A D ay '
1 B . ) C y=h LY ’
Analogously, Y
1- = AN ()
Brr .
S .y ode () .
= A" D (h) ( 5 <) %
o , . ay .
) y=
: A" i : R
= D . .
> ‘thhil. .
_oAa "y dCC(Y)f 4
2 C T ay
. Y=h
Also,

« 7

o dy v=0.

(2-25a).

(2725b1

(2-26a)

(2-26b)

(2-27a)

(2-27b)

(2-28)

(2-29)

. Equations-2-25a,"2-26a and 2-27a indicate 'that the rates of

3diéz;;rge of compléx,idq;andvbrqﬁine.anion from the’ emulsi

~

equal to the fixing rate and that the rate of entry of thiosulfate

.anion is double- the fixing rate. Equations 2-25b, 2-26b and 2-27b r-

. inditate that the fiking rate is

E . , ) .
) .5 -
[ ' . o ) : S

PR

on are equal and

b

&

C
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'concentration profiles of A, B, and C at thelemulsion~fixer interface.
v _—

Equation 2-29 1ndlcates that the slopes ‘of "the- concentratlon.proflles

are zero at the bases of the pelllcles. A sketch of a reaction product
concentratlon profile is shown in Flg 2~5. Furthermore, 51nce the
o . é

‘flxlng rate is equal to rate 'of dlfquLOn of reactants out of the

emulsxon, the flxlng process is dlffu510n controlled

-

4

As equation 2-28 indicates, the fluxesfofAA; B and C are zero
v \ . . -

at the bases of the pellicles. Thus, the qorresponéing‘flux gradients,

éN/dy, are also zero,indicating that:the net,differentialgreaction
rates, as given by equations 2-22a, b and ¢ are zero. Since at the

Is ! , .
base there is no net conversion of reactants to products, the reacting"

species are in chemical equilibrium.. ‘As a result, the absolute con-
[ . ' - -1

centratiuns at the base are determineg;hy the egquilibrium expressions,
. g{:i'; . R . ] .

equations 2-12 and 2-17. The equilibrium expressions consequently

provide one set of bbundamy conditions for the steady—state differential

- . . m
v - P . , S
‘equations governing the physical and chemical processes. The
0 » . I

differential fixing rate given by equation , 2-20 varies from zero at the

. - .
. . N

base tc a maximum value at the emulsion-fixer interface. . Consequently,

- the departure from chemical-equilibrium varies from zero at the base to

-

a maxxmum at~the 1nterfacé~§%;ce the dlffd%gntlal fixing rate ‘is a measure

N nf -

//of the departure f’om equlllbrlum of the reactlng spec1es\\

. . . R _' . -
: .. . . R o .n'ﬁ;r R
. The precedlng dlscu551on neglected the fact that 51gn1f1caht
two and three- dlrectlonal diffusion ‘c@ at the edges and corners, -
- T R
Pl - Gy > ' . LT
i ¢ . * .
. " 2 f N . "4 - * g
- - -

v’

h
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. . ) ,
ly, of the pellicles. The equations which have been derived are
: .

thus ap rcximéfiqns. If fixing is in fact diffusion controlled, the raigﬁﬁ&f.

will be' faster at the corners and edées of a pellicle than at its

centre. r.Theréfore,thqg should ‘clear at the corners and edges first.

It is well known in nuclear emulsion processing that pelliclies do

~ . ,
h1ﬁﬁat clear at the corners and edges before they clear at the center.

.

being contrelled by difﬁusion ;athér than the inherent chemical

kinetics of the reacting species.

1
Consider a fixing véﬁgel in which there is no circulation

or agitation. Recall that the steady-staﬁe fixing rate is equal to

the diffusion rates of bromine'aniqn and thiosulfhte complex ion and

'

one-half the diffusion rate of thiosulfate anion across the emulsion-fixer

interface. 'The fixing rate is controlled by these interface diffusion

rates. These ipter cé_diffusipn rates are themselves controlled by.

their corresponfiing rates of diffuﬁi?n through the bulk of the fixer

near the ‘interface." atfgn is included in the fixing stage,

there will be a thin laminaf1laygr of fixer outside the- interface
. . Lt ) L) oo .
(see Fig. 2-5). Beyond this layer forced diffusion will occhr'due to

the bulk mixing provided bz the. circulat¥on. The rates of diffusi

will increase since upon le&a

species must néw only diffusion throtigh this thin_layer. As'a result,
. - PR - , B [EY

the fixing rate should increase when circulation is added”if it is >
- . uh

indeéd diffusion controlled. e

C T . N L

a . ' - .
This provides -considerable suppgrt for the hypothesis offfixing rate 4

ng or approachingthe, emulsiom, the i A%c - '\\E'”




a2,

Ve

Clrculatlon was 1ncorporated 1nto the f1x1ng stage of the large
. T o . L : .
scale process;ng system descrlbed in detail in Chapter 3 More conVentional

small scale systems usually'do not use circulation or agitatior.. A considerable:

decrease in clearing time was obtained with the circulation«system. As Table, : e

. . . R )

VIb indicates, the 614 micron thick horizontal pellicles cleared'in~approxi-

. v '

: mately 42 hours at 7 C whereas at thlS temperature 600 micron thlck pelllcles S ) -
‘usually requlre about 3 days. té clear when there is no 01rculat17n. This ~

7
reductlon in clearlng tlme can only be due to an increase-in the fixing rage. :

This prov1des further support for the hypothes;s of the flxlng rate belng ;;«- . .;“

."‘a.
dlfqulon controlled. »
- ’ . i \
s . . a . ~ o . : . . . ) ’ \"‘ '
As previously discussed, the differential fixing rate varies' from e
- . " : L : '..-
zero at the base of the pellicles td a maximum value at the. emulsion-fixer’ . .

. L

'interface. Consequently, the 1nfin1tessxma1 layer at the 1ﬁterface w111 be the

flrst to clear, dlsregardlng for the moment, edge effec@§,151nce the dlssolutlon

-

'rate of silver bromide is the most rapid in thls layer. No clearldb occurs at- ;ﬁ
] - ~ . .t -
the edges antil 2 or 3 hours before the pelllcle completely'clears. Therefore, ' :J’ ,'

. .t v

durlng the initial forty.hours of flxlng, no clearlng occurs anywhere in the

. e N B K . ' BT + -

pelllcle.-'ConSequently, once clearing begins a pellicle will clear rapidly in ‘- f

successive layers from the interface to the base. Once the base has cleared

the emulsron i's completely cleared and becomes transparent. The concentratioh'. -

-

profile,’ Flg. 2-5, and ‘the flxzng‘rate expression, equation 2-25, are valid ) S

anly whlle thereuls still sxlver bromide througHSut the entlre depth of the

pellicle. Wben the sr}ver bromlde has beeéﬂ%ensumed to a depth d - see T ' s
Fig. 2-6; the-instananeous uhsteady-stage fixing rate is, from equation C-11 o ;
J: vt L] ~ » ‘E

e “; 4 . - i

a * ‘. \-@ ;
. P ~ ;)-‘..‘ \ l . ;_E

' ! _I - o fr. - o ¢ 9 [ ] ]T

2 ~ - e : . . N p
& s 2 .. ¥ - : v
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Thé‘expressions for th fluxéé ,of B and C.are similar.. The concentratlon f

S f o ‘ : B . ' ' ', : C \> N ., . : .- ’ v ’ ' .'> .
t;;\\\-ﬂ " ii) Thé Role of Sodium Bisulfité or Metabisulfite -

-

' . .. )
7 o e
- . 1] ‘a PO
. ) ' R ¥ r,
- v
. - . N ]
. - 2
B
. :
. N 2
- ~-B82 - - .
- - N -
"W, o i
'
.e- . " . .
: + 5 . Y , pl
\ R v ' N

T o S R S
_RF(t)' = A’J { T‘ “} dy+A{N(h - d t) - N(O,ﬂ_ t)}

. o Ca n

R iyt SR ¢ - T S

s ? V

ﬁhéﬁ d ="h all butﬁthe fiﬁal.iraces of,silver bromide,haﬁeﬂbeeﬁ

d;ssolved and the pelllcle becomes transparent. In .the Cleared portlon, S

negllglble net reactlons are occurring and “the dszerentzal-flxlng s
b - Pl .

rate rs'approxlmately zero. The flux grad;ents, equ@tlons 22 2a- b

and c, are also abpfoxlmately zero which means that all fluxes are,

. o 1 ; . N
to a good approximatron,,tonstanta \Thus, ¥ : PO . .
"on - ;. hxd <y <h . (2-31)

_1:‘ K BT <. ", .
. . o - =
! i * 1 . . ,
- . /.‘ _f__‘ L ‘.".

,.

gradlents would only be con“%ant for the 51mp11fled case of the . *

d1ffusrv1ty belng concentratlon lndependent. . -

- " '],‘ -‘ a . . “;? R »-' -‘ B .l
. the flxlng solutlon, sodruqametablsulflte has several

.; / _~.

fuqctions. It 1nh1b1ts the decomp051ti0n of thlqsﬁlfate anlon in acidic *

.

solutlon, forms a buffer thh sodlum thlosulfate and minimizes the

'
'

. emu1510n Qwiilinghby settlng and’ malntainxng the pH at 4 5 0.1 dq;lng
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the five fixing substages. 'Asrin the developing solution, fhe bisulfite
- i

" anion is-#® wcritical ionic species.

In’ agueous acid solution, thiosulfate anion can undergo

. decomposition to elemental sulfur and bisulfite ahion via the reaction

- + - -
5293 (aq) + H0 (aq) 2 HSO, (ag) + s (s?+ H,0 (2~-RB)

The equilibrium constant can be calculated from the thermodynamic

. a '
data in Tables VII and VIIT. Using equation A-7, the standard Gibbs

free energy of this reaction is ) :

AG: AG? {products) - AG? (reactants) - (A-7)

I

A O - - Q =
Gf (Hso3 ) AGf (5203 }

= 1180 cal-gmoles - & 25%

Using equation A-10, the equilibrium constant is

ac® '

— — r —
Keq = exp { — } _ (a-10)

= 0.135 gmoles-l-L_@ 25%

The standard enthalpy of. reaction, calculated_using equation A-lla, is



o
£

~ [N ) .

2
AH AH: (products} - AH

n

(reactants)

o) - ? .
. - (o] ol
AHf (HSOB) AHf (5203 )

[}

~6524 cal-gmoles & @ 18°C

- L
This indicates that the decomposition reaction is exothermic. Thérefore,

its equilibrium constant will increase as the temperature decreases.

'The equilibrium constant at JOC, calculated from its value at 25°C

using equation A-12, is

' ﬂHz 1 1
' = - — —_— - = -
Keq Keq exp { R ( T T )} (r-12)

0.273 gmoles t-r @ 7%

1]

Thus, loweéring the temperature from 25°C to 7°C increases the equilibrium

- B

constant of the thicsulfate anion decomposition reaction by a factor of

2.02.
k.

.

The thiosulfate anion decomposition reaction has an equilibrium

expression of the nature

[HSO;}
Req = — = : (2-32a)
[5203 ]e [HBO ]e b

= 0.135 gmoles *-r @ 25%

=  0.273 gmoles T-z @ 7%

Al
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" . An expression for the hydronium ion activity can be found by rearranging
equation 2-32a to give . .

+
[HO] = =
3 e K =
©o= [SZOBJe

(2-32b}

% .
Thus, the presence of the bisulfite‘anfon simultanéously inhibits the
decomposition of thiosulfate anion and se;s khe fixer ©OH at _the optimum
value of 4.5 £ 0.1. As Table V indicates, the two salts form a buffer
'solutlon since the flxer PH remains constant when it is. dlluted to
one-half and one-quarter strength . The pH is also constant over the’
25°C to 7OC temperature range. Since Xess than one percent of the

] !

thiosulfate anion is consumed during fixing, the ©H will rémain

essentially constant throughout this stage.

L

Sodium metabisulfite hinimizes swelling by setting the fixer
PH at its optimum value o% 4.5. <<Minimum swelling is obtained at a
PH of 4.5 for gelatin manufactured by a lime hydrolysis process énd
8.5 for gelatin from an acid hydroly51s. >>l‘3 One'can thus conclude
that the Fuji ehulsion of experiment E-531 was manufactured usihg a lime
hydrolysis process. As explained in Chapter 1, fdnimizing swelling
during processing reduces distortion in the tracks of .processed emulsion.
Either sodium metabisulfi;e or sodium bisulfite has the_édvantage of

lowering the pH to its optimum value while simultaneoﬁSly inhibiting

13 Ref. 2, pg. 32.
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"+ coefficients have been measured for Na

-~ 8% ar

the decomposition of  the thiosulfate anion.
|
An éxpreésion for the bisulfite anion activity can be found by

-
Yy

re—arranging equation 2-32a. Thus,

- = + . 7
[uso ] = Keg [s,05], [&;0 ?e . (2-33)

The concentration of thiosulfate anion is 2.5 gmoles—L_1 and the hydronium
éon activity can be'calculafed from the measured ph’. Unfortunately, fixer

is a solution of extremely high ionic strength. _Tt was calculated to be
. . - )
7.5 molar using equation A-13 in Appendix A. The activity of the thiosul-

fate anion can' not bhe calculated'analytigally from the‘-known concentration
by calculating the activity coefficient fram the extended bebye—Hﬁé&él
equation, eguation A-14, siqce this equation ig of quésfionable validity .
for solutions of ignic strength ~ >0.1 molar. For solutions of ionic

strength ~ 7.5 moclar, cne is strictly into t@gkzealm of empiricism where

activities must be measured experimentally since no reliable analytical
; - _ '

models exists for calculating activities from concentrations. Activity

25203 at this ionic strength (see

Table 117 ; data takqh from 12) but only at 250C.'_Since low temperature"
fixing is carried out at 7OC. these empirically measured values cannot

be used at these low processing temperatures because activities are
- 7

temperature dependent.

The sodium metabisulfite also produces dissolved sulfur dioxide

via the reverse reaction of reaction Ba-Ré in Apgendix B.

S

. . B + _
592 (éq) + 2H20 pg Hso3 {aq) + H3O {aqg) (Ba-R6)

for which the equilibrium expression is:

'
.
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[Hso 1 [ 0

[50'2 (aq) ],

1.2 x 1072 gmoles-1 t @ 25%

]

1.7 x 1072 qm\c:)les—L_l e 7%

]

The 7°C value.of K1’ the first dissociation constant of sulfurous

acid, was calculated from its value. at 259b and the stanﬂard_enthqlpy’éﬁ
reaction. {-2400 cal-gmolé;i-exothermic),using equation A-12. The

enthalpy of reaction was calculated from the enthalpy of formation

r

' data in Table VII. An expression for the activity of dissolved sulfur
dioxide can be found by re-afranging Ba-5, Thus,

'
’

) . 1 - +a '
I;SO2 (aq)]e = K_al EHSOBJEE H0 :Ie (2-34)

. iy -t
Qualitatively, the activity of the disgblved sulfur dioxide will increase

with decreasing temperature since the solubility of gases increases as

the solute temperature decreases.

i1ii) Silver Recovery From Used Fixer

The used fixer contains jonic silver, almost all of which is tied

up as silvef-thiosulfate complex ions. _Ths silver can be reccvered

electrolytically. Silver is an ektrgme}y valuable metal. The current

price of pure silver is of the order of $325. per kilogfam. Nuclear



N

track emulsion contains a large .amount of silver ( ~ 1.82 Kg/L), the

0 . : .
weight of silver bromide per cc of emulsion being greater than in
: a

conventional photographic emulsion by a factor of approximately eight.

During.the developing stage, up to 5 to 10% of tﬁe silver is reauced
to the grains of elemental silver whiéh form the tracks and fog
bgckground. Thus, approximately 90% or more is removed by the fiier.
When processing on a large scale like that of the recent'develoément
where 25 1iter; of emuliion were processed, it became desirahle, from
both &n eoncomic and antipollution point of view,to recover the
silver. The used fixer contained about 40 kg of recoverable silver.

This amount has a current market value of the. order of $12,000.

»

In prbcessingAthe E-531 emulsion stack, approximately 2.15

liters of fixer were used per cc of emulsion. Thus, the used fixer had
D

an Ag(SZOB)g- concentration of approximately 7.8 x'lO“3 gmoles/L.
-

The silver can be recovered electrochemically. The redox

-

reaction in fixer is

-

. 3_ o = .
‘llAg(Szos)2 {aq)  + SHZO Z 4Ag (s) + 75203 {ag)

+
+ 200 (aq) + 2H,S0, (aq) (2-R9)

The silver is reduced and the sulfur is cxidized from an oxidationastate
of +2 to +4. Four electrons are transferred. The separate half-

reactions’ are:
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- 3- - O. = ’ N
. + . _
Ag(5203)2 {aq)} e I Ag (s) + 25203 {aq} (2-R10a)
Lo . ’ o ’
_ {(reduction - g, = 0.01 v}
. . N + Sy - ’ \
5203 (aq) + SHZ.O + 2H3O (aq) + 2H2503(aq) + d4e | (2-R10b}
. . o} .
{oxidation - 52 = ~0.40 v)
The standard redox potential is .
o] o o. _ _ ~
Ae = €1+52 = 0.39 v . /

There is no evidence for the existence of the sulfurous acid molecule,

H2503,in agueous Solution. <<Undissociated H SO3 m assumed as

2

a short lived intermediate in.acidification of.sulfites at low

)

temperatures in ethers but does not exist in detect ble' amounts in

aqueous solutions of sulfur dioxide called sulfurous acid.>> 14

Consequently, HZSO {aq) will be replaced by SO, (ag). The electro-

3 2

chemical potential of the plating reaction, the forward reaction of

2-R9, is givén by the standard Nernst eguation.

' 3-4 4
(ag(s,0,) ;7]

Ae = Ae + 2.303 RT log
Fr 2 #q20 . 2- 47
N _ [so2 (aq) ] [H30 ]'[szo3 ]
! 0 (2'353.)
3-4
- -5 (2a(s,09; ]
= -0.39 + 4,94 x 10 7 T log -
2 12 2-17
[so2 (aq) ] [H3o ].[5203 ]

< o . (2-35b)

14 ‘Ref. 7, pg. B878B.
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The silver is recovered from the fixer by electroly51s. Thus, the

- . -

potential of the platlng reaction is negative.

P - -

-

- Since the potential of the plating reaction is negative, one
must supply an external opposing potential greater in magnitude than
the plating potential. As the electroplating proceeds, the silver-

thiosulfate complex ion activity decreases whereas the dissolved sulfur

dioxide, thiosulfate anion and hydronium ion activities increase.

As a result, the plating potential becomes increasingly more negative.

Therefore, at:a constant externally applied potential, the net ‘driving

-

potential decreases ceusing the plating rate to slow. The electroplating
i . 1l

will stop when the two potentials are of equal magnitude.

PR

Y

The electropléﬁiqg_;eaction produces acid and dissolved sulfur
dioxide. During desilvering,the'pﬂ drops from 4.5 = 0.1 to'3.4 i 0.1.
The fixer acquires a much deeper yellow1sh colour and an extremely acrld

odor consistent with an increase in dlssolved sulfur dioxide act1v1ty.

1
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iv) .Reconditioning of Desilvered Fixer

An ektremely small percentage of thiosulfate anion is consumed
during the fixing and subsequent desilvering processes. The used fixer
has an Ag(5203;g_ concentration of approximately 7.8 x 10-3 gmoles-L-l.
Therefore, only 1.56 x 10“2 qmoles—L_l of thioéu%fate anions are
complexea during fixing,whereas in the horizontal case, their concentration
iﬁ new fixer is 2.5 gmoles—L_l. This indicétes a 0.63% decrease in
thiosulfate anion concentration during fixing. These thiosulfate anioné
are not destroyed. Instead, they are tied up as Ag(8203)g- complexes,
each mole of silver cation tying up two moles of thiosulfate anion.

In the sﬁbsequent desilvering redox reaction, 2-R9, seven moles of
thiosulfate anion reappear for every four moles of Ag(SZOB)g- consumed.
This results in a net consumption of one mole of thiosulfate anion for
every fdu; moles of silver éissolved_ggikng fixing and subsequently plated
out of the fixer during desilvering. Since each liter of used fixer
contains 7.8 x 10_3 gmoles of silver, only 1.95 x lO_3 gmoles—l’.._1 of
thiosulfate anion are actually destroyed. Thus, the net thiosulfate anion

consumption is only 0.078% and is therefore les® than one tenth of one

percent, - : ®

]
i

The consumed .thiosulfate anions are converted to s oué
acid which is actually dissolved sulfur dioxide. As previously mentioned,
the pH drops from the required value of 4.5 to the more-acidic value of

3.4 * 0.1 since hydronium ion is produced in the plating reaction.
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L 4

Since several equilibria must be simultaneously satisfied, some of

the acid produced in the electroplating reactien must be consumed.

.

If none of it were consumed,the ©H of desilvered,fixer would be 2.4.
Since the acidity increases, the bisulfite anfon activity must also
increase to maintain the equilibrium of the decomposition reaction 2-R8

and thus prevent the decomposition of thiosulfate anions to elemental

L

sulfur. The equilibrium for the second dissociation of sulfurous

acid must also be satisfied, the reaction being

. Hso; (ag) + HO 2 so'; (ag) + 1{30+ (aq) (Ba-R5)

J

for which the equilibrium constant, K, ,/is "

= +
[50318 I:H3O ]e )
Ka2 = - - (Ba-4)
[HSO3 ]e

5.0°% 10°° gmoles-L L @ 25%

-7 -
1.6 x 10 gmoles~L ! e 7%

N\

ali

The enthalpy of reaction is 31381 cal./gmole. Production cf hydroniim

ion causes Ba-R5 to shift to the left which produces bisulfite anion.
+ . -

Thus, some of the produced HBO is consumed. This production of HSO

3

will cause Ba-R6 to shift to the left consuming scme of the produced

HS0 , causing further consumption of produced H

+ .
3 O  and production

3
of dissolved Soz.
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/ , N
. The pH of the fixer depends upon the ratio of the activities
of dissolved sulfur dioxide and bisulfite anion. This can be seen by
re-arranging equation Ba-5, as follows.
[502 (aq)]e .

4+
B T RD T Tused " e
a 03 e

If the excess dissolved sulfur giékide is removed in a controlled manner,
the hydronium io; activity will dec;ease and the pH will increase back
to the desired value.of 4.5. The‘bisulfite_aniTn activity is fixed by
the addition of sodium metabisulfite aﬁd is not consumed in ®ither the

fixing.or electroplating'rgpbtions although some excess is produced

in the latter. Therefore, it should be possible'to recondition and

hd ©

.subsequently reuse desilvered fixer.
;

A reasonable design approach for removing the excess dissélved
sulfur dioxide is to take advantage of the fact that it has a much )
higher vapor pressure at ro;m temperature than at 7°C. In a closed
vessgl containing fixer, an eqﬁilibrium'is established between dissblved
and vaporized sulfur dioxide in accordance with the'vaporizatiog
reaction

so, (aq) % 80, (@ e (2-R11)

From Tabkle IX, the standard Gibbs free energy of the reaction is

110 cal—gmole-l at 25°C. The equilibrium constant can be calculated



/

from the thermodynamical relationship given by equation A-10 in

Appendix A. - . N
. Keq‘ =" gxp {~ AGr/RT}
o .
= 0.83 @ 25 c _ . (A-10)
where .
Keq = @ — . . (2-38)
[so,(a)]

.
-~

Since tﬁis equilibrium constant is reasonably large, one could fapidfy
remove the excess dissolved sulfur dioxide by.blowing air over a tank
;f well agitated desilvered fixer. Agitation would be necessary in
order to maintain a homogeneous agueous SO2 concentration. Without

roper -agitation, concentration gradients would\develop. The PH can
. \ 4
be monitored until it has risen back to the correct value of 4.5 at

-

which time the conditioning process can be stopped. The 502 vapor can °
be removed from the conditioning air by passing it through a water

spray. The conditioning vessel must be covered and the system closed

since a hGge amount of sulfur dioxide escaping into a roocm would be .
e .

a serious health hazard.

-~
-
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-V} Corrosion of Developed Grains During Fixing

. 3
.
.

In high energy nuclear emulsion experiments, minimizing

corrosion of developed grains is of utmost importance. The particle

states are often ektremely short-lived and highly relativistic. Thus,
\ i N
one is dealing with minimum ionizing particles which travel a very

.

short distance in the. laboratory reference frame.- 'Particles travelling

a distance of the order oﬁ.ten microns can be detected with nuclear
»”

track emulsion. The detection limit obviocusly depends upon the miriimum
grain density, the track length and the fog density. TIf significant

corrosion occuys during processing, the minimum detectable length of

minimum tracks increases. This is undesirable.

Examination of the redox reaction, 2-R9, reveals that the
forward reaction is the électroplating reaction whereas the reverse

reaction is the corrosion reaction. Since an external potential must

.

be applied‘Eb recover silver from Bised fixer, its corrosion potential
must be positive. - This indicates that the natural tendency is for the
corrosion reaction to occur. In fresh fixer,which is essentially

7 , .

void of silver cations and silver-thiosulfate complex ions, the T

. \ - .

corrosion potential is extremely large. As a result, the mdst

- A S
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* dangerous period for corrosion occurs when the plates are transferred

frdm.the stop bath fo fresh fixer since the corrosion potential is at
maxiﬁum. At first glance, it would also seem that corfosion_shouldi
occur continua;lj'through out the fixing gtagé‘ siA;éiEhe ¢orrosion
potential of used fixer is still'positivé.‘;Surprisingly, éignificant
corrogion does not occur. There are tﬁb reasons for this. |
Pirstly, the fixing rate isﬁdiffusion controlled in nuclear‘
'g%ulsion Processing. Bécause of this fact, there is a rapid Build up

L9

of the silver-thiésulfate complex ion concentration in the gelatin

netwqrk. “The steady-state concentration is much larger than in either the

bulk of the fixer or the used fixer.  This concentration build up

‘_:eggcés thélcorrosio potential. If the build up is great enough to

. L '
reduce the corrosion poten®ial to zero, corrosion will cease.

%
\
3.
" .Secondly, several fixing substages are used. An expression

for estimating the minimum silver-thiosulfate complex ion activity

required fd‘prevent corrosion can be found by setting the plating

potential, Ae , egual to zero in equation 2-35. As a result,

r

‘ ' Fn 20 #92p. =27
0.39 (S553 ) * 109{[502(aq)] [H3o ] [5203] }

. 3
log [Ag(8203)2 “]

)

min . i\ -~
. 4

- . . (2-39)

This expression reveals a very important fact concerning the corrosion

! -

by
v
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potential in the fixing substages 1, 2, and 3 {(4-strength, #%-strength

and full-strgngth in the horizontal case). Recall that the oH and
consequently H&drbnium ion; activities are identical'in_all fixing sub-

stages since the fngr is a buffer solution. Alsd, recall equations .

" 2-33 and 2-34 o
< - .
- . = + } -
[HSO3:|E = K [5203]e[u30 ]e _ (2-33)
[so, (aw)] = 2 [mso] [u.0%] (2-34)
2 e Kal 3"e 3 e - - N

When full strength fixer is diluted, the thiosulfate aniop activity
decreases. ?inée the pHis cohétant, there is an identical decrease
in HSOQ and so, (é&) activities. Thus, as revealed by equation 2-40,
there is also a decrease in the minimum silver-thiosulfiég chplex ion
activity reéuired to prevent corrosion. It will consequently be
greatest in full- strength fixer and smallest in %-stréngth fixer.

Similar arguments apply in the vertical case.

-

As previously mentiocned, when the plates are first transferred
. . - .

from the stop bath, the corrosion potential is very 1an;a§ue to the lack

of silver-thiosulfate complex ions in fresh fixer. For finite complex

-~
ion activity in the gelatin network, the corrosion potential will be

less in 4&-strength than in-full-strength fixer since the minimum
»
activity required to prevent corrosion is less in the former than,in the

latter. Consequently, k-étrength fixer }S;less corrosive than k-

]

o

‘e



strength fixer which ln turn is less corrosive ;han full-strength fixer.
As a xesult the risk of corrosion during the crltlcal period of

build up of complex ion activiéy in the geléﬁin network is reduced by
transferring successively from stop bath to h-strength to -

strength to full-strength fixer.

2.6 Stage 5 =~ Washing

After fixing and the two-step dilution process , the emulsion
plates are washed in order to remove the ionic spe;ies from the gelatin
network: silver—thiosulfate_comélex ions, thiosulfate anions, bromine
anioﬁs, bisulfite anions, metabisulfite anions and freé silver cations.
Filtered tap water is sufficient. For the E-531 develoément, 5 micron
rust removal filte;s were used. The horizontal plates were washed gt
f_lOoc at a high flow rate for approximaéely sig éays whereas the vértiéél
plétes were washed at a lowef flow raté foi'twepty hours at 5°C. The
average wash water- flow rate was approximately 10 liters per minute per
washing tank in the hdrizontal casecomparedto.Z.S;liters per min per
tank in the vertical case. ThHe plates were washed at-low temperature
so that the gelatin would remain hard and consequently underQO»Eiﬁimal"

further swelling.
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There wgrevtwb reasons for washing the hbrizontai plates much
ionger and at a'chH higher flow rate than the veftical plates. Firstlf,
the horizontal plates were appréximately twice as thi;k as the vertical
plates. Because of this,it takes much longer to remove the final traces

. -
of ionic species since.they must diffuse out of a thicker layer of the
gelatin. Secondly, the horizontal plates were placed horizontally,
the emulsion side up, in the washing tapks whereas the vertical plates
were placed vertically. Thus, the ionic species had to diffuse upwards

against the force of gravity ih the horizontal case whereas, in the

i

vertical case, the diffusion was not éravitationally hindered.

v

With nuclear track emulsion, it is important to wash very
thoroughly in order to remove all traces of thiosulfate anion iffthe -y
plates must be kept for a long time. sIf tr;ces of thiosulfate anion o
remain in the emulsion, thef will undergo slow oxidation By dissolveq
oxygen in the absorbed water and the cessed plates will gradually
turn yellowish. If washed sufficien)ly, they maintain their init%al
clear colourless transparency.

No significant chemical reactions occur during washing.
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2.7 Stages 6, 7, 8 and 9 - Alcchol Drying ] *

By the end of the washing stage,a large aﬁount of water has
been absorbed in the éelatin. The gelatin is swollen to several times
its initial size. This excess aﬁsorbed watef must now be removed at
a contrelled rate in order to cohtrol the rate of shrinkage. At the
same time, a plasticiser, usually glycgrin, is added so th;t'the
processed emulsion does not become brittle and thus break or tear.' _ : - -
The glycerin, being hygroscopic, increases the equiliﬁrium quantitf of
absorbed water in the processed plates. Consequeqtly, the .plates can
E;_stored at lower relative himidity than would be possible if no Q<::>
glycerin were added and are also less susceptible to damage from ghanges

in the humiflity of the storage environment.

Ethyl alcohol is commonly used as the drying aéent. The plates
are successively placed in ?:ying bathg of increasing alcohcl concen-
tration . Four baths are cammonly used. The alcohol weight percent
concentrations were 10, 30, 50 and B0 in the horizental case and
8, 25, 55 andﬁ85 in the vertical case. The initial drying bath Qas
mainpained at the'same temperature as the washing stage. The seé@nd
bath was warmed up gradually to near room temperature. The final two

drying stages were done at room temperature.

-
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2.8 . Stage 10 - Drying In Air
After the'Plates are removed from the final drfing stage,
the emulsien still contains excess absorbed water. At this point,

the émulsion thickness is greater than its final thickness by a

factor 2.3 £70.1 - see Table VIc. This is also evidenced by the

fact that the base of the emulsion pellicles are a chalk white colour.

For the E-531 development,”tbe plates Qere left on the processing racks
which were placed in air in a nearly ai;'tight vessel where théy were
left for one and one-half to two days. "Since the vessel was nearly

air tight, the humidity built up inside. Thus, the remaining exces§
water desorbed very slowly and the plates gradually came to equilib;ium
with the external environment as the external and internal humidities
gradually came to equilibrium. When the base of the pellic;es became

a brownish colour, the processing racks were removed from the vessel.

The plates were then removed from the racks and stored.

[y
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2.9 Processing Solution, Processing and Thermodynamic Data

TABLE I. PROCESSING SOLUTION COMPOSITIONS FOR VERTICAL EMULSIO&

330p thickness

. a) PRESOAK
]
Component * : Concentration
Name Formula’ . gm/L Molarity
. . v . '3
Deionized water' H2§L 10 55.5
" Sodium Sulfate . Na,so, 5 3.5 x 102
i
b) DEVELOPER
J'/‘f !
Component Concentration
N . ! s
*.Name Formula : gm/L Molarity
N Deionized water H,0 1000 55.5
) Sodium Sulfite Na S0, 6.7 5.3 x 102
Sodium Saturated Solt" A.4 ml
i si f Na_S '
Metubisulsite o a2 205
Amidol (MH,) C_H OH.2HC1 3 gm 1.52 x 10

2°276°3
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c¢) STOP BATH '
9
- Component Concentration

Name”™ Formula gm/L,  'Molarity
Deionized water. H,0 1000 *. 55,5
Acetic Acid CH , COOH 5 8.3 x 1072

d) 3/3 FIXER - FULL STRENGTH

i

Component 'Concentratidn

Name , Formula Amount/L of Sol. Molarity
Sodium Thiasulphate Na25203.5H20 300 gm 1.90
Pentahydrate (Hypo) . ' . (anhydrous)

. . . ' : -1
Sodium Metabisulfite Na25205 27.3 gm 1.44 x 10
Potassium Aluminum KAl(S0 ) 5 1.9 x 10—2

4'2 .
Sulfate

Deionized water HZO enough for 1 liter of solution ;

- -‘.
[N
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e} 2/3 FIXER

. v
' Compohent ] K Concentration
Name’ T Formula Amount/L of Sol. Molarity
T Sodium Thiosulfate Na $,04-5H,0 200 gm 1.26
' Pentahydrate' (Hypo) - (anhydrous)
‘ -1
Sodium Metabisulfite Na25205 27.3 gm 1.44 x 10
Potassitum Aluminium KAL{SO ) "~ 5gm 1.9 x 102
42
Sulfate .
Deionized water HZO enough for 1 liter of solution
’ .
£f) 1/3 FIXER
‘ Component Concentration
- Name Formula Amount/L of sol. Molarity
) Sodium Thiosulfate —Na,S,0..5H,0 100 gm 0.63
Pentahydrate (Hypo) (anhydrous)
Sodiun Metabisulfite Na,s,0, 27.3 gm 1.44 x 1072
Potassium Aluminum ©  KA1(S0.) 5 gm 1.9 x 1072
4’2
Sulfate
Deionized water - H20 enough for 1 liter of solution
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g) PDRYING SOLUTIONS

(\* N\
.

Component 3
Ethyl Alcohol Water Glycerin
Stage wt. % wt. % wt. %
I 8 87 5
A
II 35 60 5
III 55 35 10
v 85 5 10

]



TABLE II. PROCESSING SOLUTION COMPOSITIONS FOR HORIZONTAL EMULSION °

600u thickness ~

_106_

a) PRESQOAK -~ deionizedéwgter

b)
E .
Component
Name | Formula
Deionized water H20
Sodium Sulfite Na,S0,
Sodium Metabisulfite Na25205
Potassium Bromide °  KBr

Amidol

<)

Name
Deionized water

Acetic Acid

DEVELOPER

! (NH2)2C6H3OH.2HC1

STOP BATH

Component
Formula

H20

CH3COOH

{

gm/L
1000
7.2

0.91
0.87

3.25

gm/L

1000

Concentration
Molarity
55.5

5.7 x 1072

4.8 x 1073

3.7 x 1073

1.65 x 10~

Concentration
Molarity
55.5

. 8.3 x 10~

2

2

%



- 107 -

N

.d) 4/4 FIXER - FULL STRENGTH
) 2
Component . ’ Concentration
Name . - Formula Amount/I. of sol. . Molarity
Sodium Thiosulfate Na,$,0,.5H,0 © 500 gm 2.5
° Pentahydrate (Hypo) te - ’ (anhydrous)
. . 1, -
Sodium Metabisulfite - Na S0, 27.3 © 1.44 x 107%
Deicnized water HZO encugh for 1 liter of sclution
™~
e) 1/2 FIXER - DILUTED FROM 4/4 FIXER
£) 1/4 FIXER - DILUTED FROM 4/4 FIXER :
g) DRYING SOLUTIONS
f
]
Component ~ .
Ethyl Alcohol Water Glycerin
Stage wt. % Wkl % wt. %
N .
RS S 10 ' 80 10
II - 30 - _ 70 10
- III 50 a0 10
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h) ESTIMATRD ACTIVITY COEFFICIENTS OF USED, FULL
N\ p

'c

+ STRENGTH HORIZONTAL FIXER . g
Ionic species Concentration Effective Size15 Activity
(moles/L) : in Angstroms ‘Coefficient
. .
’1?1
= ™
5,0, 2.5 | 4.5 .~ o.078
+
H PH= 4.5 * 0.1 9.0 0.702
2 :Q i .
+ ‘ .
Ag - 2.5 - 0.372
- HSO_ - o 4.0 0.303
3 ‘ ¥
S0, - , 4.5 - 0.078
=

Notes 1) TIonic strength = 7.5 moles/L. Calculated from
equation A-13:
) ¥
2) Activity coefficients calculated from extended Debye-Huckel

eéuation A-14.

15. ref. 25

g
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TABLE III * VERTICAL EMULSION SOAK SOLUTION PH TESTS
- . .

v{

Component . DH*O0.1 TC £ 0.1
. . ' 5.8
HZO 6.8
L. i
o -Na‘z‘SOA 6.8 5.8 .
La
»
Note: comppnents were-added‘in*order and the pH measured

after the addition of each component

.
1
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TABLE IV _ DEVELOPING'SOLUTION PH TESTS
. .
a) - HORIZONTAL DEVELOPER
- 1) a1l components included
Component ﬁH + 0.1 _ ) TvC £ 0.1
. f\\bf
H_0 ) 6‘.8\5 7.0
2 .
S . ' .
Na2 O3 - 9.8 5.6
S .4, .
Na2 2O5 7.4 ? 6
. » '
KBr 7.4 5.6
Amidol -6.6 LR 5.6
. ’
o . '
' ii) Just water and Amidol
- o
Component " PH % 0.1 ™°c + 0.1 i
N HZO 6.8 5.2
, Amidol 2.8 5.2
X .
1

Note:

components were added in the order in which théy appear and

PHwas measured after the addition of each component.
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i} All components included

¥ Component w PH x 0.1 7% * 0.1 '
H,0 6.8 5.2 -
.
N Na,S0, 9-6 5.2
) 7 S.0 ';f& 5
[}
Na,5:05 IS -6
Amidol - 6.8 5.3
ii) Just Water and Amidol ‘ g
Component : PH + 0.1 ™°c + 0.1
. .' . - . . *» : -
. N . ‘
1,0 - 7.0 : 4.6
. Amidol 2.9 5.0
). SATURATED SODIUM METABISULFITE (Na,S,0.)
- ' . : SN -
«PH = 2.9+01 - ., T = 22%
. Note: components é%re added in the order in which they appear and

ey

PH was measured after the addition of each component.

¢

——— e oo

b) VERTICAL DEVELOPER . . - T
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TABIE V HORIZONTAL FIXER PH TESTS
a) 4/4 FIXER - FULL-STRENGTH-
Component oH 0.1 1%+ 0.1
Ld
Water 7.0 22.6°C
' ' o
Na28203.5H20 6.4 8.5 ¢
‘ Na25205 4.,5 , 9.4, 12'5.' i5
4.6 "17
b) 1/2 FIXER - DILUTED FROM FULL-STRENGTH
o]
PH+ 0.1 TC2 0.1
4.5 16.0
v 4.5 8.5
’ Note: components were added in order and the pH measured

! [
after the addition of each component. N/
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c) 1/4 FIXER - DILUTED FROM FULL-STRENGTH

PH t 0.1 ™ + 0.1
4.5 ) 19.2
4.5 8.5

d) WATER AND SODIUM METABISULFITE AT SAME CONCENTRATION

"AS FULL STRENGTH FIXER

Component : PH £ 0.1 1% * 0.1
Water 6.8 < ' 20.8
Na25203 _ 4.0 20.8
/
‘\_:_/
‘Note: components were added in order and the PH meastred

after the additiwf each component.

/r-\
.
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TABLE VIA

STAGE
Presoak

Develop

Stop
Fix 1/3
Fix -2/3

Fix 3.1

Fix 2/3

Fix 1/3

Wash

Dry I
Dry II
bry III

Dry v

Notes:

SUMHARY OF E-531 PROCESSING DATA FOR VERTICAL EMULSION

DURATION
50 min. 5.0 5
4.5 hra. 5.0/start 6.0/start
5.0/end 6.0/34 hrs
50 min " 5.0 5.0
50 min. 4.0 5.0
50 min. . 4.0 4.9
“~ 20 hrs, . 5.0/start 5.0
5.0/12 hrs.
50 min ~ 5,0 4.0
50 EwL 4.5 5.0
~ uw hrs. &.0/start 5.0
4.8/3.5 hrs.
A 4.0/12 hra.
50 min. 9.5 7.0 + 15.0
50 min 13.5 19.0
" 50 min 14.5 22.0
2 hrs. 15.0 22.0
\
1. washing Rate ~ 2,5 to uv\hwr.

2.+ Clearing time <«

3.

Processing time

MOD 12 & 26 MOD 10 & 11

~ 11 hras.

MOD 3 & 4

5

6.0/start

5.1

5.07

7+15
19.0
22.0

22.0

"% 33 hrs./Two Modyles

MOD 14 5 21 MOD 13 & 22 MOD 16 & 17 MOD 20 & 28

4.5

3.5/start

5.0/12 hrs.

7.0/start
5.0/end

7.0 + 15.0

=~ 29 MODULES, 15.3 L OF EMULSION,

4.5

5.0

3.5/8tart
5.0/11 hrs.

5.0
5.0

5.0/start
5.0/end

7.0 + 15.0

15.0 + 20.0 w 15.0 + 20.0

22.0

22.0

22.0

22.0

70 PLATES/MODULE,

* Temp on\epeh from beginning of stage + c.1%

5.5

5.5/8tart
5.0/2 hrs.

5.0
5.0
4.0

4.5/start

4.5/12 hrs,

8.0 + 13.0

15.0 + 20.0

21.0

21.0

0.53 L/MODULE.

MOD 18 & 14
5.5 5.0
5.0 5.5
5.0 5.0
5.0 5.5
4.0 5.0
4.5/start  4.5/start
4.5/12 hrs. 4.5/15 hrs.
w.n 5.0
5.0 5.2
6.0 5.4
8.0 + 13,0 8.0 + l16.0
15.0 + 20.0 16.0 » 18.0
21.0 21.0
21,0 21.0



. ) . : Temp °c/Time from beginning of stage + 0.1%

STAGE  DURATION  mop 27 & 29 MOD 6&7 MOD 156427 MOD 2&5 MODBGE25 MOD 1&o MOD 23
Presoak ' 50 min " s.0 s 5.0 ) 5.0 : 4.5 : 4.5 : 4.0 | 4.0
Develop 4.5 hrs. 5.5 5.5/start 5.5/start ! 4.8/start 4.8/start 5.0 5.0
) - N 5.1/3.25 hra. 5.1/2 hrs. 4.9/3.5 hrs. 5.0/end
" Stop . 50 min. 5.0 5.0 5.0 - 3.5 i.s 3.0 uo
Fix 1/3% 50 min. 5.5 5.0 5.0 4.5 4.5 5.0 m.w
: Fix 273 50 min 4.5 4.0 . 4.5 LS 45 4.5 4.5
Fix .u\u “~ 20 hrs. 5.0/start 5.0/atart 5.0/atart 5.0/atart 4.5/8tart 4.5/start 3.5/start
4.0/4 hrs. 4.5/15 hrs. 4.5/4 hrs. 4.5/15 hrs. 4.0/14 hrs.  4.0/15 hrs.  4.0/15 hrs.
Fix 2/3 . S0 min 5.0 4 4.0 4.0 5.0 5.0 3.5 3.5
Fix 1/3 . 50 min. 5.2 4.5 4.5 4.0 a.0 : 4.0 4.0
Wash .. ~ 19 hrs, 5.4 ‘ 5.5/start 5.5/start 4.5 4.5 5.2/start 5.2/atart
. 5.4/end 5.4/end 5.4/end 5.4/end
! Dry -7 50 min 8.0 + 16.0 9.0 + 11.0 9.0 + 11.0 9.0 + 12.0 9.0+ 12.0 6.4~ 12.0 6.4+ 12.0
m_. pry 11 ° 50- min 16.6'+ 18.0 11.0 + 18.0 11.0 + 18.0 12.0 + 15.0 12,0 + 15,0 11.0 + 16.0 12.0 + 16.0
' bry III 50 min. 21.0 21.0 21.0 21.0 21.0 21.0 21.0
Dry IV . 2 hrs. 21.0 21.0 21.0 0.8 20.8 21.0 21.0
- : ) '

v



TABLE VIB SUMMARY OF HORIZONTAL PROCESSING DATA -

STAGE

Presoak

Stop

Tank

Tank

Tank C

DURATION

2 hrs.

12 hrs.

2 hrs..

RUN 1

6.5/atart
6.5/end

7.0/start
7.0./1 hr,
7.0/2 hrs.
7.0/3 hra.
7.0/4.5 hrs.
7.0/6 hrs.
6.9/7.75 hrs.
7.0/8.25 hrs.
7.0/engd

7.0/start
6.8/1 hr.
7.0/2 hrs.
7.0/3 hrs.
7.0/4.5 hrs.
7.0/6 hrs.
m.w\w.qm hrs.
7.0/8.25 hrs
7.0/end

7.0/start
6.7/1 hr.
6.9/2 hras.
7.0/3 hrs.
7.0/4.5 hrs.
7.0/6 hrs,
7.0/8.25 hrs,
7.0/end

7.0/start
7.0/end

RUN 2

5.0/start
5.5/end

7.0/start
7.0/2 hrs.
7.0/4 hrs.
?.2/5 hrs.
7.5/6.5 hrs.
7.5/8 hrs.
7.5/10 hrs.

7.5/end

7.0/start
7.0/2 hrs.
7.0/4 hrs.
7.2/5 hrs.
7.5/6.5 hrs
7.5/8 hrs.
7.5/10 hrs.

7.5/enad

7.2/start
7.0/2 hrs.
7.0/4 hrs.
7.2/5 hrs.
7.5/6.5 hrs,
7.5/8 hrs,
7.5/10 hrs.
7.5/end

7.4/start
8.0/end

13 MODULES,

RUN 3

7.0/end

7.0/start
7.5/1.5 hra,
7.0/2,5 hrs.
7.0/4 hrs.
7.0/5 hrs.
7.0/6.5 hrs.
7.0/8.5 hrs.
7.0/10 hrs.
7.0/end
7.0/start
7.5/1.5 hrs,
7.0/2,5 hrs.
6.8/4 hrs.
7.0/5 hrs.
7.0/6.5 hra.

<7.0/8.5 hrs.’

7.0/10 hrs,
7.0/end

7.0/start
7.5/1.5 hra.
7.0/2.5 hra
7.0/4 hrs.
7.0/5 hrs.
7.0/6.5 hrs.
7.0/B.5 hrs,
7.0/10 hrs.
7.0/end

7.0/start
7.0/ena”

L ———

Temp. on\nwsn from beginning of stage % 0.1%

RUN 4 RUN 5
6.0/atart 7.5/start -
7.0/end 7.8/end
6.5/start 6.8/start
6.9/1 hr. 6.9/1.5 hrs.
7.0/2.5 hra 7.0/3.5 hrs.
7.0/4 hrs. 7.0/5 hrs.
7.0/6.25 hrs.7-0/7 hrs.
7.0/7.5 hrs., 7.0/9 hrs.

7.0/9.25 hrs.7.0/end
7.0/11.25 hrs.

7.0/end

6.5/start 6.8/start
6.6/1 hr, 6.0/1.5 hrs.
7.0/2.5 hrs. 7.0/3.5 hrs.
7.0/4 hrs. 7.0/5 hrs,

7.0/6.25 hrs,7.0/7 hrs.
7.0/7.5 hrs 7.0/9 hrs.
7.0/9.25 hrs,7.0/end

- 7.0/11,25 hrs.

7.0/end

6.5/start 6.8/start
6.6/1 hr. 6.9/1.5 hra.
q.O\N.w hrs. 7.0/3.5 hrs.
7.0/4 hrs. 7.0/5 hrs.

7.0/6.25 hre.6.9/7 hrs.
7.0/7.5 hrs, 7.0/9 hrs.
7.0/9.25 hrs.7.0/end
7.0/11.25 hrs.

7.0/end
7.0/start 7.5/start
7.08/end 7.0/end

RUN & RUN* 7
6.5/9tart 7.2/start
7.0/end 7.0/end
6.8/start 7.0/start
7.0/2 hra. 7.,0/1.75 hrs,

7.0/6.25 hre.6.9/4.75 hrs.

7.2/9 hrs, 6.6/6.5 hrs.
7.1/9.75 hrs. 6.5/9.5 hrs.
6.9/end 6.5/end
6.8/start 7.0/start
7.0/2 hrs, 7.0/1.75 hrsa.
7.0/6.25 hrs, 6.4/4.75 hrs.
7.2/9 hrs. 6.7/6.5 hra.
7.1/9.75 hrs. 6.5/9.5 hrs.
6.9/end 6.5/end
m.m\mmﬂﬂn 7.0/start
7.0/2 hrs. m.»\w.um hrs.
7.0/6.25 hrs. 6.7/4.75 hra.
7.2/9 hrs. 6.6/6.5 hra.
7.1/9.75 hrs. 6.5/9.5 hrs.
6.9/end 6.5/end
S5.5/8tart 7.0/start
6.5/end 7.0/end

RUN 8

6.5/start
6.9/end

6.7/atart
6.5/3.5 hra.
6.5/6.5 hrs,
6.6/8 hra,
6.7/end

6.6/start
6.5/3.5 hrs.
6.5/6.5 hrs.
6.6/8 hra.

‘6.7/end

6.6/start
6.5/3.5 hrs.
6.5/6.5 hrs
6.6/8 hrs.
6.7/end

6.5/end

w.m‘rnam OF EMULSION, 1.5 MOD/RUN, 176 PELLICLES/MODULE, ,0.76 L/MODULE, 600y thick

RN 9

7.5/3tart
7.5/end
-

.6.6/5tart
'6.7/2.5 hrs.
,6.9/4.5 hrs.
7.1/8 hrs.
7.0/10 hrsa,
7.2/and

6.7/start
6.7/2,5 hrs.
6.8/4.5 hrs,
7.0/8 hrs.
7.0/10 hrs.
7.0/end

not used.

6.5/atart
7.6/end
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Fix,

Fix.

Pix.

Fix.

Pix

Wash

Dry

bry

bry

1/4

172

1/2

1/4

Ir

III

v

2 hrs.

2 hrs.

~4 days

2 hra.

L) mbwn

2 hre.

2 hrs.

2 hrs.

6 hrs.

T.0/start
7.5/end

7.0/start
7.0/end

7.0/start
7.6/14 hrs.
7.0/24 hrs.
7.0/26.5 hrs,
7.0/40 hrs.
7.0/43 hrs.
7.0/45 hrs.
7.5/63 hrs.
6.9/73 hra,

7.2/96 hra,
{end)

7.2/start
6.8/end

6.5/start
7.0/end

6.0/start
6.0/30 hrs.

6.5/end 4

9.0/start
9.0/end

10.5 ~ 14.0

20.5/start
21.5/end

21.5/start
21.5/end

7.5/start
6.5/end

7.0/start
7.0/end

w.o\unuMn

7.5/2 hrsa.

7.5/4.5 hrs.
7.0/18 hrs.
7.0/21 hrs,
7.0/23 hrs.
7.6/41 hrs.
7.0/51 hrs.
7.1/74 hrs.

7.7/96 hrs.
{end)

8.0

7.0

6.0/atart
6.0/8 hrs.

9.5/start
9.0/end

N

11.5 + 16.8

2).5/stare
20.5/end

21l.0/start

7.0/start
7.0/end

7.5/start
7.3/end

7.7/start

7.0/1% hrs.
7.0/26 hrs.
7.0/44 hrs.
6.7/50 hrs.
7.0/67 hrs.
7.5/77 hrs.
7.4/88 hrs.

6.5/96 hrs.
{end)

8.0/start
7.5/end
7.5/start

6.5/start
10.0/end

9.0/start
9.0/end

8.5 + 16.0

17.5/start

"17.5/end

17.7/start
18.2/end

7.0/start
7.0/end.

7.0/start
7.0/end

7.0/start

7.3/3 hrs.

7.5/21 hrs,
7.0/27 hrs.
7.0/44 nrs.
7.5/54 hrs,
7.6/67 hrs.

8.0/97 hrs.
(end)

8.0/start
7.5/end

7.5/start
7.5/end

8.8/start
8.8/end
m.mNunan
9.0/end

9.9 + 16.5

18.8/start
18.5/end

19.0/start

» oA - abae

-
—

7.2/8tart
7.0/end

7.5/start
7.5/end

7.5/start
qma\aa hza.
7.0/69 hrs.

7.2/89 hrs.
{end)

7.5/8tart
7.0/end
7.0/start
7.0/end

9.0/start
10.0/end
11.0/start
10.0/end

11.0 + 16.7

19.0/8tart
20.8/end

21.5/atare
20.8/end

7.0/start
§.5/end

6.5/s5tart
7.2/end

7.5/start
7.2/20 hrs.
7.5/45 hrs.

(end)

Aﬁ.m\mnuﬂn
7.5/end

7?.0/start
7.0/end

-9.0/start

9.6/end

9.6/start
10.0/end

6.6/start
6.5/end
7.0/start
6.5/end

7.0/start
7.5/16.5 hrs,
7.5/46.5 hrs.

7.5/97.5 hra. 7.4/51 hrs.

7.6/65.5 hrs,
8.0/77 hrs.

7.5/96 hrs,
{end)

8.0/start
8.0/end

7.4/start
7.5/end

10.0/start
10.0/end

8.0/start
9.0/end

16.8 + 15.0 9.0 + 16.0

19.6/start
19.8/end

21.0/start
2).0/end

20.0/start
20.0/end

21.0/start

21.5/end

6.7/start
6.7/end

7.2/start
7.5/end

7.4/start
7.6/24 hrs,

7.3/start
7.1/end

7.1/start
7.0/end

8.0/start .
7.7/17 hra,

7.4/28.5 hrs. 7.5/41 hrs.

7.6/43 hrs.

7.1/71 hrs.

8.0/52.5 hrs. 7.5/96 hrs.

8.0/92 hrs.
{end)

7.9/stare
7.6/end

7.0/start
7.3/ena '

9.6/8tart
10.5/end
9.0/start
8.5/end

12.0 + 15.5

20.0/start
20.2/end

20.5/start
21.0/end

7.5/96.5 hrs
{end)

6.0/start
7.0/end

7.0/start
6.5/end -

2.5/start

9.0/end
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TABLE VIC HORIZONTAL PELLICLE THICKNESS MEASUREMENTS

a} After-Alcohol Drying - Measured One’Pellicle Per Run

C el

T
-~

Run Thickness in microns + 1.0
:
1 . 7753
2 715
3 ’ . 745
) 4 [ 769.
5 A 781
6 _ 734
7 789
8 -816
Average ' 760 = 23
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v, m

b) Final Thickness @ 60% R.H. After Drying In Air
Note: each pellicle thickness is an average of

six measurements.

res

Pellicle No. Thickness in microns
1 - 320 + 4.5
2 328 + 3.7
X 3 338 + 4.5 -
4 325 + 7.3
5 . 310 * 4.0
6 326 + 8.0
Average 324 2.%

Note: Uncertainties quoted are for the 95% confidence level

n n — 9
L ti z (ti-t)
- i=1 i=1
mean = t = ———m—— s =
n

n-~1

]
5o

I
]
1+

‘ 2s — at 95% confidence level.
true t

- distributions assumed to be Gaussian.

°
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TABLE VIB ‘
Notes: 1. Clearing time < 42 hrs.

2. Washing Rate ~ 15 L/min.
‘ -

3. Run gxwas washed cold because of many small bubbles.

Bubbles caused by insufficient drying after sticking:

4. Drying temperatures of Run 9 were not recorded.
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_TABLE VIIA SOLUBILITY OF KBr and AgBr IN WATER. -7
L]

DATA IS TAKEN FROM THE INTERNATIONAL CRITICAL TABLES

a) KB::'16
% Moles/L * 1% K+ 2%
sp
-10 ' 3,98 15.84 .
0 © 4.49 20.16  *
T
10 4.97 ' " 24.70
20 :5.24 27.45 )
o Ny
30 5.88 - 34.54 ' ,
N y
40 6.31 39.82
100 ) 8.84 , 78.14
Note: K = [K+] [Bx] k
sp
b
16 o
Ref. 4 volume IV pg. 239. P
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b) AgBrl7 .
5 ;
TC Moles /I K
———TI97e 4.2 x 1077 1.64 x 10713
21.1  saax 107 2.9 x 10713
I a5t8 " 7.2 x 107/ 5.2 x 10713
1 -
100 180 x 1077 3.24 x 10710
3 #
AHD = 20.1 kcal/gmolie .

LY

note: AHS calculated using equation A-11.

17 Ref. 4 Volume VI pg. 256

18 Ref. 5 pg 173.
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o EMULSION PROCESSING
. Species . State Heat of Formationlg Enthalpy of Formation
(KJ/gmole) (XJ/gmole)
o ' ! L.
H+ e 0 : Ty 0 N
H,0 ‘liquid 1 286.2 - -286.2
so, aq 468 ‘ - -468
= N " C
so, aq 885.5 : -885.5
- HSD; . . ag 878 -8 - .
Hso; ag '617.3 -617.3
Ag o ) -104 104
AgBr c 99.8 -99.8
Br . ag 119.7 ' -119.7
KBr c : : -392.17192
+ o v N
K @ ‘\\=~&252.4 -252.4 -
. > (
o, . . (aq) ‘ . ;13.8 -13.8
$,0, (aq) ' 590 - -590
szo; (aq) 948.7 -948.7
¢ ) ' - .
so, (q) ~296.7%92
H,S0, (aq) n=200 607.2 - -607.2
Ag(5203)3_ aq 1159 . -1159
$0, (aq) 321 -321
. , _ Moles of solvent
ag - Q1%uted aquefus solution n = moles of solute
- macrocrystalline -
o - infinite dilution 19 Ref 4 Volume V
19a

"Ref 13 °

~
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* TABLE VIIC ACTIVITY COEFFICIENTS FOR Na, S, 0, 25%c.

Molality ' ~ Mean Activity

0.1 |  0.457 :
\ L, 0.2 . 0.382
“ 0.3 - ' 0.340
0.4 : . o 0.33
0.5 | Lo -~ 0.292 . _ s

_ 0.6 . , . 0.276 ’
s 0.7 . _ 0.262
g 0.8 T 0.251 - .
0.9 ‘ ' 0.242 '
1.0 : - 0.234
1.2 8.222
1.4 0.214
d 1.6 0.207
1.8 k 0.202 _
- 2.0 . o.198 . .
2.5 T 0.195 -
- 3.0 7 0.199 _ :
3.5 . S 0.207 e

R.H. StoRes Trans Faraday Soc., 44, 295 (1948). This contribution

contains a complete bibliography of original source of these fesﬁifs;

¥ . Ref 12 pg. 739 and 40 _ o - -
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TABLE VIII  STANDARD GIBBS FREE ENERGY OF FORMATION
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20

aT 25%¢ )
IVSpecie\? Free Energy
' - (cal/gmole)
HSO, (aq) -123,920
. $,04 (aq) -125,100
S(g), 30,240
. . + '
g o H,0 (2) -56,560
T . : + . .
o . . H 0 (by convention)
! S(s) e}
_50.2 (aqg) -—69,770
Ty . '
. .
a Ag (aq) 18,448
:‘“'
20 Ref. 4 Volume V ~
)
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: . - 21
TABLE IX STANDARD GIBBS FREE ENERGY OE"REACTION

aT 25°%
Reaction - - . Free Energy
(cal/gmole)
- + = X
HSO 3(aq) =H (ag) + Soa(aq) 7240
; SO.Z(aq) = 502(9} 110

\

21

,_i Ref. 4 vVolume V. . .

T
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CHAPTER 3. DESIGN OF A LARGE SCALE NUCLEAR EMULSION PROCESSING '
- SYSTEM. -
Page
. 3.1 Description of the System ) o 128
3.2 Process Flow Charts _ ' 134
3.3 Design Drawings oo ' - 138
- .

o



- 128 -

3.1 Description of tpe System
. \

- . N

- The emulsion proce;ilng system, de51gned to develop nuclear on
a large scale, lS showh schematlcally in process flpw dlagrams PF - 1;
PF - 2 and PF - 3. ALl processing tanks, except for the washing tanks,
were installed in.large, insﬁlafed,'pélyethylgne,jacket tanks. - see

Drawings 5 and 7. The processing tanks were made from type~304 stainless

‘
' ' -

steél. - see Drawings 1( 2 and 3. All jacket tanks were insulated with
1" —'ﬁhick, styrofoam S.M. The styrofoam was stuck to the polyethelene
with panel adheéive. The styrofoam was covered with a protectlve

cover of 1/8" thick polyvinyl chloride (PVC} . The washing tanks were
covered direct;y with the same styrofoam iqsulétionras the jacket taﬂks
and the styrofoam was ;o;ered with PVC. All processing and jackets
tanks have lids in order to make them light tight ‘and prevent the escape
of vapcrs from tﬁe processing soluE}ons. This is especially'important
for the fixing and drying solutions since fixer has a significant sulfur
dioxide vapor préssure and the drying solutions have A high ethyl
alcohol'vapor pressure. .,

Température'control is necessary since large temperature
fluctuations produce distortion and non-uniform“development in the
processed emulsicn platés. A suitable coolant is necessary for %ow
temperature developmentl The 25 liter, E-531 emulsidn stackaas .

processed at temperatures from 5 to 7°C. The system was deﬁ}gned andg
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built specifically to process this stack. Fortunately, from an
economic point of view, the stack was processed during the winfer of

) 4
1879 | 1In Ottawa the average, ambient, wintertime,water temperature
is between one aﬁd threé degrees centigrade. Due to this extremely low
ambient water temperature, standard ph;topanel mixing valves were used
to mixrhot and cold water in the desired proportions in order to
provide coalant at the desired processing temperature. Cooiant water
was supplied continﬁglly to each jacket tank at a rate of approxfmately
3 liters per min;te. Each jacket inlet was provided with a hand-
operated, needle control valve tolregulate the f%pw of coolant. The‘
steady flow §f coolant water provided the necessary initial cooling
and subsequent temperature control, The continual flow prevented the

creation of undesirable vertical temperature gradienig-in the processing
. . s ‘

solutions.

As discussed in detail in chapter 2, the most critical stage
of emulsion processing is the deﬁelopment stage. Precise temperature
control is of utmost importance if 6ng wishes to achieve uniform
development. Consequently, four small developing tanks, 9" x 18" x 20", )
ﬁD;awing 3') were built instead of one large tank, -34" x 18" x 20",
(Drawings 1 and 2} of the same ﬁype as those which were built for the
gzher procegsing stages. The four small deﬁeioping tanks were installed

in one jacket.tank. This increased the heat transfer area by a factor

of 1.85 and thus provided improved temperature control. A security
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3

systeﬁ consisting of a temperature sensing bulb, a mechanical
controller and a solencid valve was installedfin the coolant inlet line

of the jacket tank of the develob;ng fanks. The security system was
designed to shut-off the coolant supply in case of an accideﬂtal rise

in the coolant temperature, the solencid valve beiﬁé‘deactivated by
thelcontroller in sucﬁ a case - see éF -1 A small‘by-ﬁéss flow of
coclant, taken-dcwéstream of the temperatfire sensor, was continually

run to the sink so” that the controller wgulé reactivate tﬁe solenoid valve

when the coolant temperature had returned to its preset value.

A circulation system was inqsrpdrated*into tﬁe fixing tanks to
increase the speed and improve the homogenity of the fixing process.
Perforated jackets - Drawings 1C ana D - were sbot welded to the inside
of the ends and bottom of the fixing ta;ks. Accompqhying valve and
piping systems - Drawing 5 - wére installed aﬁs small circulating
pumps were connected outside thé jacket_tank;.i'The‘circulating pumps,
Model: 17870-00 Jabsco centrifugal pumps, were chosenﬁspecifically
because of their resistance’ to corroéion by phqhégraphic Qrocessing
solutions, All pump parts in contact with the fixing solutions were
made‘dé'chlorinated polyvihyl'chloride:(CPVC). These circulating
-pumpszwére low-head, high-capacity pumps.which circulated the fixer
centinuously t\i? to 15 iiters'per minute. The perforated jéckets

served as baffles to distribute the circulafing fixer uniformly.

The accompanying. exterior valves, adaptors and piping were made of
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PVC.

The washing tankshave circulating systeﬁs similai to those
of the fixing tanks, the circuiating pumps beihg identical in both
Stages. Circulation was included to distribute the wash water flow
inside the washing taqks as uniformly as possible, thereby in- .
crea;ing the homogeneity of the washing by eliminatina dead spaces.

Circulation was not incorporated into any of the other processing stages.

The horizbntal p:ocessing racks - Diagram 3 - were made from
plexiglass and stainless steel. 'The racks were designed with adjus-
! table,-perfo?ated w%ils. _The adjugtable walls allow the racks to be
used for different plate sizes. Tﬁus, it is npt necessary to ﬁuild
a new se; of racks f;r each emulsion stéck of different pellicle
diﬁensions. The walls were perforéted to';mprove circulation. Each
rack h;s a capécity}bf ninty-five emulsion pellicles mounted on
(16 cm x 7 em x 2 mm suéport plates. . Eighteen racks were built for the
horizontal porticn of the F—?Blrsfack so that many runs could be pro-

cessing simultaneously. . -

The vertical processing racks - Drawing 4 - were made from
type 304 stainless steel. For the E-531 development, approximately
seventy platés were loaded on each rack. Spacer bushing were made from

polyethylene tubing and the ends of the rods were capped with



TABLE X. SUMMARY OF SYSTEM PROCESSING VESSELS

Item

Presocak Tanks

Developing Tanks

Stop Bath Tanks

Fixing Tanks

4

Waéhing Tanks
Drying Tanks

Jééket Tanks

A
P
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Quantity

Drawing No.

2 and 5

2 and 5§

5, 6 and 7



TABLE XI. SUMMARY OF AUXILIARY PROCESSING EQUIPMENT

Item ‘ o Quantity Drawing No.

Hofizontal Emulsion

Processing Racks 18 : . 3
Vertical gmulsion 8 4
Processing Racks
Firins ans rosning ark s e - a2
'P"Xiiiiéiiyﬁ;‘iE?s‘éiiﬁiiii‘idSYstem 2 ¥ - 1and 2
Water Deionizing Sjstem ' . i ’ . PF'—_f
Agitators ' 5 | o | ‘ -
Chemical Solution Mixers 1 : -
1 | . -
=
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tight-fitting, annular rings made from nylon rod. Eight racks were

built to process the vertical portion of the E-531 stack. :

3.2 Process Flow Charts

The processing system flow charts are presented in this section.

i
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CONCLUSIONS

1) In the delta-ray energy distribption expression
N(E) dE = KE"2 dE, K is a dist;ibution parameter rather than a
constant. Thié parameter is dependent upon the incident particle
energy, varying with incident particle speed as l/vz. Thus K's
variation with incident particle S5peed is 1dentica} te the Qariation,
with incident particle speed,of the average rate of energy loss of .
the incident partiqle.,

.-

1
- 2) 'The variation,with incident particle energy,bf the number of
latent image producing delta-rays is identical to the variation,with
incident particle energy,of the delta-ray energy distribution parameter
C- .

K and thus identical to the variation of the rate of incident particle

3

energy loss. "

3) In the developing stage, the silver grain growth fate varies
exponentially with the development reaction redox potential. This growth

rate is reduced to zero by lowering the pH until the redox potential is

Zero.

*4) - Developing stage, temperature control of.iO.SOC is adequate

for low temperature development (5 - 7°¢C). ‘ _,——\\\bﬁf___//
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}
5) -~ In the Bristol developing solution - Tables I and II -.

sodium sulfite and sodium metabisulfite combine te form a buffer,
contrelling the ' pH.at 6.6 * 0.1. Sodium sulfite also removes the

dlssoived oxygen but must be added before the other components since

hydroly51s of its anion provxdes the necessary alkalinity for

the oxygen removal

6) Temperature control of + 1. 0 C is adequate for low temperature
¢

fixing, (5 -7° c). _ . \\“\\

»

7) The fixing rate is diffusion controlled for nuclear track

enmulsion films. -

8) The steady-state fixing rate is equal to the rate ofidischarge

of Ag(5203)g— from the emulsicn pellicles.

- 9) The differential steady-state fixing rate varies from zerc at

the base of a pellicle to a maximum at emulsion fixer interface, the

~

differential fixing rate being a measure of the departure from chemical

equilibrium of the reacting species. * Thus the reacting species are in

chemical equilibrium.at the base.

f-
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10} Circulation in the fixing bath significantly increases the
rate of fixing since it proviées bulk mixing in the bulk fixer. This

increases the rate discharge of Ag(5203)§7 from the'emulsion pellicles;

J+11) " In the fixing solution, sodium metabisulfite acts as a
buffer,vmaintaining the pH at 4.5 throughout the five fixing substages.

It also prevents the dissociation of thiosulfate anion in acidic aqueous

g . e

solution.

12) The Fuji emulsion used in experiment E-531 at Fermilab was
: 1
manufactured using a cold lime hydrolysis process.
o

. -
13) . Fixing substages 1 and 2' (# and }-strength fixer) reduce the

risk of corrosicn of developed grains during the initial phases of fixing. -

DM

14) Low temperature processing is much longer but much safer for

large scale ¢Srocessing since it reduces the risk of bubble formation by’
' iy Lo .
minimizing the swelling, thereby keeping the emulsion relatively hard.
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APPENDIX A ) \ - .

Standard-Chemical Kj:netic, F.quilib:i:ia and Thermodynamic Relationsh

[ ‘

mploy .

L N )
Consider an arbitrary binary reaction :

~ . . -t

b,
. @A 4+ BB T Gt w d ...... (A - R1)
- " . . * . L5
Ao
The equilibrium constant, Keq' is -
Te3g  [o]8 : LT

. Keq = —a—T cenr el (A - 1)

. c o a)] [81] '
» ‘ .

) . L] P .. -
where: . : N -
. - .
[ ]e is 'the equilibrium activity.

The forward reaction rate, Rf, is

- ! o , ,
Ry = K [a] [B]‘: ..... (a.- 2)

where kl is the forward rate constant and n and m are the orders of the
. s

P

reaction with respect to A and B, respectively

\

The reverse reaction rate, Rb,'is‘

sk
. 1 1
Ry =k, [c]" [o]"

. ) . -, .1 1 "
where k 1 is the reverse reaction rate: constant and A and m~ aréd the

v B
u@mofﬁemxﬁmwﬁhm@wthMdmm@uﬁwwﬁ-

o

C e

ips-

PRI

Seeibes



The net reaction rate, RN,‘is the difference between the

. L
forward and reverse rates.
R = Forward Rate - Reverse Rate
7 n mn . n1 m1
=k [T [B]" = [1" [1" ... (A - 4)
2 v - R
wHere . ‘ ‘ '
_-rwala]l 1 ale]l _ 1 alc]
Ry a _ at b . dt ¢ at

5] Lo

a[p] - /\/_J,« o s
S j e amd)

n, m, ﬁl'and ml, ﬁhe.ordegs of reaction, mu%f generally be degerﬁ;hed
experimentally but;are usually integer; 6; ﬁalf;integérs." Tﬂé;ra;g}
respectively,'équal té a, b, c, and d, the s;éicﬁiometric édeffigienté,
only when the reactioq is an elementary upimolecular,‘bimolecu;af 6%
termolecular process in vhiqh:gase the steichometric coeffiéiéhts are
equal and equal £o unity: Equilibrium is reached whén the forward and

reverse reaction rates are equal. The equilibrium constant is given by

the principle of detailed balancing which says .that, at equilibrium,

the forward and. reverse reaction rates are equal for each elementary
- o, - . ~ . ¢
process in the reaction mechanism. Consequently, for a reaction with L

steps in the mechanism

~ : 1 1 1 1 - ‘ ‘ '
‘ . . A 2 ¥y X veer (& - )
- Feq 1 1 1 -
kKl kl; ki3 ...k
- . .
£y ~
(s < ’

T

(7

<

e
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. . N l B - R ‘ oo ' .' ) ‘. . ;
where kL' and kEL are the forward and.reverse rate¢ constants-

L-th sigp of the mechanism.

-

?

(o]

S v ag® = 1 act _(pro%uct-'s) -1 Afc;‘f’ (reactants) ... (A = 7)

" r - £

.'whére.AG: is the standard Gibbs freeieqergj éf forﬁaﬁiqn_of a chemical

: épecies! It is the freé energy change when é‘réactaﬂtior a product
is formed from i;s elements in their standard‘states; their standard
, . . . - B
states beiﬁg defined as their stdtes at 298 K and l-atmosphere pressure.

‘The Gibbs frae energy is,‘by definitibn,'thejthérmodynamicustate

function =, . -
4 G=H-T15 ‘ - (A - 8)
1 vhere H is the enthalpy, S is the entropy and T is the absolute
N N L R ‘ .
. ‘temperature. Fox an isotheimic reaction, .
, N .
460 = a® - o7 oas® A : (A - o
r A 4 x ‘ ) .
d o : :
. - AGr‘ .~ - . -
':" B . Keq‘= exp { -.: RT } cesas L (A- - 19‘)

. . : )

T wherd AHz.is the standafd enthalpy of reaction, ASZ is the standard

entropy of reaction and R is- the ideal gas constant.

4
' coeoel
.
. | . -
o . . - v
l‘ )
N '
p “
A * :
4
‘. (2
U EENP S S : Y oL h . " {

-

. . T s ‘
. The standard Gibbs free energy.chaﬁge,,AG: » of a reaction is.

i

N

- 1 R T |

n—— L

v b n e s e i ok R s e ¢ el i s s s W
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ot

AHZ = L AH? (reactants) ... (A - 1lla)

'7“s;r”r‘ﬁ~‘\\\ o _ (.0 ) _ o . -
R _ ASr : Se (products) - 3/ Sg {reactants) » ..._\(A 11B}

T _ ' 4
where AH%J and Sg are. the standard‘enthalpies and entropies of formation
of reactants and brbduqts; They:are defined in a manner identical to

a
-~ B

that of the standard Gibbs free energy of formation.

y o -/ .
Over a limited temperaturé range, the variation of the ‘
equilibrium 'constant is approximated by o
1 . o) 1 ‘ '
Kéq =.K-eq exp { - R (T—l - E‘) } v osaa (A - 12) .
- - ’

The temperature range must be such that the standard enthalpy and

entropy of-reactipn are approximately constant over the range.

5 3 -~ .
. - A
. . ~ . et
. . - .

Activity ‘coefficients are a qﬁéntita;ive measure of the

non-ideality of solutions of'electroiytés. They are aameégaféibf the
A , ) ) ' .
" rdstricted mobility &f-ionic speciés, relating concentration to
. R - .
/ﬁ\“éktivity as follows |': D , .

[

-
P

. < a = foc . . T ¢ N )
.‘;- e Y ’ ‘ . ) o ' ! .
where c'is concentration, a is ac¥ivity and f is thf&activity coefficient.

) f:isfdimeﬁéion;eés fagtor.” The exact foxm of all chemical equilibria

v ) } . . . -‘ . - . '.‘ . - -ﬂ . - . .
. - .- . :
L. > . N

L
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- i . ' ’
and rate expressions requires that activities rather than concentrations

be used. The ionic strength, I, of a solution is defined as

2

1 22
= =~ L e -
I 5 Lo ?i Seeees (2 ii}

where Zi and ci are respectively, the charge and concentration of

ion i and the summation is over all ionic species in the solution. The
. : ~

extended form of the Debﬁe—hﬁckgl equation

- 0.5002% VI

23
1 +0.328a 2 "t (A - 14)

log £ =

car{ be used to calculate the activities of individua‘ions in 'solutif)n

at 25°C where a is the "effective" size of the ionic sp;cies in agueous
solutibn.l The reliability of e$uation A -~ 14 has been experimentally
verified up to concentrations -of 0.1 molar << In more concéntrated

solutions, the activity coefficients depend on the natures of the

individual ions. Aigeneral rule for all ions of one charge is not

available. Experimental values can sometimes be found, but may be very
5 ) .

different in mixtures of electrolytes. For this ‘reason, only approximafe

v

calculations are possible for equilibrium calculations in solutions of

b-'524
high ionic strength,>>

| s -
) . _
2 Ref. 10, pg. 92 y
. | _ -
23 Ref. 10, pg. 94 . -

y
/

o
24 Ref. 10, pg. 26

4 ."‘
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APPENDIX B

A Dgtailed Discussion of the Chemical: Reactions Occuringwgéring the -
. T . -~
Preparation of Developer and the Developinibstage : C

.
{

a) Addition of Sodium Sulfite and $éggbisu1fite to Pure Water.
L

*‘—

As indicated in Table IV, pure water becomes alkaline when
’ e

sodium fsulfite is addéd. At a concentration of 5.7 x 10-2 molaf, its \

-

¢

concentration in the developiﬁg solution, the-pH‘is 9.8 + 0.1. This
alkalinity can be attributed to the hydrblysis of sulfite anion since
sodium sulfite is the salt of sulfurous acid, a weak acid. Therefore,

- by définition, . ' .
. E F i
(1,01 = 10 PH _ 1.6 x 1070 gmoles-L 1“@ 5% >

15 o]

K = [01-1']e [u3o+]e = 1.85 x 107*° gmoles®-1 28 5%

K . 7 J

N © oo™l = —= = 1.2 x 107" gmoles-1 ™t @ 5%
‘ [:é;; 1, o

. The following reactions-occur. ’

i) Dissociation of the salt

3
2
- o
[ - ’

Scdium sulfite completely dissociates in aqueous %?lution.

4 - B ’ ,- ¢ *

.‘ , . _ ‘ @ ) »'-‘ a
- Na,S0, (s) »° 2Na’ (aq) - + S0 (a@) ... (Ba - R1) , ;

. ii) Hydrolysis of SO ) /i . ) :

3 ~ / . . * -

. B M

. _ ) ;

- R | ‘
%5 pef. 8, pg. pox S . TN
. ?& R . - ' & ) ) _ ’
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The sulf_ite anion hydrolyzes - reacts with water Z"as follows

so; (aq) + H20 T HSO (aq) + OH (ag) (Ba - R2)

base L#  acid 2 acid 1 base 2

. for which the hydrolysis constant, K-h' is

[
[usol] [ou™]
K, = ¥e e .. (Ba - 1)

o [so 1,

‘
~

~

"
=K—“’ = 20x10 gmoles-Ll@ 25°%¢

)

w :
is the secosj“dlssoclatmn constant of sulfurous acid and K is the

equilib rﬁn

(see reaction 2-R2, chapter 2)

. »Kw = [H3O+]? [o{b’é . ceee. (Ba -~ 2)

égﬁg.r{-mtabisulﬁte Anion Equilibrium.” : &

ant for the acid base reaction of water with itself

o .

<< All known hydrog\ﬂi> sulf:.tes are easily soluble and ca.nnot be

1solated in substance because of the equilibrium

N _ - . .I f'

2Hso (aq). s, ‘95 (aq) + HO (Ba - R3)

“‘

Ry ) . s . . 26
which goes to the rlght on ingreasing concentration,>> The equi-

iibrium expression for the reverse redction is A
31on ;
: s . : &
_— [Hsoale' G
_ Kp®e ——=— vee. (B -
[SZ'DSJe

26

TP VRSP

e s A b i S A

e g
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Thus, if the bisulfite anion activity increases by a factor of 2, the

metabisulfite anion activity increases by a factor of 4 to re-—establish.

the egquilibrium.

- * s » s
Consider now the addition of sodium metabisulfite to .pure

water. As indicated in Tables II d and V d, at d concentration of

-

: 2 . . . . .
1.44 x fiO molar, its concentration in the developing solution, the

5

pH is 4.0 0.1. This indicates that the solution is acidic. The
. . Vi
.‘;

following reactions occur.

i) Dissociation of the salt.

Sodium metabisulfite td¥pletely dissociatés in agueous

solution.
¥

.

¥a, S, O (s) » 2Na® (aq) + S.°0C (ag) - .... (Ba - R4)

2 25

.

ii} Bisulfite-Metabisulfite Anion Equilibrium.

szb (aq) + H2O;§;,, znso; (aq) ‘ . ‘} (Ba'- R3)

v

.

The equilibrium expression is given by equation Ba - 3.

L - . f
. 1 .-
iii) Bisulfite, Anion Acid Dissociation. ‘ N

‘I“l?_.bisulfite anion partially dissociates in "'ﬁneous -
& .

.
" .
-t

solution as follows : - ' ~-—
- ) : _ ® \

"

W57 -

30 " (a@) + SO7 (ag) ... (Ba - R5)-

++

HSO; (aq@) + H

gt

RS PEPAL AP DI PSSP Y
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The equilibrium éxpression is

K J‘ = 'E'[HBO'*—]é' tsoile

a — ceae {Ba - 4)
T L A |

=5 %10 % gmoles-1 @ 25%¢%7

e

where Ka is, the second dissociation constant of sul furous acida Thus,
2 ] ' v .
bisulfite anion is a weak acid. ' .
» .
iv) Pommation of Dissolved Sulfur Dioxide
s =z . - s ' . )
. The bisulfite anion also reacts with water in order to \\

+

establish the following equilibrium
‘ '

S0, (aq) + 2H,0 I.HSO] (aq) + H, ot (aw) .... (Ba - R&)

The equilibrium expression is : .

[uso”] [m o+] )
3“e 3 e . (Ba - 5)

1

a
1 | [so2 (ag)]e

-2 gmoles—L—l e \25°C-

where K_ is the first dissociation constant of sulfurous acid. '
1 ' ', : o

- »

At equilibrium in aqueous solution, expressions Ba - 2, Ba - 3;

"Ba - 4 and®™a - 5.mist be simultaneously satisfied. t

-
. «

L]

i,
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Consider now the addition of both sbdium sulfite ané $odiuﬁ
t metabisulfi}:e to water. They are a&.e.d;in the af‘orementio‘ned ordex
until their concentrations are the saﬁe as in developing solution. As
has been seen, the solution becomes alkaline upon addition of sodium
P sulfite, - I"he PH becomes 9.8 * 0.1. 1If sodimpaeta.b‘isulfite is tl:len
‘added to a concentration of 5.7 x 10-2 molar,‘the pPH drops to 7.4 * 0.1 - see
Table IVa. The drop in pgrzg.due to the presencg‘of the bisulfite
anion, HSOE, produced via Ba - R3 im order to satisfy the necessary
equilibria.

Rearranging Ba - 4,

[uso_] ‘
[a0'] = x, —=2= . = ----  (Ba - 86)
3 e %2 [so.]
. 37e -

The combined action of.bisulfite and sulfite anion from their

respective scdium salts forms a buffer since the ©H depends upon the

“ratio of thegir activities. Sodium sulfite is the source of sulfite

gnion and-sodium metabisulfite is the source of bisulfite anion.

N

Lt
. This buffer solution is less sensitive. to the additicn of
. . - . ) .
strong acid.than is’ a conventional buffer solution. A conventional
buffer %f a solution of a-weak acid and its sodium salt, an example
Y 14 . . R -
being a solution of sodium aéetate;and aéetic acid where
N _ [Hmaoc] ‘ [HAoc] , .
[H30 ]l =.x : £ . = K o . (Ba - 7)
o [20d7] e Tmamoe] e B2 7
. . e n v —— Q " . .
- . )‘ v Il
© - ) . "
. o “ i i
. . o
- '..‘ : ' . g S&- ' * d )
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The subscript zero signifies the number of moleq.Per liter added to the
solution. In this case, hydrogen ion from the strong acid combines !

" with acetate anion, AOc™, to form undissocidted acetic acid molecules. .
‘ ’ .
As a result,: the HOARc activity increases, the OAc activity decreases

and the pH increases. Thus, only a comparitively small amount of strong
acid can be added if the pH is to remain reasonably constant. In the

sodium sulfite-bisulfite bgffer 'solution, addition of strong acid forces

- i

an increase in bisulfite anion activity and a decrease in ﬁtivity

but equilibrium Ba - 3 must be simultaneously satisfied. , some

undissociated weak acid, formed is stored as -~

of t.he excess HSOs,

metabisulfite anicn, since increasing the HSO; activity by a .

5,05+

factor of 2 will increase the 5205 activity by a factor of 4. Conse-, -

guently, the increase in the undissociated weak acid activity is less

.than in the more convential buffer and the correspénding increase in pH

. : \ ) -
is reduced. .

-

A considerable amount of strong Ycid can be added to the sodium

bisulfite-metabisulfite buffer without causing a drastic.reduction in
. pH, Amido.]: 'developer is highly acid since each molecule of amidol.
contains two molecules of, hydrated hydrogen chlorlde, an, extreme..ly

.
) 5

strong ac:.d. As Table Iva J.ndlcates, the DH drops from 6.8 * 0 1 to® S

2.8+ 0.1 when amdol is added to pure water to a concentraf

JUSTUEN T LTIE TR TS

i, 65 x 1072 molar, its concentration in the developing saluf.i
rot .
the buffe 'present, the ©H drops from '7.4% 0.1 to 76 £ 0O
, ‘s w

L]
o

-
-
i Gy v e e
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the acidity increases by ten thousand fold with no buffer present where-

as it increases by a factor of only 6.4 when the buffer is present.
b) Addition of Amidel Developer to Pd%e Water .

_ As previously indicafed, a l.65 x 10—2 molar agueous solutiocn

.

of amidol has a PH-of 2.8 + 0.1. The molecular structure of undissolved’
: - _

amidol {2, 4-diaminodphenol ‘dihydro“chloride)- is shown in Fig. 2.1. Each
molecule of amidol contains two melecules of hydrated hydrogen chloride.
Upon dissolution,” the hydraéed HC1l will separate from the diaminophenol
_and undergo complete ionic digsociation. ‘Thus, a 1.65 x 10_2 molar
solution of amidol wil] contain 3.3 x lO-zgrnoles—L“l of hydrochloric
‘acid which’shouid result.in a pH of 1.48 instead of the measured value

. of. .8 £ ¥.1. This indicates that the H3O+ activity %é actually ?
(1.6 % 0.4) x 10 > gmoles-L ™! rather than 3.3 x 102 groles1 ¥,
indicatiqg that the hydronium;ioh5activit§ is‘iéss than expected by‘a‘
factar of approxipately twenty.._Thig sqggésts thé presénce of ,a

strong base which neutralizes most of the

hydrochloric acid.
e T .

“, .
iy . .
» o "L
Diaminophenol will act as a strong base, in agueous solution.

Consider first the behaviour of dammonia in pure deionized water. It

w -

acts as a base,'unde;going{}hshhydrolQSis redction )
‘ \ ' - ) \‘M‘ / l’I
: - 1. (ag) +\?46 > v, ¥ (hq) + ou” (a)”‘J " (8b —'m)
@3 ol 27+ Ty laq @ e (B
base 1 acid'2  acig1 ' " base 2

- K

\ ' . Rt

St - . -
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with equilibrium constant ' : .

. w0 T

!(b= ‘oo B (Bb"l)
[, ], . .

1.8 x 10'5gmoles-L'l g 25% >

Since ammonia only hydrolyzes weakly', it. acts as a Weak 'béée‘. S:'uni-
larily, dlammophenol will act as a base, neutrallzlng hydrom.um iens via

the reaction

OH . . * - OH 2

(agh + 210" (aq) % (a@) +H,0 ... (Bb - R2)
N 4
—
"NH, NH# ) o .
base 1 acid 2 acid 1 - base 2
At eguilibrium: " & ' '
z - x Az -w : Cox o

where z is the number of gmol'es-LF]_' of amidolﬁhic_h was dissolved,
e

2(z - x) is the concentration of hydronium ion and x-is the concentration '

: : : . e ‘ i
‘)' of the charged cation of diaminophenol. The factor 2 arises 'from \the fact

that each molecule of dol contr:.but:es 2 molecules of hydroehloric ac:l.d

+ ‘l

As 1n chapter 2, the dla:nlnophe\s,l w:.ll be symbollzed as ‘DAP.. Its

3 .
charged cat:.on will be syrnbolzzedfgs DAP,-2 ‘. The equlllbrlum expression
. - - > - 'S
is : : : BT Y o
N o
:‘Re_f.’S’; gg. 194
. ‘: \ 13 . Y \: .
¢ - ) LR B
. ’ . ’ ‘

0 28" T A

-

%

e et b

e b e am T Rt e
.

N
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Y 4
, . [oee®'] )
LK = — . meees (Bb -~ 2) °
[pap], [up0'1" -
e
.y, x B
4 (z - x)3 ¢
. - Lt
. : ’ -3 -1, 0. ¢
but, 2 {z - x) = 1.58 x 10 “gmoles-L =~ & 5C
- - - )
: =2 -1
- . z = 1.65 x 10 "gmoles-L
R N . o -
. _ -4
X =2 - ?.9 x 10 Yz
\\ A ' ‘ .

Thus,

1. 1.65 x 1072 N .
3 -lﬁ) - ~4-3. ' -

4(7.9 x 10 )
4 N

: Y
- 8.4 x 10° @ 5° gmoles Z—L

uilibrium constant indicates that diaminophenol acts as a.
. s

very‘strong hase in contrast to ammonia which acts as a weak base.

diahihOphenol has a much greatér ability to accept protons than does

This. can be attrlbuhed to extra charge stqpallzatlon produced

ammonia.

<§E/fesonance on the benzene rlng. (:;\ . .

This.large equlllbrlumtconstant also indicdtes that an over-

i

‘whelmingly large proportien of the dissplve@qmmidol ex;sps as the doublﬁ

[ N - . LIS '
_ . charged cation of aiaminophenol in a highly acidic soluticn. As the DH
. . ‘Nl . - w .
- B . * : -
- - L
g - B . ¥,
P x| . 4 |‘
- " -

Thus, .

e e



tz

is raised and the 'solution consequently becomes less acidic, the

equilibrium of Ba - R2 shifts to the lefﬁ,broﬁucinévdiaminopheﬁol froms

its cation. By rearranging equation Ba - 2,0ne éanfestimaua.tha,ratio of

the cation to diaminophenol. at neutral Ph. "ii
| T P .
= ' 0 - reon -
DAP % [H3 e ) 2. (Ba - 3)
. e " L h . ‘ .
. ' . ' - ]
- N 4 &
6 -7.2 : ‘ o
= 8.4 x 10 x (10 7) - - .
. = 8axw® L. .
L8 .‘. . .

Thus, an overwhelming proportion of the amidpl exists as diaminophencl
3 . ) A * ” . - i . .
at neutral pH. Simce the development is carried out at dH ¥ 6.6 7% 0.1,
- B - . i . . S
near néutral conditions, the diaminophenol rather' than its_doubly ‘charged

. N .
cation must be the active"species in the development reaction.

. ) po- .
o . ‘
¢} Proposed bevelopment Reaction TN L
/ ’ . ) . .
P R
- . Lo o :
k For amidol developer, the oyerall development reaction and ‘th

mechanism via which it proceeds are not well known, although it is Fnowh"

~
v

)

to be a redox reaction. A reaction and its mechanism are sugggsted'here.
DT . . .
e, - - : : “ L TN 4
n '
;It is well known that amiaol deviiifi’ii}isfactorély onl& under

neutral or near neutral conditions. The redction can be stopped‘bj

T

increasing the acidity. Since the activity of diaminophenol decreases v
. =y ' . i
i . R J'
y ) . - : . N
- ‘ -~ @ L O
* Y o - B
. r .
. L Y o . }
- - - -~ '
_ - ~ ¢ y - , \'.. . . g
% [ A v - '3 . 1
- R * « - T - - .'E
» Lo ; 2 " '
s - .’ f “ "-n-_./"b Y
’ N v ~ - ‘ .



- rapidly whereas the activity of its doubly charged cation increase = =

. . rap:.dly as the 3c:.d1ty is’ lncreased, the d1aminophenol ‘rather than :
s its cation must be, the reduc:.ng agent. A . - : .

.
.

It is also known that latent J.mage carrylng 511ver brom:.de

crystals develop much more rapldly than those 'Wh:LCh do riot possess a ) +

1 1

latent :Lmage. << The study of the photonsms of s:.lver halldes ‘falls

into two: categorres. one in whlch after a relatlvely short exposure

with actinic light the latent -.:Lmage is processed in a specific reducing, *

. solut:.on, and one in whlch the exposure is ‘so long that a VlSlble dens:.ty

: @
appears (prrnt'—out effect) T'he fomer is observed in photographm

emulslons wtuch consist af very small crystals suspended in aarotect:.ve .
collmd‘ such as ge'lat:.n. Durlng development the, effect of the llght

29

5
react:.on is ampllfled some 10 to 109 dimes .. 549 E‘urthermore,“ lt is known

- that latent J.mages are due to aggregates of s.leer atoms on the surface

. . . .~

of the silver bromJ.de cxystals anddthat they act as npac‘Elon s:.tes.'

Accord:.ng to the free electron model of metall:.c crystals, valence
- : . [ 2N .

- eI’ectrons behave as free electrons conflned to a pox or potentlal well

®

Such metals are capable of accepting electrons since they, can fall’ into

. o -

th:.s well and consequently lower thelr energ'y states. It is sug'gested

' .
v

that theJ?atent J.mage acts as a mlcrocrystal of metalllc 51J.ver. it
. L i

can thus acc%pt an electron from the O[jl/radlca.l of the dlamnophenol

. toe N

"which w;Lll consequently lose a proton. The negatwely charged latent
T 1mage w1ll abtract local free silver catlons wh:.ch w:.l;[ become attached ’

~ . 2 Ref,.11; pg. 1052 , k R o o7 s .
. . . - ! . ‘ .
. N Ve . : "

57
.
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i

to its surface and conséquéntly neutralized. This process will cause
- the latent image to grow into a grain of silver and the corresponding
silver bromide crystal to disappear since it dissociates due to the

local consumption of free silver cations. ¥

The dissociation reaction of latent image carrying silver

bromide crystals is

k

AgBr* %+ Ag  (ag) + Br (aqg) (Bc - R1)

where the symbol * indicates the presence of a latent image. The

redox half reactions are proposed to be

OH -0
5
. -
NH,) NH,
+ -
(aq) + H,0 7 (ag) + H,0 (aq) +e .:.
(oxidation)
NHE
3 - -
Ag (ag) + e b Ago (s} ‘ heas (Bc - R3)

The redox reaction, found by adding the individual half-reactions, is

(Bc - R2)

o



OH - .0

N + +
(aq) +Ag (aq) + H,0 Z (aq) + Ago(S) + H0 (aq)

S

.en (Bc - R4)

NH,, ' NH,,

The resulting oxidized diaminoéhenol, symbolized here,as in chapter 2,
as DAPOx, will be hlghly reactlve since the oxygen now contalns only

five electrons in the 2p sub—shell It may be partially staba;;zed by

Fl

resonance on the benzZene ring.

.

The overall development reaction, found by adding Be - R1 and

Be - R4, is suggested to be

bl

OH 0

(aq) "+ ag°(s) + Br  (aq)

(ag) + AgBr*(s) + sz T

. + H30+ (aq) «e. (Bc - RS)
T2 . I
The redox potential,'givgn by the standard Nernst equation, is
Ae = A + 2.3 RT lo [DAP] ‘[Ag+] )
& nF g + (Be-1)

, [parox] [330 ]
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where'Aso‘is the standard redox potential, R is the ideal gas constant,
«—T is_the absolute temperature, F is the faraday and n is the'number of
‘electrons transferred. In this case,n is equal to one., As the pH is
- lowered:fhe H30+ activity increases whereas the diaminophenol activity
decreases. Whug,the redox é&tential will decrease: When this potential
is 1owered to zero, the net redox reaction raée will become zero,

>

indicating that the development has been stopped by increasipg the acidity.



" APPENDIX C : "

Emulsion Pellicle Material Balance

a) Unsteady-State Materia% Balance on an Emulsion Pellicle During Fixing.

~ Fig. AC - 1 Elevation View of a Horizontal Emulsion Plate Immersed in

. Fixe .
k/\y,r\,j 4

fixer-emulsion interface

emulsion pel}icie

/7 . @

Y

h N, e AT N T e e dy
I

: : A

Consider a pellicle of length L, width W and thickness h,.
! :
Generally, L and W are much greater than h,as explained during the
discussion of the fixing stage in chapter 2.  To a good approximation,

this can thus be treated as a case of undirectional diffusion in the Y

direction, the thickness coordinate,



.
i) & Coionent Produced by the Fixing Reaction '
‘ J

———

.
-

Consider first a species, component A, which is produced by

the fixing reaction a%d diffuses out of the emulsion. Let R, be the
’ : 1

net differential rate of production ofi’ in units gmr.:tles--cm—3 -5
Under unsteady-state conditions, R, is a function of both(ﬁbsition and

time. Thus,
6‘ L

RA = RA (y, t{ e ' '(C - 1)

A ]
K

The flux, N , of component A in gmoles~cm %= s 1 toward the interface
. » '

and its concentration, CA.in gmoles-cm_% are also functions of position

and time. Consequently,

SR

CA = CA (Yr t) . [ ‘2. (C - 2)
BCA {(y, t)
N (y, t) = -0D {(C - 3)

N _ A A oy Tt

where DA is the diffusivity of component A. 1In liguid phase diffugion,

the diffusivity is a function of temperature and often a functilen o
concentration at high concentrations. Thus, at constant temperature
DA may in general be a function of both time and position.

Consider a material balance across a thin strip of emulsion -

of infinitessmal thickness dy and area, Al, equal to the surface area



. ! ‘ r . oyt
of the pellicle (Fig. ac - '1). ' . ‘ s -
g . ‘ .
Accymulation Rate = Input Rate-Cutput Rate '+ Rate of Production ces . (C = 4)
Input Rate = Al N {y, t) «v.  (C - 5)
1
Output Rate = A" N (y +dy, t) : @5
/ . ) = N .
A (N, 0+ B ;y' +) dy } S ‘... (c-e8)
Rate of Production = RA (y, t) Al dy ) . e {c -7
Accumulation Rate = A™ dy 5T (C - 8)
. A
where the number of moles, N;_.'contained in the strip is ' .
Nl (‘ £) o= Al a .
. L y C, (v, t) sve (L =-9)
Substituting equations ¢ - 5, C - 6,‘ C=-7 and C - 8 into C - 4,
\) N - ’
9, ly, &) | 1 N, (y, t)
AT gy == =am N (v, ©) - Ny (y, t) - 5y dy }
3
l .
+RA (v, t) A dy . .. - (C - 10)
which reduces to the unsteady-state law of diffusion
: ac, (y, t) ) N, (y, t) R . , 1
3t - 3y TR e w ee €= 1)
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Iy

»

If one considers a simplified situation of constant.

‘ ’

diffusivity, Ehen,fromﬂequation C ~ 3,one obtains

\ . 2 "y -
(J\ BNA (v, t \ d CA {y, t)

oy . A ay2

Thus, the unsteady-state law of diffusion, equation ¢ - 11, becomes

= -p N (I )

2 -
A ac, (v, t) 3% ¢, (¥, t) .
— = + -
5 | D, ‘ 5 4+ Ry, t) ceo{C - 13)

. 3y

+

In the more general situation where the diffusivity is a function of

both time and position,one obtains, upon differentiation of equation

c - 3, . - '

-

A

. . . ) . .
N, (y, t) 3 C, (y, &) BDA {y, t) acA {y, &)

=_—D(y,t) > -

3y ay oy

and the unsteady-state law of-diffusion, equation C - 11, becomes

1

. : 2 :
acA (y, t) - v, © 0 CA (y, t) N aDA {y, t) BCA {v, t)
r 2 .
ot A 3y 3y 9y
+ Ry (y, t) i

which is its most general form if diffusion at the edges of the pellicle

is neglected.

(C - 14)

(c - 15y
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A
ii) A Component Consumed by the Fixing Reaction

Consider now a species, component C, diffusing into the
emulsion and consumed by the fixing reaction. The flux,'N_, of C

iqto the emulsion is

_ 3CC (y, %)
N, (¥, t) = - D e ... (C - 16)

A similar material balance yields the unsteady-state law of diffusion

\
acc {y, &) . BNC (y, t)

T— iy - RC (v, &) ceae (C - 17)

-

. .

where RC is the rate of consumption of C. For the assumption of constan

diffusivity,C - 17 becomes

2 o
T = - DC > - R_ly, t) PR | {C - 18)

9y N c.

If DC is both time and position dependent,equation C - 17 becomes

[~ 3
) 2
aC_ (y, t) acC (y, t) oD, {y, t} aCc_ {y, t)
‘—C =" - D (Y: t) C - C C
?t C ay2 oy oy
- RC {y, t) caee \ (Cc - 19)

b) Steady-State Material Balance

At steady-state, all concentrations of reactants and products
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beéome time independent;. Since the net differeﬁtial reaction rates
are functions of concentrations of reactants and products they are
_also tir.ne—jtndependent. The diffusivities,which are concentration
dependent, are likewiée time-independent as are the fluxgs. The

analogus steady-state relationships for reaction product A are from C - 3, .

dCA (y)
dy

N {y) = - Dy (y)

A R (Cc'- 20)

and from C - 11,

dn, (y} :
T = RA {y) . e (C - 21}

since

aCA {y)
3t

If no net chemical reaction is occurring - for example outside the
pellicle or in a layer which is already clear -,the flux-gradient,.

dNA (y)
dy

situation of constant diffusivity, the flux, equation C - 20, becomes

» 1s zero. Thus,the flux is constant. In the simplified

»

ACA . S
= - —_— : - 22
N, {y) D) iy (c )
ACA ,
where _A-l"— is a constant concentration gradient. .

The relations for reaction product B are analogous to

those of A.
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