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FOREWORD

This report was prepared by John F. Dreyer, Head of Research,
Polacoat Incorporated, Blue Ash, Ohio, under contract AF33(616)-67L5,
Project No. 7165, "Health Hazards of Materials and Radiation," Task
No. 71839, "Protection Against Electromagnetic Radiations.” Dr. Richard
E. Horn of the Vision Section, Protection Branch, Life Support Systems
Laboratory, Aerospace Medical Laboratory, Wright Air Development Division,

served as contract monitor.

This report supersedes WADC TR 59-81 dated October 1959. Additiconal
and more detailed calculations have modified some of the conclusions of

the original report.

The following associates of Polacoat Incorporated have cooperated in
the ressesarch and in the preparation of this report: Dr. Glenn H. Brown,
Bibliographer; Donald Baltzer, Head of Laboratory; Frank Stevens, Senior
Research Chemist; and Jerry Watkins, Laboratory Techpician.

Theoretical study was prepared with the assistance of Dr. John lcCarthy
of the Physics Department of the University of Cincinnati.
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ABSTRACT

The use of phototropic materials as self-attenuating light valves
has been re-evaluated in the light of additional information. Sunglass
application stlill appears to be feasible. As eye-protective devices to

prevent flashblindness and retinal burns from nuclear detonations,
phototropic filters sppear to be feamsible. However, 1t is impossible to

state that they will provide complete eye protection under all operationsal
conditions until more information is available on: (1) the absorption
coefficients of the materials and (2) the tolerance of the humen retina

to short-duration, high-intensity radiation.
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FEASIBILITY STUDY AND DESIGN OF A SELF-ATTENUATING LIGHT VALVE

TNTRODUCTION

An investigation of the literature reveals that the use of phototropic
material as a self-attenuating light valve of varying density has not been
congsidered. The phenomenon of phototropy, known since 1881, is defined as
one in which a material not only chenges color when exposed to light (the
change depending on wavelength and amount of light) but also reverts to its
original color following removal of the light. The best general reviews of
the subject are given by Brown (ref. 1) and Chalkley {(ref. 2).

This study describes the principle of opergtion of such a light valve
and its use as a protective device sgainst the visible and ultraviolet
radiation from an atomic flash or from the sun. An estimate of its sensitivity
1s made by some simple calculations of the energles involved. Some of the
other practical considerations in the design of a valve employing the photo-
tropic principle are also discussed.



ABSORPTION OF LIGHT

When light is absorbed by & material, the absorbed energy can produce
a number of different effects:

a) It can be converted to fluorescent radiation which is always of
longer wavelengtg than the incident light. This radiation takes

place within 10 sec.

b) It can be converted to heat, as, for example, in compounds having
groups such as C = O and -~OH, oriented as in

Q%
=Q

O
These materials cen act as protective energy absorbers.
¢) It can be converted to electricel energy, as in photocells.

d) It can be stored within the material and later released in the form
of phosphorescent radiation.

e} It can produce chemical reactions which are referred to as photo-
cheriical reactions. Certain chemical reactions which will not
proceed under the influence of & given frequency of light can be
stimilated by sdding a substance which is sensitive to this light
frequency. The added substance, called a "sensitizer," is not
changed in composition during the resction.

Fluorescent compounds are in general very sensitive photochemicelly. They
owe both properties to the fact that they are able to remain in an excited state
for a comparatively long time without converting the absorbed energy into heat.
This seme property enables them to transfer the energy to some other corpound
and makes them good photosensitizers. The fluorescence itself pleys no role
in this energy transfer, since the photochemical reaction takes place before
the excitation energy is lost by fluorescence.

Certain well accepted facts which are pertinent to the study are presented
in the following: ({a) only light which is absorbed can act chemically {Grotthus-
Drapexr law); (b) in general, the smount of material transformed in a photochemical
change is proportional to the product of the light intensity and the tiwe of
illumination (Bunsen-Roscoe Taw); (c) the amount of substance transformed in =
photochemical reaction is proportional to the amount of light energy absorbed,
rather than merely to the incident intensity (Vant Hoff); (d) each absorbed
guantum of energy or each photon should cause one light-absorbing molecule to
resct (Einstein Photoequivalent Law); (e) the quantum yield is the number of
molecules which react for each quantum of light absorbed; (f) the primary
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process is the first step where each molecule absorbs & quantum; the subsequent
gsecondary process, which follows the law of mass action, riay be quite complex,
end it may cause the quantum yield of the over-all reaction to vary from unity;
(¢) the concentration of molecules other than the ones which absorb radiation
ig an important factor in the velocity of the reaction (Rodenstein); (h; visg=-
cosity and the bound state of +he molecules also exert an influence; (i) the
wavelengths of the absorption bands vary for each material.

From these facts it can be seen two conditions must be satisfied in order for
an hxmiﬁﬂnt veam of light to cause an appreciable amount of a given reaction:

1) The beam miast contain some photons, each of which has an energy
greater than a certain minimum amount.

2) These photons must correspond to wavelengths lying within one of
the ebsorption bands of the materiel.

The following Table I is derived from the equation E = %E;where E = ergs
PE{ quanta, h = Plank's constant, 65.62 x 10‘27, C = velocity of light, 3.0 x

10 0 em/sec., A is the wavelength in cm. and electron-volts = 1.6020 x 1012 ergs.
TABLE I

ENERGY OF LIGHT PHOTONS AT DIFFERENT WAVELENGTHS

Wavelength in A Electron-volts/photon Calories/photon x10719
2000 6.100 2.373
2500 L.959 1.899
3000 4,132 1.582
3200 3.542 1.365
4000 3.099 1.187
4500 2.755 1.055
5000 2.479 0.949
5500 2.254 0.863
6000 2.066 0.791
6500 1.907 0.730
7000 1.771 0.678

10000 1.240 0.475
15000 0.826 0.316
20000 0.620 0.237

Table I gives the energies, both in electron volts and in calories, for

photons corresponding to different wavelengths.

The greater energy possessed

by photons of ultraviolet light explains why this type of light is especially
effective in causing reactions. In general, the longer waves influence the
chemical reactions in which there is a decrease in energy and the short, waves
influence the reactions in which there is an increase in energy (ref. 4). In some
phototropic reactions, ultraviolet light increases one reaction and infrared
increases the opposite reaction (Herschel Effect).
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Most photochenical reactions are not reversed when the activating light is
removed and quanbum yields much greater than one have been obtained for non-
reversible systems. In spite of these advantageously high quantum yields, there
are difficulties in using these nonreversible meterials s light valves becsause
ne precise light-intensity thresheold is needed to trigger them. Therefore,
this study is limited to reversible systems for which the quantum yield is

never appreciably greater than one. In fact, a quantum yield of 0.9 is
assumed in the calculations below, since there is good evidence that this is

a practical figure (ref. 6).



PROFPERTIES OF PHOTOTROPIC MATERIALS

The phototropic phenomenon is a photochemical reaction wherein the energy
chenge is not too great to prevent its reversal. The activating light causes
some of the material to change from one form to & second form and tre light-
absorption properties of the two forms are often quite different. In some
reactions the compound becomes more transparent to visible light and is seld
to fade, but, in others (especially those activated by ultraviolet light), the
substance becomes darker. Compounds of the latter type are considered in this
study as a possible light valve since the absorption in the visible wavelengtis
can be greatly increased in a short time by the ultraviolet light in the incident
radiation.

There appears toc be no definite threshold for the amount of lignt to cause
reactions. There are some materials which, as soon as the absorption of ultra-
violet light has transformed soue of the phototropic naterial from the light
(transparent in the visible) +to the dark (absorbing in the visible} form,

a reverse reaction takes place at & rate which depends upon the law of mass actlon.
When this type of material has been irradiated at & constant rate for sufficient
time, an equilibrium exists between the light-to-dark and dark-to-light reactions.
The effectiveness of a light valve and the speed with which it operates depends
upon the rates of reactions in the two directiouns.

It is recognized that speed and fatigue considerations are Important in
the present study. Although little infornation is available on the speeds of -
phototropic remctions, there is a report that one type of reaction occurs in 10 g

sec. and the Tavorable fact trat rany photochemical reactions take place very

quickly (ref. 8), some within 1010 o 10=13 sec. The fatigue characteristics vary
markedly with the different materials used, but some are excellent (refs. 2,10,11).

The molecular changes taking place during phototropic reactions can be of
several different kinds and it is believed useful for the present report to give
three exsmples: :

1) A change in isomerization, as from cis to trans forms of stilbene.
These forms have different absorption characteristics because of their
different transition moments and their absorption curves in the ultra-
violet are shown in Tigure 1 (ref.5). It is found experimentally that the
higher absorbing planar trans form 1g changed by ultraviolet light to
the cis nonplansr form. This type of reaction is not sensitive 1o
alr oxidstion.

R
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ABSORPTION CURVES FOR CIS ABSORPTION CURVES FOR

STILBENE AND TRANS STILBENE CRYSTAL VIOLET CYANIDE
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Figure 1. Figure 2.

2) An example of the salt-isomerization type is Crystal Violet of the
triphenyl methane class. The cyanide, borate, sulfide, or hydroxide
in a strongly basic anion solution is phototropic. For example, the
colorless leuco cyanide is changed by ultraviolet light to the colored
form, and the sbsorption curve changes as shown in figure 2 (ref. 6). This
type of reaction also has the advantage of being insensitive 1o change

by air oxidetion.

3) The oxidation-reduction type of reaction is most common and occurs
with both organic and inorganic compounds. The reaction does not
necessarily involve oxygen; usually a transfer of one or uore electrons
takes place, with a resulting change in the ability to resonate.

In inorganic compounds, elements of multiple valence (»aa.gi..;,f:ftJL:r:'c}x:ﬂimn.Jr iron,
rercury, titanium, etc.) have different colors at different valences. In the
presence of & donor or an acceptor of an electron, incident light can cause
them to chenge valence. One exanple is molybdenum oxide which, under proper
conditions, changes fron a yellow in the dark to blue in the light. Another
example involves the following reaction:

++4 -- 1ight —
2Fe” " (€50, )3 e 2Fe**(C_0

The use of these inorganic compounds in light valves is hanmpered by the
difficulty of dissolving them for use in manufacture orf optically clear films.

Perhaps the most common example of oxidation-reduction type of phototropy
in an organic compound is methylene blue. The oxidized foru is a strong blue
and can be changed by irradiation to the reduced leuco (colorless) form by the
addition of a reducing agent (e.g., ascorbic acid). As illustrated in figure 3 (ref.7),
the resction is sensitive to pH, since the redox voltage for the two cowpounds
changes with pH.
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ENERGY CALCULATIONS

In this section calculations are made on the energy aspects of the
phototropic phenomencn in order to investigate the necessary conditions
for its use in a self-attenuating light valve. An estimate is made of the
visible light energy coming through a typical slab of phototropic material
when the radiation from a nuclear flash is ineident upon it. This result
is compared with the amount of radiant energy required to produce a burn
in the eye.

For these calculations a time lag of zero is assumed for the photo-
tropic resction and the effect of a reverse reaction is ignored. More
refined calculations would have to consider the kinetics of the reactions.

A. Ultrasviolet Energy Needed to Close Valve

The energy transmitted by a colored layer of phototropic material can be
calculated by Beer's Law. According to this law, the transmission may be
expregsed as:

T = 10 ACk

or

1
log T = D = ACL

where D = Optical Density
A = Molar Absorption Coefficient
¢ = Concentration Expressed as Moles/liter
L » Path Length in Centimefers

Table II gives some data on measured.Vﬁlues for A. For these calculations,
a molar absorption coefficient of 1.5 X 107 has been chosen as a reasonable

average over the band spread for the visible wavelengtns.

TABLE Il

MOLAR ABSORPTION COErXFICIENTS

Compound Wavelengths in A A
Malachite Green (657) in water 6250-6T750 2.7 XJEEE-
Malachite Green (657) in methanol 5940-6350 5.5
Methyl Violet (880) in water 5400-5500 4.0
Crystal Violet (681) in methanol 5405-5925 5.7
Normael for highly colored dyes (Hiskeylg) 10
Theoretical Maximum,(Hiskeyle) 100
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OXIDATION REDUCTION OF METHYLENE
BLUE BY ASCORBIC ACID

8
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Figure 3.

This is a good exauple of how the behavior of a corpound toward light
can be influenced by the presence of another compound. From a pH of approx-
smately 1 to 5, the absorbic acid will reduce the methylene blue to the
colorless form even without the presence of light. From a pH of 5 upwards,
this same reaction occurs only with the addition of energy and figure 3
shows that the arount of energy needed is less than one electron-volt.
Therefore, in this pH region, the photons of the visible light absorbed by
the blue form have enough energy (see Table I) to cause the reduction reaction
and thus to cause the fading in the visible. Visible light will bleach the
miwture and the blue color will be restored in the dark. In the presence
of oxygen, the ascorbic acid is irreversibly oxidized and consumed, whereas
the methylene blue changes reversibly back and Torth between the two forms.
Ultraviolet light causes the reaction to proceed toward the colorless foru.



The concentration of molecules in the colored form can be found from
Beer's law by the following equation:

Dx N .
Ax L =x 103

where K = Number of Molecules Converted Per Cubic Centimeter
Optical Density

D
2
N = Avagadro's Number (6.03 x 10 3 molecules/mole )
A = Molar Absorption Coefficient
L = Length of Cell Path
2

When D = 4, the result we obtain is 1.61 x 1017 molecules/cm ,

This number also represents the number of nolecules changed from the
light to the dark form by the ultreviolet light which has been absorbed. The
ultraviolet wavelengths which pass through a methylmethacrylate airplene canopy
are longer than 3200 k. Fram.Tﬁgle L wg find that the average energy per photon
between 3200 A and 4000 ﬁ 1g 2.402%1.10( 4 1017 or 1.33 x 10717 calories/photon.
Assuming a quantum yield of 0.9, the ultraviolet energy per molecule required to
cause s change becomes 1;3365910'19 = 1.48 x 10'19 calories per molecule.

The total ultraviolet ener%g‘which mist be absorbed to attain a density
of L in the visible is 1.48 x 10719 x 1.61 x 1017 = 2.38 x 1072 calories/cnc.
Because of the high density of the phototropic layer for ultraviolet, this number
is also, except for a 4 percent reflection loss, the total ultraviolet energy
that must be incident upon the valve while it is closing. Assuming an equivalent
black body temperature of 6500° K for a nuclear flgsh, we fin (from a Radiation
Calculator*) that the radiant energy between 3200 A and 4000 A is 11.0 percent
(20.5-9.5) of the total. Thus, 2.38 x 10°€ x 1.04 x %%90 = 0.224 calories/cm2
is the total radiant energy necessary tO cause & phﬁtochémical reaction resulting
in an optical density of 4 in the visible wavelengths. For a 6500° K source, the
percentage of the total radiant energy between 4000 E and 7000 ﬂ is 39 percent
(from the Radiation Caleculstor). Thus, when 2.38 x 1074 celories/em® of ultra-

violet energy enters the valve, %%~x 2.38 x 107% o 8.45 x 107 calories/cu” of

visible energy enters. This assumes that the percentage of reflection is the
same for both visible and ultraviolet.

B. Visible Light Energy Trensmitted by Valve

The exponential function shows that the visible energy transmitted is not
in direct proportion to the activating light. Consequently, on receiving light
at a constant rate, the transmission will reduce quickly at first and then more
slowly as further ultraviolet ernergy is asbsorbed. The visible radiant energy
that gets through the valve while it 1s in the process of closing is calculated

as follows:

*The Radiation Celculator is supplied by the General Electric Co., Sclhenectady,
N. Y.
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The optical density D is egual to the product ACL at any tite during this
process. This is directly proportional to n, the total ultraviolet energy which
has been absorbed up to this time. This assumes that sufficient rateriasl °s
available for the utilization of all the activating energy for the forward
reaction and that the ultraviolet transmission of the molecules in the converted
form is 100 percent.

2

e . :
calories/ecm are required to

Since, it was calculated that 2.38 x 10
produce a density of 4, the proportion:

D Il

I = 0.0238

may be set up. Translating tne equation, we ootain:
D 4 1 D
" 0.0238 - & T

-386n
e

Thus, the transmission at any instant of the closing is: T =

Then the total visible energy transmitted during the closing of the valve
ig given by the formula:

In which n = Total ultrav.olet energy;"cm2 trat has been absorbed up to sone

tie when tle transirigss-on -s T,

dn = Ultraviolet energyfcmg absorbed during some short time interval.

Trhis also equals tre incident ultraviolet energy and so the incident

visible light during this time interval is = dn

AN = Visible light energy transnitted during this time Interval or T= %%’dn

Substituting the data into the abeve equation, we obtain:
.02 .0238

%:% ° 38111 dr - .32 3 "385I1
0 11 Jo e'. dn

22 1 X
"11 x 385 |1 "o 383(0.0238)

2
- 0.0092 cal/em

L2
It was determined that the total cal/cr :n the visible can be obtalined

by the use of the formula:

.

2 V¥V x 1.2% x 10 ) .;%j

Total calories. crm = x (1 10P)
Ux W xg x M

10.



In which V = Percent of Energy in Visible

U = Percent of Energy in Ultraviolet

W = Average Activating Wevelength in Millimicrons
Q

M

= Quantum Yield
= Molar Absorption Coefficient to base ten

This formils assumes & zero lag time for the photochemical reaction and
also that the system is "one-way', i.e., has no back reaction.

The density, D, that the valve reaches equals M x Q x W x 3.5 x 10-5 X
cal/cmg in UV, Then the total calaries/cm2 trancmitted in the vigible =

e 1
U x 0.435 x calories/ in UV _
X .4 or &/ Cll e ( 1 -]BD-)

VxD

In the fully open position the transmission of the active materisl is high
and the surface reflection losses are the only msjor concern.

By arguments similar to the above, it can quite simply be shown that the
visible radiant energy transmitted by the light valve, as 1t closes from an
initial density, D,, to a final density, Dy, is given by the equation:

1 -
No = ;EI'( 1007 _i%ﬁé)

This 1s valid only for a 65000K25ﬂurce. In this form, the dependence of
NOo upon the choice of A, D, and D, is clearly seen. It is obvious that the
amount of viﬁible energy which will pass through the valve after it is cloged

(i.e., for D*) ig negligible.

Few single materials have a uniform sbsorption coefficient of l.5 x 10)'L
over the entire visible spectrum. In reality sufficient absorption should be
expected only for a portion of the visible, but edditional filters could be
used to restrict the remsining energy.

C. Ultraviolet and Infrared Energy Transmitted by Valve

It hes been explained above that the uvltreviclet light is very greatly
attenuated by the phototropic layer. In any case additional filters are

readily available so that the transmitted ultraviolet energy could be made
negligible.

Since the energy in the near infrered for a 65006be0dy is 4US percent of
the total, the transmisslon characteristics of the light valve in the infrared
region are of importance. A simple calculation csn be made for a valve in
combingtion with an absorbing glass and filter which transmits approximately 75
percent in the visible and 1.6 percent in the near infrared. We find that the
energy transmitted by the combination while the valve is closing is:

(1) Zero in the ultraviolet wavelength range

(2) 0.75 to 0.0092 = 0.0069 cal/em” in the visible wavelength range
(3) 0.016 x 0.45 x 0.22k4 = 0'0816 in the infrared wavelength range
(L) The total is 0.0085 cal/em
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D. Minimum Energy Reguired to Cause Damage to the Hye

Tnformation on the radiant energy capable of causing damage to the eye 1s
provided by Ham et al. {ref. 13) and Glasstone (ref. 14). A quantitative
estimate can be mede from the experimental deata taken on rabbits by Ham et al.
From the curves in this paper, the minimum.gate of thermal energy needed to
produce a lesion on the retina is 37 cal/cm™ sec. for an exposure time of
0.025 sec. and for a retinal image which is 1.1 mm in diameter. An equation
is given, enabling us to calculate the minimum gggrgy, incident upon the cornea,

needed to produce & lesion. This is Q,t = QRt — -
DK

2

In which @, = Minimum rate of radiant energy incident upon cornea in cal/em sec.

On = Minimum rate of rediant energy incident upon retina in cal/cm? sec.

t = Exposure time

D = Pupillery diameter at time of exposure, teken as 8 mm

d = Diameter of image on retina in mm

kK = Average transmission coefficient of eye for the given

spectral distribution

f = Form factor to correct for shadow of carbon arec holder on retina

Substituting, we obtain:
2 2

| | af (1.1) " x 0.873

bt = Pt . D2k = 37(0.025) “[8YE . 0.8

- 2

- 0.02]1 cal/cem
E. Valve Performance at Different Distances from Atomic Flagh

For the caleculations in the original report e retinal image of 1.1 mm
diameter was assumed, since it seemed that damage was more likely in the case
of large images. The size of the image 1is determined by the distance from the
explosion and by the size of the resulting fireball. Therefore, consideration
mist be given to the behavior of the proposed valve under two unfavorable

circumstances:

1) The distance from the explosion is so great that the valve closes
only partly.

2} The distance from the explosion is so small that the energy in the
first pulse of thermal radiation is enough to damage the retina.
During this short time the average diameter of the firevall is
smaller and therefore injury is more probable.

In order to illustrate the results of effects like these, calculations
sre made for various distances from a 20-kiloton explosion. These distances
were chosen so that the results of Ham's group (ref. 13) could easily be
applled. Other numerical data were taken from Glasstone (ref.14)}. The results
are summarized in Table III, in which all energies are in cal/em”.

We felt that the probability of an eye blinking within 150 milliseconds
is great, so that some of the calculations are based on that time intervsl.
The proper velues for the fireball diameter and threshold energy for this time
are in some doubt. The values (R = 780 feet and the threshold energy for 100-
millisecond exposure) were chosen for arithmetical convenience and sppear con-
servative. In the final column an attempt is made to show the effects during

12.



the initial short pulse of thermel radiation at a distance of 2.3 miles. It
is assumed that, during this short time, the diameter of the firebasll is only
390 feet and, therefore, the image agize is reduced accordingly. The increased
hazard under these conditions can be clearly seen. However, at the present
time only a guess can be made of threshold energy for such a short exposure
time,

The benefits of a phototropic valve for a variety of conditions are clearly
shown in this table. It should be noted that the calculations assume a very
clear atmosphere and complete dark adaptation for the eye. The results would
be more favorable for a normal pupillary diameter of 4 or 5 mm,

TABLE III

ENERGY REIATIONSHIPS FOR DIFFERENT DISTANCES FROM 20KT EXPLOSION

.o 1, Ll r o
0 = dlameter o retinal Trare Y 0.1% 0.8k 0. 305 G.{1 1.1 0.50
Ur = threshold energy on retlins Lo produce da nge 5
-t ! fo, & 7 - ] o 1.7 e
guy’ g 100-iillisecond e.posure cal; e I.d S PO c . 3
vest)
(. = threshold cnergy on cornea to produce desage | ) . , -
during 100-uill’ second exposure T 0.004T 0.0003 0.Cl1 3,028%5 0.0303  0.CO077
2 = @ stance iron Toreball needed {or ivege sige ) ) i o
Diar. of flrecbell = 750 It. miles 1&.2 10. 5 {0 3.0 a3 43
Total encrgy incident weon corues Irol 5 ) . ) )
Fireball calicm 0.0105 0.03k G.14 0.1 2.7 &, 7
Lrerey ivcidert upon cornes telcre oliad = _ o |
;g‘ of total " 0.0D0E1  0.00GE G.0E3 0.17 O.5h 0.027 (0.015 scc.)
Yig hle energy passiig tirough phototrop c
valve 21 150 rilliseconds. Initial : ) ) »
deneity = O Y 0.00028  0.0023  0.0053  0.00.2 0.0032 0.0053 (0.015 SO, )

Viglwle e.orgy messias throug: nhototropn’ e
velvye -0 150 milliseconds. ultial

! 3 o !' ) I .: o 'H'?J_'. £ o e,
dengity = 0.3 0.000L0  0.0011  0.003L  0.00%.  0.00!3: ©.007L {0.01v scc.)

Total vigible 15,7t energy pessing Lhrough

v H ~ 1. s i ey e I|-..-"
o valve in 3 sec, initial deuslity = 0.3 0.001& 0.0034 QLGOS 0.008: 0,000 G.0040

F. Results

A comparison of the results in Parts C and D above show that the
operation of the valve as a protective device against thermal radiation from a
nuclear flash would be marginal. Furthermore, its operation would depend upon
the practical sbsorption band width, absorption coefficients, speed of the
phototropic reaction, the quantum yield and the efficiency of a near infrared
filter. The valve must close quickly in order to provide adequate protection.

G. Resgponse to Solar Radiation

When exposed to the indirect radiation from the sun, the valve should not
close to an extent so a8 to impair visibility. The total density produced
depends upon the rate of the incident radiation and the rate of the reverse

reaction. An estimate of its importance can be made when data on reaction rates
are available.
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A valve of this type might also serve as a protective device against the
high ambient light conditions (e.g., sun glasses of variable density). For
this application some of the requirements are not quite the same as those
considered above; e.g., reversibility is very important and the rates of
opening and closing might be much different from those for a nuclear Tlash.
For the present purpose, it can be shown that the ultraviolet energy absorbed
from the sun's radiation is capable of closing a valve within a reasonable
time. We assume that the sun may be considered as a black body at a temperature
of 5800° X, and find (from the Radiatiqp Calculator) that 7.7 percent of the
total radiant energy lies between 32004 and 4000 2. ©Since the total rate of
radiation from the sun is 0.0323 calories em®/sec., the rate of ultraviolet
energy is 0.077 x 0.0332 = 0.00250 cal/cm=/sec. By the method used in part A
of this Seetion, it is found that the ultraviolet energy required to close the
valve to a condition where optical density (D) equals 2 is 0.0119 cal/cm”. The
time required for the sun's radiation to close the velve to this condition is
then:

0.0119
Time to develop a density of two for sun glasses = g poo56 = 4.6 sec.

It should also be noted that the ultraviolet energy radiated by a tungsten
lamp is s¢ small that it would have a negiigible effect upon the valve.
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DESIGN CONSIDERATIONS FCR PHOTOTROPIC VALVE

A. Design

The valve system should provide an area of at least 2 inches in diameter
which is clear with high transmission when in the open state. In the closed
state the absorption in the visible should be proportional to the ultraviolet
energy in the ambient light. Preferably the absorption should be uniform
throughout the visible position of the spectrum, but other spectral distributions

might be acceptable.

The construction could comprise, for example, & laminated sandwich having
the following elements:

() A scratch-resistant, optically flat rigid sheet of material trans-
parent to nesar ultraviolet and visible light. This might be quartz,
glass, or methyl methacrylate.

(b) A layer of phototropic material, either in a liquid solution or
incorporated in s plastiec. The latter arrangement is preferable.
The plastic must be capable of being laminated for good adhesion
and optical contect with the other elements of the sandwich. One
possible material is polyvinyl butyrsel. It might be desirable to
use g mixture of phototropic materials having, for example, comple-
nentary colors to broaden the absorption band. If ultraviolet-
absorbing materials act as sensitizers for the reaction, they could
be mixed with the phototropic materials.

(c) An ultraviolet and infrared absorbing material with good visual
transmission. This should be rigid, scratch-registant, and optically
flat. One possibility is E-Z eye or Solex glass with a coating of
an ultraviolet absorbing material, such as phenyl salicylate in
celiulose nitrate. Another is cast polyester resin, containing an
ultraviolet absorber, such as cimnamaldazine and an infrared absorber
such as a copper compound.

Where infrered rays tend to aid the reverse chemical reaction, i.e., to
open the valve, the location of an infrared absorber within the assembly will
depend upon whether it is deslirable to discourage or accelerate the reverse
reaction. For example, if it is placed in front of the phototropic layer, the
reverse reaction will be retarded.

The rise in temperature of the phototropic layer, arising from the sbsorption

of radiation from a nuclear flash, is of importance and the thickness of the
layer will be largely determined by this factor. Calculations of this temperature
rise will be made for one extreme condition,

B. Temperature Rise in Phototropic layer

One important factor in the design of & phototropic valve is the tempersture
rise of the plastic layer containing the phototropic material. The expected rise
is calculated for an exposure at a distance of 1 mile from a 20KT flash. In this

calculation the dissipation of heat is neglected because of the short time.
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It ig assumed that all of the radiation between BEOO.E and (000 2 is absorbed
and that the layer has pr9pergies similar to those of methyl methacrylate plastic
(specific heat of 0.35 cal/gm C and specific gravity of 1.1).

- From Glasstone (see ref. 14) it is found tgat the total radiant energy is 20
cal/em® and from the Radiation Calculator (6500 E), it is found that 50 percent
of the energy is included between 3200 4 and 7000 4 . Then for a layer 1 cm thick:

Temperature Rise = 20X 0.0 = 250 C.

0.35 x 1.1 x 1
O
A layer 1 millimeter thick would have an intolerable temperature rise of 250 C.

I1f sufficient ultraviolet energy is not available to activate the devices
to the proper level, one of the two following arrangements might be useful:

1. The design could include an optical system which would concentrate
the rays within a smaller area to increase the activating energy
per square centimeter.

2 The incident light could trigger & secondary source of activating
altraviolet provided as an integral part of the systemn.

There would also be some advantage in meintaeining the phototropic layer at some
tolerable initial density D (chemically, thermally, Or by & lamp), so that the
valve is partially closed w%en the radiation from the atomic flash strikes it.
If D. is chosen as 0.3, so that the initial transmission is about 50 percent,
the %isible energy coming through the valve as it closes is only one-half that
caleulated in "Visible Light Energy Transmitted by Valve," pages ¢ to ll.
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IOCAL EXPERIMENTS ON PHOTOTROPIC MATERIALS

The results of some of our preliminary experiments on phototropic materials
are as follows:

Initial laboratory work was devoted to evaluating phototropic properties
of methylene blue and thionine dyes. It was found that water solutions of
rethylene blue photobleached under a 75-watt flood lamp within periods varying
from a few seconds to 30 minutes depending on the type and concentration of
reducing agents. Stannous chloride produced a slow bleaching within approxi-
mately 30 minutes, while ascorbic acid and phenyl hydrazine produced a photo-
bleaching within 2 to 5 seconds. The methylene blue systems were oObserved to
ne sensitive to visible blue light and, also, tc be reversible. However, their
reversal times were relatively slow, the time requirements varying from 2 to 30
minutes. Further testing revesled that reversal occurred only when ready access
to air was provided. The testing slso indicated that color developed only
because of reoxidation of the leuco methylene blue by atmospheric oxygen. Since
the reducing reagents were invariably destroyed in the photobleaching reaction,
the phototropic oxidation of the methylene blue was not strictly reversible.
The number of photobleaching cycle performances with a given solution depended
on the original quentity of the reducing agent. When all of the redueing agent
was consumed, the solution became insensitive to light. The speed of both the
forward and reverse reactions depended on the ratio of dye to reducing agent.
larger proportions of the reducing agent increased the speed and degree of photo-
bleaching, but decreased the speed and degree of reversal. Clear plastic films
consisting of polyvinyl alcohol incorporating both methylene blue and ascorbic
gcid as the reducing agent were prepared and observed to photobleach in approxi-
mately 1 minute. However, the reversal was slow. This was probably due to the
slow molecular migration which takes place in solid solutions.

An unususl effect was revesled with methylene blue when it was reduced in
the dark by titanous chloride. A solution of the leuco methylene blue and
colloidal titenium dioxide resulted. When illuminated, the methylene blue color
developed due to the reoxidation by the insoluble titanium dioxide. The color
development in consuming less than 1 minute was fairly fast. This example of
color development following illumination is noteworthy in contrast to the usual
photobleaching processing of methylene blue. The ma jor drawback to the use of an
oxidation-reduction phototropic system is the interference caused by atmospheric

oxygen.

Having tested stilbene dyes as an example of the cis-trans change, the
readily available compounds revealed but slight color change in the visible from
cclorless to yellow.

Triphenyl methane dyes, such as Crystal Violet and Malachite Green, reported
as evidencing phototropy in the carbonyl or cyanlide form were evaluated. These
dyes were considered to have promising possibilities without high oxygen sensitivity.
A phototropic system using a dilute methyl alcohol solution and stressing the
importance of the type solvent used could be prepared.
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The'Crystal violet color is bleached out by the judicious addition of an
aleoholic solution of potassium cyanide or hydroxide. When the colorless
solution is placed in sunlight or in some other source of 30003. to L00O R
irradiation, the original crystel violet color developed within a very short
time (i.e., usually within 10 to 30 seconds depending on concentrations,
temperature, pH, and intensity of light source). Extensive investigation of
this and other triphenyl methanes indicates that this system has several draw-
backs in its present form. After each forward-reverse cycle, the degree of
color change becomes progressively less with the system completely lacking
sensitivity on attaining approximately the fiftieth cycle. Yet, it is quite
1ikely that the fatigue could be reduced to increase the useful life of the
system. The forward reaction is not sensitive to temperasture. Continued
exposure to light results in a fading of the color which is attributed princi-
pally to the increase in back reaction caused by the increased temperature
due to the absorption of light. Still, if the exact mechanism of the fading
were determined, 1t might be possible to effect = suitable stabilization. A
number of triphenyl methane-type dyes tested for phototropic character were
revealed to be phototropic as listed in Table 1V. The triphenyl methane
systems have been successfully incorporated into plastic films, (i.e., polyvinyl
vutyral), with some sacrifice of reversal speed.

Another system which was evaluated and indicated considerable promise was
one utilizing emmonium molybdate in combination with an organic hydroxy compound,
such as citric acid in equeous solution, as a reducing egent. When illuminated,
the hexavalent molybdenum is reduced to molybdenum blue. In hazy sunlight, the
color development occurs within approximately 3 minutes. Although the system
is reversible, the reversal depends on the availabllity of atmospheric oxygen
for oxidation to the originael form as is the requirement in the case of the
thiazine dyes. To make the system usable, a reversible reducing agent would be

required.

The molybdenum-citric acid combination exhibited its phototropiec properties
in clear films of polyvinyl alcohol. It is surmised that a reversible inorganic
reducing agent used with the ammonium molybdate would provide a system evidencing

less fatigue than the organic systems listed.

TABLE 1V

PHOTOTROPIC TRIFHENYL METHANE DYES

Color Index No. Name
657 Malachite Green
658 Brilliant Blue
662 Brilliant Green B Crystals
662 Brilliant Green B Crystals
658 Brilliant Blue
666 Acid Green L Extra
667 Fast Acid Green
669 ILight Green SF
677 Megenta Red Fuchsin Base
675 Iodine Violet
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680 Methyl Violet
681 Crystal Violet
686 Todine Green
688 Methyl Blue
693 Red Violet 5R

Many other types of material were tested and evaluated for phototropic
properties. Diamines, such as p-phenylene diamine in combination with
potassium nitrate, were coated on paper and darkened when exposed to light,
but they did not function in solution form. The investigated materials also
included over 100 dyestuffs and several inorganic compounds. Although many
exhibited photochemical charscteristics, they were discarded generally because
of lack of reversibility, slow reaction, or insufficient color change.
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