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FOREWORD 

This raport pr«MBta tha pr«llmln*ry raiulta of on« of th« pro)«oU participating la the 
milltary-affact programa of Oparation Radwlng.   Ovarall information about this and the 
other mllltary-affact projaota can be obtained from WT-1344, tha "Summary Report of 
the Commander. Taak Unit 3."  ThU tecbnical fummary Includee: (1) tablet lletlof each 
detonattoo with Ita yield, type. envlronmaBt, metaoroloflcal oondltlons, etc.; (2) mapa 
•howlaf shot locatioaa; (3) dlacuaelona of raaulta by programe; (4) aummariaa of objec- 
ttTea, procedurea, raaulta, etc., for all projecta; and (5) a lietlng of project reporta for 
the military-effect programa. 



ABSTRACT 
Project 4.1 of Opsratton Redwing was a lequal to the etudy of chorloretlaal burns during 
Operation Upahot-Knothole In 1963, In which nuclear devices In the range of 20 kt pro- 
duced burns In the eyee of rabbits at dletanoef of 2 to 42.6 Statuts muss from ground 
tsro.  Additionally four oases of accidsntal burns were produced at distancss of 2 to 10 
alias. 

Ths Redwing «tudy, reported herein, was deelgned to furnish fupplemental informa- 
tion on the requirements for protection against retinal bums utilizing both rabbits and 
monkeya as «xpsrlmental animals.   Chorloretlnal bums were produced by various seg- 
ment* of ths thermal pulse.   This was accomplished by two series of time-fractionating 
shutters.  The first group, ths early-closing shutters, were open at time zero and closed 
at increaaing intervals of time.   The second ssries, ths delayed-opening shutters, were 
closed at time aero and subsequently opened for preselected time increments during the 
flash.  The feasibility of protection by fixed-density optical filters was explored.   Two 
types of developmentalj>rotective electipnic shutters were field tested. 

Results st yields of L ^J demonstrated that the blink reflex does not pro- 
tect against chorloretlnal bums.   Average blink reflex time (BRTl/or rabbits was essen- 
tially the asms on both shots: 362 and 382 msec a/_ respectively.  In 
contrast, (he average KIT for monkeys at 160 mseofor^.          aearly doubled to 293 
BSSC for          . The          , abgt caussd retinal lesions st 8.1 statute miles.  Ths de- 
ice of                                     _   produced bums at 7.6 miles bat not as far as 14.4 
ailss. ^Additional information is needed in order to determine the limiting parameters 
for retinal burning over theuuitlre range of weapon yield. 

In the ease of thaf        _devloe, no bums were produced by the first pules alone, 
which terminated at _ Retinal bums were not sustained until the Interval of 
_ was reached, after which the incidence was about 66 percent.  The failure 
to produce Injury by expoeures of lees than the initial ^ jof the detonation die- 
counts the oontrlbutlon of the first pulse to bum production under the experimental con- 
ditions. 

Four of thirteen exposures during the first pulse of the_ device produced retinal 
bums, not «»«''"«f one oass of shatter failure.   Both explosions produced a number of 
burns during the seoond pulse.   Of the rabbits protects^ onlyby their natural blink reflex. 
***** 80 percem received bums at 8.1 milss from the^        _devlce and at 7.6 miles 
tarn the qsvlce.   In the comparable group of monkeys, 76 and 100 percent re- 
ceived ohorioretlnal bums from,ths smaller and larger devices, respectively.  In both 
rabbits and monkeye. the'        Jdevice at 7.6 miles produced leaions approaching one 
l»unan optical disk diameter—about four times greater in diameter than those caused by 
«ipowe to the smaller device at about the same distance, (6.1 miles).  Ividmws obtained 
oa early closing shatters tnrtlosted that a dossge of about w jj** *** oor~ 
*** will produce boms during ths initial 70 to 100 msec of the nuclsar explosion. 

Bone wem not obtained from weapons of multimegaton yield at distancss of 12.9 and 
21.6 miiea.  Actually, the total thermal yield received at these distances was on ths 
orter of _ *> respectively, which was ample for ret- 
iaal burning. Although not conclusive, it appears that the low irradlance during the first 
*00 msec of the blast failed to deliver anergy sufficient for bumii« before blinking oc- 



ouiT«d but poMlbly WM enough to caut« bllnkmg that could provjd« pi^Uctton during the 
ramaladar of tbo blot.  Aaimal» expowd at 10.7 mile* from the J detonation did not 
receive burna.  A contributing factor undoubtedly waa attenuation by eevere rain equallt 
at the time of detonation. 

The optical filtere teeted at near-threehold dletancee prevented retinal burn*. At In- 
termediate diatancea. filtere reduced the incidence end »«verity of the leeiona. The re- 
sulta obtained on protective ahuttera were inconclueive with reapect to protection againat 
retinal burna: however. Information waa obtained invaluable to the future development of 
thia equipment. 

Loaa of animala from aun atroke or heat proatratlon during the afternoon of D-l 
threatened to be a problem, particularly where repeated ahot poatponement occurred 
after the inimala were placed in the expoaure racks.   There waa aleo aome indication 
that light reflected to the unexpoaed eye may have caused blinking before certain of the 
■huttera opened.   Reoommendatlona Include provlalon tor a trailer type of expoaure facil- 
ity, light-tight and aircondlttoned. 
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1.1   OBJECTIVES 

Chapter I 

INTRODUCTION 

The primary objective of this project was to obtain information on the requirement« for 
protection of the ayaa against oborioretlnal burns1 from nuclear detonations of various 
yields. 

Corollary technical objectives were to: (1) determine whether blink reflexes will pre- 
vent chorloretlnal burns;   (2) ascertain which portions of the time-Intensity pulse can 
produce thermal injury to the retina and choroid of the eye; (3) determine the time required 
for blink reflex (BRT) in rabbits and monkeys exposed to the extreme light Intensity of the 
nuclear detonation; (4) explore the feasibility of ocular protection by means of fixed-density 
optical Alters or combinations of filters; and (S) test, under field conditions, protective 
•butter devices that are In the developmental state and are designed to close much more 
rapidly than the BRT. 

1.2   MILITARY SlONinCANCE OF CHORlORETINAL BURNS 

Because of the nature of nuclear warfare, personnel cannot always be aware of the 
time and location of detonation.   In less time than it takes to blink the eye, personnel 
without protection can sustain permanent and serious ocular damage.   Of paramount ooo- 
oern is that retinal bums can be sustained at distances greatly exceeding the limits for 
other prompt and significant biological effecta. 

1.S   BACKGROUND 

For more than 90 years, medical literature has documented oases of retinal damage 
caused by eye exposure to radiant energy from the sun.   By far, the majority of these 
oases were seen in persons watching ecllpees of the sun without eye protection; hence, 
the common term for such lesions became "eclipse blindness.M  More recsttly the same 
ta* of lesion has been produced by exposure to nuclear detonationa. 

During Operation Upshot-Knothole (1963) chonoretinal burns were produced in the eyes 
of rabbits at distances between 2 and 42.5 mUes (Reference 1).   Four oaaes of accidental 

The problem of flashblindness (Reference 1) also arises from exposure to the burst 
■ad may be experienced at visible light intensities approaching the threshold of chori- 
oretiaal burning.  Although in some respects it would have been desirable to have In- 

uded flashblindness within the scope of the present Investigation, the requirements 
ruaing relatively large numbers of human subjects exposed under rigidly controlled 

conditions has restricted this endeavor at the present state of knowledge to the Nevada TMt Site. 
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buns w»r« produced In human« at 2 to 10 mil« from ground zero.   Pormanont acotomat« 
(Mind araaa) hava raiultad In tbaaa Indlvlduala.   That« laaloaa, aa wall aa thoaa of «cllp^ 
Mlnrtntff   ar« produced by the tame apectral oomponenta of mainly vlalbl« and aome in- 
frared.   There la, however, a marked difference In the rate at which Injury ia produced. 

Eclipae bllndneaa la suatalned through a contracted pupil, which markedly limits the 
quantity of radiation energy admitted Into the eye during any Interval of expoaure.   Be- 
oauae the rate of energy delivery la low and there la lota of heat by conduction, eclipae 
bUndtoeaa la produced by protracted perloda of expoaure.  Aa appreciable portion of energ 
from the nuclear detonation, however, can be delivered almost Inatantaneoualy.   The re- 
mit la to produce buna In a fraction of the time required to blink the eye.   Moreover, 
such exposures might well be to a widely dilated pupil of the eye at night.   In the same 
Interval of time, a wide-open pupil admits approximately 50 tlmee the energy paaaed by 
a contracted one.  Among other factors, such aa weapon yield, the lack of retinal burns 
during Rlroahlma Incident waa attributed to the detonation In bright sunlight when the 
pupils of the eyes of the observers were conatrlcted to small size (References 2 and 3). 

1.4   THEORY 

1.4.1 Concentration Effecta. In viewing the nuclear fireball, the energy received by 
the retina ia proportional to the relative opening of the ^ye (pupillary diameter divided by 
the focal length), the irradlanee. (cal/c—.Vaec, at the •ornea, and the duration of the 
expoeure.  About 20 percent of the incident energy la absorbed by the ocular media be- 
tween the cornea and the retina (Reference 4).   Deaplte absorption by ocular media, the 
transmitted anergy la concentrated by the optical system to form a relatively email image, 
which reeults In a net increaae In Irradlanee of the retina.   For example, using sunlight 
aa an energy eource. it waa found In rabbits that SO msec of expoaure to an irradlanee of 
476 (mg cal/cmVsec at the cornea produced a mtalmal retinal lesion of 1 mm in diam- 
eter (Reference 8).  The radiant dosage at the cornea waa 14.3 mg cal/cm1.   Conaiderlng 
a pupil of 6 mm In diameter and about 80 percent energy tranamlaalon through the eye. 
It la apparent that the retinal dosage waa greater by a factor of 20—about 280 mg cal/ca1 

under tbeae ooaditlona. 
Energy Inrt dent upon the retina ia further concentrated by Ita aber option to the great- 

eat extant by the monocellular layer of pigmented epithelium.   Since this layer of the ret- 
ina la only about 5 microns thick in the well pigmented eye, the inataneoua absorption of 
thermal energy In auch a email volume results in a comparatively high, localized tem- 
perature rlae.  Inatances have been observed in which heating ia sufficient to cause ex- 
ploeive retinal detachment, which apreara to be due to steam formation between the 
retina and subjacent tissues.   Ar uualogy la found in the 4-*- cutaneous burn produced by 
exposure to the nuclear flaeh (Reference 6).   In the latter case the dry, ruptured bleba 
of epidermis are caused by the explosive production of steam between the epidermis and 
dermls of the akin. 

1.4.2 Yield.   The yield of a nuclear weapon or device determines the size of the fire- 
ball, which in turn governs the size of the image on the retina of the eye.   The apparent 
radius of the fireball image la Inversely proportional to the distance.  Since the area of 
the image la a function of the square of ita radius, the area of the image la therefore 
Inversely proportional to the equare of the dlatance from the fireball. 

1.4.3 Dlatance.   Ideally, radiant thermal energy from the fireball la transmitted to 
the retina at a rate that is alao inversely proportional to the square of the dlatance. 
Since the decrease of irradlanee with dlatance progresses at the aame rate aa the dlmin- 

14 



^♦4.1 of ImMf IIM. the net effect Is to malnUtn a conetant Irradlance upon the linage 
ATM of the retina   Under these oondltlons, the capability of the eye to resolve an Image 
Urt• «m^t*1 to cause a ■Ignlflcant burn appears to be the only limit to distance at which 
a retinal burn could be produced. 

1.4.4 Transmission. Fortunately, from the perspective of biological hazard, atmos- 
pherlc attenuation !■ ao Important factor In reducing Irradlance.   This Is In addition to 
that caused by the inverse-square law with respect to distance.   Atmospheric transmis- 
sion In the hot, dry climate of the Nevada Test Site (NTS) ranges between 83 and 95 percent 
per mil* In the range of 3,000 to 6,000 angstroms.   Transmission of 80 to 85 percent 
transmission per mile usually la encountered at the Marshall Island area (Reference 7). 
The difference In transmission at the Enlwetok Proving Ground (EPO) la attributed to hlgn 
humidity and salt spray from the reef formatlona.   While a difference of 10 percent trans- 
mission per mile may seem small, a brief example demonstrates otherwise.   At 100 per- 
cent transmission per mile, a weapon of 100 kt would produce 1 cal/cm* at 10 miles 
distance.  At 90 percent transmission per mile the dose Is reduced to 0.35 cal/cm2; at 
80 percent, to 0.12 cal/cm1.   Considered reciprocally, at 90 percent transmission per 
mile, 0.12 cal/cm2 could be projected to 14 miles; or, at 100 percent transmission, to 
shout 28 miles. 

1.4.6 Irradlance and Dosage.   The principal power pulse of the detonation Is Invar- 
l«bly preceded by a flash of much-smaller energy content, which terminates In 12 to 15 
percent of the time required for the development of the maximum irradlance of the sec- 
ond pulse.  Although the first pulse produces less than 1 percent of the total thermal 
yield at the weapon, It reaches a maximum in the first 10 msec of the explosion and, as 
a consequence, at short distances may play a significant role In flashbllndness and 
chorioretlnal burning (References 8 and 9). 

The shape of the power pulse and, consequently, irradlance Is an exponential function 
of time and is complex beyond the scope of this brief treatment.   It is of Interest, bow- 
ever, to examine the first 300 msec of the general thermal pulse of weapons in the range 
of interest of this project.  The interval of 300 msec Is taken here as an approximation of 
blink reflex time for rabbits viewli« an Intense flash of light. 

It is observed in Table 1.1 for the 0-to-300-msec interval that the percent of total 
thermal yield decreases as weapon yield increases.   The net thermal yield during this 
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rtod, nevertheless. Increases as weapon yield Increases, but not nearly so grossly as 
oftt fe* ^ ^ total T1*1* ntl0-   For «unpl«. • hundredfold increase In weapon yield 
dm*     ^   2'000 * r*su^> In «bout a tenfold increase In the theoretical thermal output 
^ the Interval of ooncern. 

t is apptrent from the foregoing that the multlmegaton weapon is able to radiate a 
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hnrmAil doMg« to greater dlitanoas and, In this ■«DM, IS mors dangerous In terms of 
chorloretlnal bum production. 

At isothermal yield distances, where the Incident thermal energy is the same, the 
dosage received in the first 300 msec decreases as the weapon yield Increases.   The im- 
portanoe of this relationship at low incident thermal energy is illustrated by the followlni 
example calculated from the data of Table 1.1.   Consider distances where the incident 
thermal energy at the exposure site is 500 mg cal/cm2.   During the first 300 msec, the 
20-kt device produces about 62 percent of the total incident thermal energy at the expos- 
ure site, or 260 mg cal/cm1, which Is ample for chorloretlnal burn production.   The 2 lit 
device for the same time interval produces less than 6 percent of its Incident thermal 
energy at the exposure site, or less than 28 mg cal/cm1.   Allowing for reciprocity in the 
example cited in Section 1.4.1, this dosage is probably not sufficient to cause retinal dam. 
age; but of considerable Importance, it may stimulate the blink reflex, thereby protectii^ 
the eye from the remainder of the flash, wherein higher irradlance is produced. 
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Chapter 2 

PROCEDURE 
M   SHOT PIANNING 

Prtvlou« lnv««tlgatloM on chorloretlnal bums ware accomplished by exposure at 
dlsuutces from 2 to 42.5 miles from the klloton-raage nuclear devices of Operation 
Upshot-Knothole.   Initial pretest plans for the present study, therefore, envisioned 
participation In two shots of multlmegaton yields, Cherokee and Zunl, and a shot of 
about; Erie.  Shot participation considered for Enlwetok and Bikini Atolls Is shown 
la Tables 2.1 and 2.2, respectively. 

la order to obtain effects from a wider range of yields, the scope of the study sub- 
sequently was expended to Include participation during Shots Flathead, Lacrosse, Ossge, 
and Mohawk.   Exposure facilities were established at Site David (Station 410.01), 
Enlwetok Atoll, and at Site Nan (Station 411.01) Bikini Atoll, a range of 8.1 to 22.3 
miles from the target areas. 

Adequate results were not obtained from Shots Cherokee, Zunl^snd Lacrosse.   Con- 
sidered In the light of this eaperlence._8hots Osage and Flathead, ^ 

were eliminated from the'project schedule. 
Shot Navajo was ■elected for partlclpftion In lieu of these shots. 

Because It now seemed possible that Shot Erie might not produce burns on Site David, 
simple exposure racks, without shutters but with filters, were constructed and placed 
on Sites Alvln, Van, Uriah, and Tom, successively closer to the shot location.  It was 
not possible to move the exposure site at Site David forward at this time, because of the 
location and scheduling and intervening events.  Although echeloning the exposure 
station in depth did not succeed in bracketing the threshold distance for burn production 
by Shot Erie, it did, however, produce an array of borne which otherwise would uot have 
tonpoesfble. 

In order to determine the probability of producing burns in the exposed animals on 
Site David during Shot Mohawk, the energy anticipated at this location was calculated 
for the first 300 msec of the flash from Shot Mohawk and waa compared with that which 
kid prcKktced burns in the anUqala on Site David from Shot Erie during the same time 
"ereaent.  The results forecasted for a low yield of Shot Mohawk indicated that burns 
"Ufht not be suatalned on Site David.   Accordingly, the exposure facilities at that loca- 
tion wars dismantled and reassembled on a flatted traUer and eubsequently moved to 
nte Yvonne (Station 77), where chorloretlnal burns were subsequently sustained.   The 
*~hire to obtain barns using the simple exposure raofcs at David sustained the decleion 
» aove to Timme for this event. 

To tseure adequate results from Shot Navajo. the main exposure facility at Site Nan 
«v advanced to Site Bow (Station 411.01). about 5.5 mUee oloser to the location of the 
■Mt. in addition, a simple exposure rack with ten rabbits was placed at the 200-foot 
wei of the photographgr tower (Station 70) on Nan. 

1,2   OP«BATIONAL PBOCEDURE 

„M1 ^dai Atoll. At about 1330 hours on D-l for Shots Cherokee and Zunl, the 
"■•W were removed from the temporary houeii« facilities on Site Nan and transported 
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by truck to th* exposure facility, Station 411.01. The animals were placed In the expo- 
•ure cages beginning about % hour later. Shutter apertures were adjusted to Individual 
eyes, and electrical connections were made with the shutter solenoids.   Blue-box and 
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shutter action was checked and rechecked several times.   All instrumentation was left 
in the firing position before departure of personnel from the area. 

At 1700 hours on the same day, personnel were evacuated by landing craft medium 
(LCM) to the US8 Badoeng Strait (CVE 116) in the Bikini Lagoon.   At about 0900 hours 
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on D-day, personnel were transported to the exposure facility by helicopter (H-20). 
Recovery of the animals required 30 minutes from time of arrival of personnel at the 
site.   The animals were then transported to the southeastern tip of the landing strip of 
Nan.   Pickup at this location was by C-47 aircraft, which arrived at Site Fred (Eniwetok 
Atoll) about 80 minutes later. 

The incoming aircraft was met by a project truck.   Transportation to Site David was 
by LCM.   The rabbits were subjected to ophthalmoacopic examination (Figure 2.1) and 
lesions were documented by Amdus photography (Figure 2.2).   Monkeys were checked 
similarity, but under general anaesthesia.   A re-examination of the animals was accom- 
plished the next day.   The eyes with lesions were enucleated immediately after the an- 
imals were sacrificed.   The globes were placed in formalin for preservation prior to 
shipment to the continental United States.   Animals without lesions were held in rosem 
until near the end of the operation. 

For Shot Navajo, the animals were transported to the exposure station on Site How bj 
LCM and returned by helicopter to Nan for transhipment to David. 

2.2.2 Eniwetok Atoll.   Since the thermal energy received at Site David was below thi 
threshold of cutaneous burning and other hazards, personnel were allowed to remain at 
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Figure 2.1  Ophthalmoscoplc observation of chorloretinal 
lesions In the rabbit. 

Figure 2.2 Fundus photography of the chorloretinal burns 
In the rabbit. 
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this site during shot time.   Placement of animals was at night on D-l, in order to avoic 
undue exposure of animals to the afternoon sun.   Project personnel using protective gog. 
gles viewed the shot at the side of the animal-exposure facility.   The presence of projec 
personnel at the site at shot time was particularly advantageous in one instance, when 
arcing of an electrical connection occurred at H-4 minutes.   Rerouting of a circuit 
through an extension cord saved one tier of exposure shutters that would have been 
inoperative. 

After the detonation, animals were recovered and transported by truck about V4 mile 

Figure 2.3 General view of maintenance facilities of Project 4.1, 
on Site David, Enlwetok Atoll.   Tent in the left foreground housed 
up to 670 rabbits.   Building at the right housed up to 48 monkeys, 
the shutter and electronic test and assembly laboratory, and a 
semi-darkeied ocular examining room. 

ve-J 
in It 

to the maintenance fac Uty on David (Figure 2.3).   Subsequent procedure was identical to 
that of the foregoing section. 

Animals and temporary exposure racks used on Sites Tom, Uriah, Van, and Alvlr 
were transported thereto and returned to David by LCM.   A DUKW was used for move 
ment on and between the island chain between Tom and Alvln.   Animals were placed 
temporary racks between 1300 to 1700 hours on D-l, the racks having been set up durtj 
the same hours on D-2.   Recovery of animals was between H + 2 and H + 4 hours.   Re 
covery of temporary racks was accomplished between 1300 and 1700 hours on D + 3. 

2.3   INSTRUMENTATION 

The Instrumentation used in this operation is divided into two general groups accordl 
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to PUPOM: (1) H"'<t «nd ■butter machaiilfm« for fractionating the light pulta ttmcwls« 
ud (I) protoctlT« atanttors and flltart. 

j 3 ! pni—-FractlOBattng Bhuttan.   The •fautteri uaad for fractionating the light pulae 
pflJBBI 0/ 55 tyP*" B^^55 lÖT" One wae a elmple ehntter which waa cocked Into 
■a op« poeltloo and waa oloeed by an electrical Impulee at the proper time.  Thle device 
la referred to aa an "early-opening ahutter."  The eecond type, a Kodak. Synchro Rapid 
100, «hea trlfgered by aa electrical Impulee, opened, remained open a preeelected Inter- 

Gonorator 

Blut Box Gat« —I Decode Sealer |—j Thyratrons Condantort 

 ^  
To Shutter« (24) 

Figure 2.4 Box diagram for electronic timing of ehuttere. 

val of time, then cloeed.   Thle device le referred to aa a "delayed-openlng ehutter." 
Time of ehutter actuation for the various sbuttere la ehown In the tabular data lection of 
Ch^terS. 

ta order to haw the ehutter time accurate to 1 meec, the time baae waa eetahllebed by 
the MO of two ciyetal-oontrolled oaolllatore, with a frequency output of 1 kc * 0.005 per- 
ctet Ugaali from the oeclllator were fed Into electronic gatea, normally cloeed, but 
which «ere open by a pnlee from Edgerton, Oermeehauaen. and Grler, Inc. (EOfcO) blue 
boxet tt the laetant of detonatton. 

Whm the electronic gatee were opened, 1-kc elgnala were fed Into 2-deoade scalere of 
■poelal deelgn.  The ecalere, when driven by the 1-kc elgnala, put out algnale at prede- 
termined mlllleeoond Intervale.   Output from the ecalere triggered a eerleo of thyratrona, 
***** dleeharied a eerlee of oondenaere through the ehutter eoleoolde, thus activating the 
«tore at the appropriate time. 

Tha above ajreteme, aa ehown In the box diagram (Figure 2.4), were carried in the 
Jjtoate eyetem throughout to prevent loea of date In the event of way elngle syatem 

.^V Jgy^» DuvleeB.   Ilectromechanlcal Shutter.    Thle device wae de- 
**"J«I "T the Aero-Medloal Laboratory. Wrlght-Pattereon Air Force Baae, Ohio, under 
~** •"* the Electronic Corporation of America.   Thle ehutter ooneiete of parallel 
£"**•• «tched on two cuperlmpoeed transparent plate«, which oaa be displaced laterally 
^jwalag direottona.  In the open poeitlon the grid linee are coincident, and the subject 
la mu^T^10l**r fcrw*pd fl*ld ^ ▼1#w'  Th« light tranemleelon la the open poeitlon 
^•wroxinately 38 percent  In the cloeed position the tranaparent platee. with their 
fcrwird !! ^i^' *** dlapUo,d "t* of coincidence eufflcient to completely occlude all 
fri«T1i!l0B'  Tto ehutter mechenlem, mounted on a etandard rabbit-expoeure cage, le 
i/JJJJ™»6ythe ebon rlee of the leading edge of the light pulee etrlklnff a phototube.  The 

„J™*10- 'V thle tube le amplified and trlfgere a thyratron, which dlecharges a 
^«M« »oaotuate the actual ahutter mechanlem.   The time required for tha ahutter to 
eech shu^l       rd*r of M0''••c*  An additional amaU photodeteotor waa loeated behind 

■«««er.  The eignal produced by this tube eerved to activate a reoordlag device need 



to record the time required for the ehutter to CIOM. Six ihuttort of this typo were teste« 
Electrophyelcal Shutter. This protective device wu developed by the USAF 

School of Aviation Medicine, Randolph Air Force Base, Texas, under contract with Bain 
Associates. The shutter Is based on an eleetrophyslcal phenomenon (Kerr cell). The re 
duction In light transmission Is a result of polarization of crystals following a chan,'e in 
electrical potential. This shutter Is activated by the light pulse striking a phototubs. 
Closure time Is on the order of 1 psec.   Four shutters of this type were tested. 

Fixed-Density Optical Filters.    This type of optical device Is designed to 
transmit a nreselected portion of the spectrum.  The filters were mounted on the rabbit- 
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exposure cages with a specially designed aluminum filter holder.   The several types of 
fixed-density filters used in this project with their respective densities and transmission 
factors are listed In Table 2.3. 

2.3.3 Energy Measurements, Spectral.  Initial planning on the requirements of this 
project envisioned the use of a spectroscope as an Integral part of the animal-exposure ' 
facilities.   This equipment was to furnish both qualitative and quantitative information on 
the spectrum of the flash as a function of time.  This Information was needed In order to 
extrapolate to other parameters of exposure which might be encountered in a variety of 
situations. 

The inclusion of spectroscopic equipment would have more than quadrupled the cost of 
the project. Moreover, it appeared probable that the equipment could not be developed ii 
time for the operation. A final consideration that led to the elimination of this equipment 
was reliable information that the desired measurements had been accomplished by a re- 
search group from the U. S. Naval Research Laboratory (NRL) and the Los Alamos Seise 
tific Laboratory (LASL). Accordingly, spectral measurements were not accomplished b( 
Project 4.1. 

2.3.4 Thermal-Energy Measurementa and Calculationa.   Thermal meaeurements wen 
not made by this project, except during Shots Navajo and Mohawk.  The instrumentation 
used for this purpose was obtained on loan from Project 8.3 (Chemical Warfare Lahore-; 
torlos).   This instrumentation will be described separately In a report by that project 
Information on Irradiance, thermal dosage, and atmospheric transmissivlty (wherever > 



•ttilabl«) WM obUlMd from Project 8.1 <U.S. Naval Radiological Defense Laboratory) 
aad Prelect 6.7 (Wright Air Development Center). 

Incidflit tharmal energy at the varioua expoaure sites was calculated from the 
•j^reeslon: 

w IO1 

Q - ^p   exp(-KD) 

Whtre. Q ■ Incident thermal energy in mg cal/cm1 

W - total yield in kilotons 

D ■ iltnt distance in statute miles, and 

K - 2.59 x lO^k (fractional absorption/statute mile,  where k • linear coeffi- 
cient/cm). 

Thermal energy dose at the cornea of the eye was calculated from Q.   above, using 
Figure 17. "Capabilities of Atomic Weapons". TM 23-200; June 1956. Armed Forcea 
Special Weapons, Washington. D. C., wherein percent of emitted thermal energy at any 
ttme, t. is ahown graphically as a function of relative time.  t/i2maiX.  In the calcula- 
tions. BRT or the Interval during which a given shutter was open, was substituted for 
ttme. t Actual time to the second msirlnniin. tjmax. was used in all cases. 

2.S.6 Eapoaurs Cages and Racks.   The chief problem in the design of exposure cages 
was to immobilise each snimal's head so that its attention could be directed toward the 
detonation.  The salient features of the exposure csges are discernible in Figures 2.6 
aad 2.e.  Exposure racks are shown in Figure 2.7. 

2.8.6 Supporting Photography and Timing Signals.   Motion-picture cameras were 
ftmlsoed uxi operated by E040.   Included were two cameras operating at 800 to 600 
«mes/sec with 200 time markers per second.  These were used to photogrsph the 
etatter array la order to furnish a record of the actual shutter movements.   They were 
■•«Md «P by two gun-sight-aiming-polat (OSAP) cameras operating at 64 frames/sec. 

A third high-speed camera, supported by one OSAP camera, was used to photogrsph 
»• •ixte« animals la the blink-reflex arrsy. 

ivabutioB of the films obtained from these six cameras gave actual times to the 

ftaM."**0 of tbM*T ■ctioM ,uid bliak '•*»••• 
■»»Ujr. 1040 ftmlshed timing signals to operate an alarm ball aad. tor Shots 

•horthTiÜr Nm,0, tW0 c,aort,D«tM'«-   The alarm bell waa used to awaken the animals 
"V Defers ttms sere aad to orient their eyes in the direction of ground »ero. 

*•*   ANIMALS 

7 P«a^ 0'k 50 l>i<1Bfllltod "^^ ^ "^^ brMd' of both saxes and weighing about 8 to 
The rahhit    ' *" obUlo,d f^on, ■" ««imal supplisr la the vicinity of San Antonio. Texas, 
^•eaeettd ^ * rec«*wd in lots of about 150 each and were Immediately checked for 

uc physical condition that might render them poor risks under field oondltioas. 



Figure 2.5 Exposure racks and cages for time- 
Intensity studies (optical shutters not shown). 
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Figure 2.6 Exposure rack« and cages for blink-reflex atudiee. 

of expo. J. cl?        t^81"'6 faCility for Project 4-1 at Slx: Davld-   ^ ^ ^^ 
2-3.1.   Th- *!!*   0n    * left are the pul8e fractionating shutters described in Section 
»*o UersTf c!!     "T8 are f0r blink-reflex "t"*11" described in Section 3.1.2.   The 
mechanical shutt" rlght 0f Center are P«»160"^ »Gutters and filters.   Electro- 
de discernible tothe^V the ^^ ^^ Cage8 in ^ la8t tW0 tier8,   Blue b0Xe8 
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Figure 2.8 Intsrior view of monkey housing at Site David. 

Figure 2.9 Rabbit housing on Site David. 
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ptthologloal ocular dafecta, particularly, war« cauaa for rejection. Groups of tan rib- 
bita ware malntalnad in aacb of 66 oaf aa daaignad for aaaa of tranaport to and housing in 
tbalPO. 

A total of forty mala monkeys, Macaca Rhesus, was obtained from the primate colony 
st the School of Aviation Medicine.   Hardy specimens about 3% years of aga and weighing 
shout 8 pounds were selected from the anlmala of the oolony.   As in the oaaa of rabbits, 
pathological ocular abnormalities wara cauae for rejection.   The monkeya ware housed 
individually in multiple dwelling cagea of five unite each.   Both the rabbit and monkey 
csges wara daaignad for placement In tiara in order to occupy a minimum of floor apace. 
8uperflclal details of the animal facilities required for this operation are discernible from 
Flguraa 2.8 and 2.9. 

For several shots the expoaura facility faced into the afternoon sun, which caused 
overheating of the animals after placement.   Some losses noted in the reaulta aa "dead 
on recovery" were incurred in this manner.   This problem waa particularly serious dur- 
ing Shot Navajo, the laat participation for Project 4.1.   Placement and recovery of animals 
on tb'-ee consecutive D-l daya resulted in the loss of 36 rabbits and 6 monkeya through 
heat proatration or heat exhaustion.   On the final day animals wara placed after 1800 hours. 
No loss waa incurred.   This problem of animal attrition due to heat can be eliminated in 
future studies of this type by incorporation of the expoaure (acuities in aircondltioned 
trailara. 
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Chapter 3 

RESULTS       and      DISCUSSION 

Chorloretlnal burni were sustained on two shots, Erie and Mohawk.   Detailed results on 
thee« shots are found in Tables 3.2 through 3.10.   No burns were sustained on four shots, 
Lacrosse. Cherokee, Zuni, and Navajo, apparently because of a low radiant dosage dur- 
ing the period of the blink reflex.   Parameters of blink-reflex exposures for all six shots 
are summarized in Table 3.1.   Blink-reflex exposures are those that were limited only 
by the blink-reflex response of the Individual animal, in contrast to other exposure se- 
ries (which were accomplished behind early-closing, delayed opening, and protective 
shutters). 

Chorloretlnal burns were subjectively classified according to ophthalmoacopic appear- 
ance as mild, moderate, or severe.   Lesion size was related to the human optic disk 
diameter (Figure 3.1). 

3.1    SHOT ERIE (15.9 KT) 

3.1.1 Thermal Measuremsnts. No thermal measurements were accomplished.   Cal- 
culated incident thermal energy (Section 2.3.4) at each exposure site la shown in Table 3.1. 

3.1.2 Blink-Reflex Exposures.  Chorloretlnal burns were produced in 22 of 26 rabbits 
among the five exposure stations in this series (Table 3.2).   Distances ranged between 
2.9 and 8.1 miles.   Lesion sizes r nged from about Vj to 2 human optic disk diameters. 
Smaller (aid apparently less-severe) lesions were encountered at increasing distances 
from the fireball, as theoretically predicted by the dlminuation of image size and increas- 
ing atmospheric attenuation of thermal energy with distance.   Four animals sustained 
double or dumbell-shaped burns (Figure 3.2), which were noted in earlier studies (Ref- 
erence 1).   This type of lesion is caused by movement of the eye during exposure to the 
flash.   It has been estimated that the rabbit is susceptible to retinal burning at distances 
about 25 percent greater than those equally harmful to man (Reference 9).   By analogy, 
the distance here of 8.1 statute miles extrapolates to 6.5 for man.   Both bum size and 
the high Incidence of burns (80 percent) at the farthest exposure site, David, indicates 
that burning could have been oroduced at somewhat sreater distances under the conditions 
of this test. 

Eight of ten rabbits at David (Table 3.3) sustained burns on viewing the first 289 to 437, 
msec of the detonation.  For these intervals, dosage at the coypea is calculated at 
mg cal/cm1 (Section 2.3.4). Average values are' a 382 msec.  Limited data 
at 300 msec (Table 3.4) indicates that the actual thermal yield was about 25 percent less 
than that predicted by the calculations bereif Accordingly, the range,of corneal dosage 
is probably more nearly _ or an average of about 
Double burns sustained by Rabbits D-90 and D-54 indicate that lesionsTcould have been 
produced by less-severe parameters of exposure than are presented here.   This obaerva- 



Mild.   Approximately V, disk 
diameter with little or no vis- 
ible halo.   Rabbit F-31 

Moderate.   Approximately 1 
disk diameter with definite 
halo and slight hemorrhage. 
Rabbit E-53 

Severe.   Aoproxlmately 2 disk 
diameters with wider edematous 
halo.   Rabbit A-45 

Normal.   Human optic disk. 
Airman R 

Figure 3.1 Since actual measurement of the burned area was neither feasible nor 
accurate, the burn size was stated In relation to the size of the human optic disk 
observed with the ophthalmoscope.   All photographs, animal and human were 
taken using the same retinal camera under similar conditions of lighting and 
distance. 
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Double bum.   Monkey 571 Double burn.   Monkey 701 

Double burn.   Rabbit A-45 

Figure 3.2 Movement of the eye as a reflex action adjusting fixation was 
stimulated by the fireball.   This movement occurred before the blink reflex 
protected the retina.   Double burns thus produced were not observed in 
animals behind staggered shutters. 

tion supports the contention that retinal burns could have been produced in rabbits, and 
presumably man, at distance!* greater than 8.1 and 6.5 statute miles, respectively. 

Six of eight monkeys received chorloretinal burns on viewing the first 109 to 312 msec 
of the burst from Shot Erie (Table 3.3).   For these intervals, the calculated dose at the 
cornea ranges between j Average values are at 160 
msec.   From compensatfon as in the preceding paragraph, It seemsprobable that the 
average value would be on the order of about 

The predominance of minimal lesions observed in this series suggests that 8.1 miles 
was near threshold for production of chorloretinal burns in the monkey under the condi- 
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tloos of the experiment.   The average BRT for the monkey at 160 msec Is a little less 
than half of the average of 382 msec required for the rabbit to blink his eye.   Human BRT 
has been variously reported from 50 to 100 mseo and apparently overlaps the range for 
the monkey.   These and other factors strongly suggest that the monkey should be used 
for ohorloretlnal burn studies In the future. 

3.1.3  Early-Closing Shutters.   Retinal burns were sustained by 8 of 27 rabbits exposed 
behind early-closing shutters at 8.1 miles on Site David (Table 3.6).   Rabbits behind four 
malfunctioning shutters were considered as "no exposures."  Burns were not encountered 
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t td.d.,MT*ra 1 d. d., modtrau 

1 doubl« l1^ d.d..        dowbloi S d.d.. 1*4 d.d.. 
••*•*•; ^ d. d., sodsmst ^ d. d. ,        U*, 

1 aobvo Sd-d.. 
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In any of the first fourteen exposures In the range of 0 to 7.6 through 0 to 69 msec.   It 
waa thought earlier that two animals might have sustained burns during the Interval of the 
first pulse. One. however, proved to have resulted from shutter failure; 
the other was a case of uncertain retinal pigmentation, noted frequently In the gray rabbit 

Burns were first encountered In the Increment of 0 to 67.6 msec, which corresponds 
to a calculated thermal dosage of the cornea of about Four, or possibly 
five, of eight rabbits received burns In the range of 0 to 67.6 through 0 to 107 msec. 
The time of the maximum of the second pulse occurred at Beyond this per- 
iod, four of the remaining five exposures resulted in burns.   The extremely low inci- 
dence of burning (one of fifteen) until reaching the rapidly ascending portion of the second 
pulse discounts the contribution of the first flaah to burn production under the conditions 
of the experiment 

3.1.4 Delayed-Openlng Shutters.   Three ohorloretlnal burns were sustained from ten 
exposures in this series of rabbits (Table 3.6).   Four shutter failures and two cases of 



pbotofraphlc film failure ware oonsldered u "no «xpoeures." ,None of the expoiurea 
Included the maximum of the flnt flash, which terminated at _ j The time of the 
maximum thermal flux was at' One minimal burn was produced by'' 
of exposure to about . on the ascending portion of the second pulse.   Another 
minimum kelon was sustained by _ —of exposure to about jn the 
descending segment of the pulse.   A third (and somewhat larger) lesion, % optic disk diam- 
eter, included both ascending and descending portion of the curve of the second pulse. 

8.1.6 Filter Studies.   Burns produced behind filters on Sites Uriah and Van at 3.0 and 
3.8 miles, respectively, were somewhat similar ii n pearance to blink-reflex lesions 
sustained on Site David at 8.1 miles distance from ground aero (Tables 3.2 and 3.7). 
From this similarity It is inferred that the filters reduced the thermal rate and yield In- 
cident at the cornea at Uriah and Van to a level comparable to that at David. 

All filters and combinations of filters tested either reduced the severity of, or pre- 
vented, burning.   However, no conclusions are possible concerning the relative burn 
production of various segments of the thermal spectrum. 

3.2   SHOT MOHAWK 

3.2.1 Thermal Meaaurements. An incident thermal energy at _ was 
measured at the Site Yvonne exposure station by equipment on loan frqm Project 8.3. The 
reliability of the measurement is not known, but is in agreement wlth^_ 
calculated at a transmission of 93 percent/mile for 7.6 statute mi^es.  At David, a dis- 
tance of 14.4 miles, an incident thermal energy of  was measured by the 
same equipment.  At 93 percent transmlsslon/mile, the calculated value la' 

_ The disparity between measured and calculated values may be attributed to Instru- 
mentation operating at its lower limit of resolution. 

8.2.2 Blink-ReflsBC Exposures. Chorioretinal bums were produced in six of eight 
rabblta and eight of eight monkeys at Site Yvonne (Table 3.8), a distance of 7.6 statute 
miles from the fireball.   Thia extrapolates for man to about 6.1 miles (based on the 
difference in focal distances of rabbit and man).   Among the rabbits, lesion size was 
about the same as the diameter of the human optic disk.   Minor hemorrhaging was ob- 
served in only one instance. ^ 
tho^£ which were encountered at 3 to 5 miles distance from Shot Erie (Tables 3.1 and 

^ .Blink reflex time as determined from photography ranged from 260 to 464 msec, 
with an average of 362 msec.  Corresponding thermal J0f age at the cornea calculated at 

""" The correlation of the size of bums with the firebalTdiameter is found In a compari- 
son of the BRT data from Shot Mohawk with that from Shot Erie.   Large bums of 1- 
human-disk^dlameter were produced by exposure to Shot Mohawk at^Site Yvonne (7.6 
miles fron^ ^f yield at a transmission of 90 percent/mile). |  

Bums were not produced In eight rabSHs at 8<te David by Shot Mohawk, a distance of 
14.4 miles.   Accordingly, it is estimated that bums would not have been produced in man 



at 11.5 miles, except where lees atmospheric attenuation prevails.   Note is made that 
this condition obtains at high altitudes. 

Although burns were not produced at Site David by Shot Mohawk, a distance of 14.4 
statute miles, the incident tlyrmal energy available during the blink reflex time is calcu- 
lated atP This range appears sufficient to cause injury compared 

TABU J.S    BLINK-MPLIX CXPOIU«U.   CHORIORKTWAL-SUFN PAXAMCI^M POR KAMITI AND 
MOMKIYB AT I.I 8TATUTI WLU PIOM INOT CUE 

WM QbUfTtd.   ItMafbuqwv** 
mtrgf laoldat u 
Uetton I.J.4. 

C^OMT* «IU «ma loetMd oa David talaad.   Mo 
trwuoaa of bunu optle dlak dlaaaur (d. d.).   Total Ikaraal 

Antmal 
Numbor 

Partod of Cxpoaura 
(Blink Raflaa Tina) 

Calsalatad Tbaraal Doa« 
althaConaa 

«sa of Bun «ad 
OaMral Daaerlptlea 

MM ■C cal/cm1 

Rabblta: 

D-M Ota ait %4.d., mm 

D-tt 0lo3T> •/.dud., and 

D-ll 0 to 3TS V«d.d.. alld 

D-M OWMO do*Ja;,/id,d.. aodartt« 
'yid-d.. alld 

D-M 010 417 da«Mail4d.d., mild;'^ d.d. 

D-M IM MT 

D-M» 

D-M* 

A-tlt 

A-Mt 

Avarafa: Ml 

Moakayai 

Ml OH) IM 

Ml I to IM 

Til Otoiu 

114 OtolM 

Ml OtolM 

T4I OtolM 

TOT OtoMS 

Til • to »a 
Awt-ff. IM 

• Uaablo to daMraOM BIT boa pholagnpkgr. 
T OB «war lowar. 

'/.d-d., aUd 

'/,d.d.. 

, Mtataral, sUd 

alalaal, rlgfcl wf, aUd 

alalaal. rigM qia, aUd 

■/«d-d.. 

with 
ieference to data at 300 msec (Table 3.4) shows that the measured energy is about 

a tfilrd of that calculated for the same time interval.   Accordingly, the incident thermal 
energy for Mohawk at David adjusts to about which might explain 
the lack of burns at 14.4 miles. w . ^ 

Among the monkeys, both eyes were burned in eight of eight animals.  Double bums 
were encountered in two instances (Figure 3.2).   In one case, minor hemorrhaglng in one 
eye and. in another instance, central hemorrhaglng in both eyes were observed.   Lesions 
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ranged In size between l/t and 1 optlc-dlsk diameter with the preponderance on the order 
of ^ to 1 dlak diameter. 

3.2.3 Early-Cloalng Shuttera.   Retinal burns were auetained by 7 of 26 rabbit* exposed 
behind the early-cloaing ihutten at Site Yvonne (Table 3.9).   Six exposure failures were 
counted as "no exposure." *• •- 

The time for the minimum following the first pulse was It is noted that four 
of thirteen rabbits received burns during this period.   In fact, twiTanimals sustained ret- 
inal damage as early as the first 15.6 to 31.1 msec of the flash. 

All of the lesions from the first pulse were mild and small, ranging from pin point to 
about % human dlak diameter In site.  Although four animals sustained burns prior to_ 

~) no other bums were produced behind shutters that closed from 60 to 250 msec after 
time'aero, except In one caae at 109 msec limit, wherein a small double burn occurred. 
This apparent Inconsistency in the data is unexplained.   Two exposures at 0 to 952 msec 
resulted In equivalent lesions of 1 optic-disk diameter. 

3.2.4 Delayed-Openlng Shutters.   Three, or possibly four, of sixteen rabbits sustained 
burns in this series (Table 3.10).   The interval of 15.6 to 250 msec produced a doubtful 
lesion In one of two animals exposed.  In two of two rabbits, the increment of 15.6 to 1,000 
msec produced burns of essentially the same site and severity aa those observed in the 

TABIX ».<   A COUnUUMM Or CALCVUTED VIMUI MXACUHED THIRUAL YBLD 
Duanto narr MO IUIC or THE DETONATION*       - - 

J 
blink-reflex study.   The Interval of 485 to 635 msec caused a email mild burn in one of 
two animals.  Although the animal was exposed only about half of ita blink-reflex time, 
the dose rate was near the maximum for this shot.   The time of the maximum wae*"" 

No burns were produced after the first 60 seconds of the flaah. '— 

3.2.5 Filter Btudiee. Only two burns were produced in 27 exposures behind the fixed- 
denaity optical filters.   These lesions ware both % human dlak diameter in alze and were 
of moderate severity.   Neither burn was produced behind the least-protective filtere 
(Table 3.11). 

3.2.6 ProtectJws Electronic Shutters, Electromechanical. Electromechanical, as well 
aa the electrophyaical ahuttera (to be diacussed below), are developmental devices rather 
than prototypea or reproduction models. Evaluations on this project were Intended to de- 
termine the effectiveness of their operation at their present stage of development.   Infer- 



matloD derived from Operation Redwing could lorve *u a guide for the development of 
future devices of this or aimilar nature. 

Three ehutters of this type were tested on each shot.   The recorder, as described 
previously, was to provide a record of the actual shutter closing time and to give positive 
evidence that the shatters closed in tfce required time.   This recording device did not 

TABU S.I   KAILT-CLOeWa MUTTtM.    CHOWORmNAL-lUWl PAKAMCTEM fOB RAUm CXNIIO AT (.1 <i 
ITATUTI MLU TO WOIAIWO mCKMINTI OP TMC THOMAL PUUI P«OM iHOT IJUlV 

V -  
function properly on any test.   There is no positive assurance that the shutters closed for 
Shots Cherokee, Zuni, Navajo, or Mohawk, although they were satisfactorily tested prior 
to each shot   None of the electromechanical shutters were operative for Shot Erie, due 
to an electrical short circuit and fire in the outlet panel.   Project personnel were present 
at the exposure site during Shot Lacrosse and visually determined that the shutters did 
operate.   In order to obtain some Information on the order of closing time for these shut- 
ters under field conditions, advantage was taken of Shot Blackfoot to photograph an oscil- 
lograph tract of the shutter closure time.  This was determined to be approximately 500 
Msec and Is in agreement with figures obtained in the laboratory. 

Although the shutters were inoperative during Shot Erie. It Is significant that no burns 



TABU S.« OBUTID-OPININO •HUTTEM. CHORIOHETINAL-BUHN PAKAMITEM POR RABBITS KXPOSEO AT 1.1 
•TATUTB MIIXS TO VABIQUS UOlUNTt OP THI THIXMAL PULBE POLLOWWO THE PIMT MAXIMUM 
PIOM «HOT ERIE 

TABLE S.T   HLTER EXPOBUBW»    CHOTIORETINAL-BURN PRODUCTION IN RABBITS AT VARIOUS DISTANCES 
PROM SHOT XRIIr 

Sub)«cta vltwad th* flr«b*ll from ICT lultution for t poriod Umltod only by tho blink r«n«x Um«. Tb« blink roflw Urn« 
WM not dotermlnod for this Mrtos. No doubl* Ualooi war« produced. No bomorrbaclnf wu obaarvod. Six* of buna 
ahown M friattoa or aalttplaa of baaan opMc dlak dlanattr (d. d. 

PUtar Bun ProductloD , Locttloo of Slta. and DUtanca ID Statuu MUaa 

Tom, 2.7 ml. UrUh. S.0 ml. Van, S.S ml. Alvln. 4.9 ml. David, 1.1 mi. 

4 0» no burn BO bun DOMpoaura noaxpoaur* no burn 

4 0* no bum %d.d..modar«to Doa^oaura nooxpoaura BO ban 

INt no bom %d.d..roodariM %d.i.. mUd BO bun BO ban 

2Nt no bun no bun noaxpoaur* BO ban BO ban 

R*IRJ no bun ,/«d.d..medanto ,>id.d.,modarmU nooxpoaura BO ban 

H*IRt no bun aoa^oava BO ban Doaxpoaur* BO ban 

oil DO bun aoampoaura '/4d.d..mod*r«u Doaxpoaura BO ban 

m noaxpoaun noaxpoaur* BO ban ao ban 

* Groan | Combiaatioo rod tranamlttlnf and infrarad abaorblag 
t Nautral        I Infrarad abaorbtnf 
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w«r« r«c«lv»d.   From thla fact, is conjunction with ft«>portlng theorettcai otlculatloni, 
It may ba lafarrad that the 60-to-66 oaroant attanuatlon of tha ahuttar In the open potltloB 
wma •ufflclent to reduce tha thermal doaa Incident on tha cornea to a level below the 
retinal-burn threahold. 

Under tha experimental condltlone that prevailed, It may ba Inferred that the electro, 
mtchanlcal ahuttar oaa offer aatlafactory protection agalnat retinal burns.   It la not 

TABU i.» Bum-airux txroBvnn.   cHoaiowtTWAL-jum PAIAMKTIM roe aAum AND MONUTI 
AT t.i rrATvn MIUU raoM IMOT MONAWR 

tm — IWM< m tm Ti IIMIW tu* tt Imm im ifcw m tntmrn <* t (d-d.). 

I« to lilWi 1.1.4.                                      —                   -*• 
mtmti doM* U tka oera«« wmr» cklcuiuad «eord- 

Aim*               P«rtod of             CalMlaMd Ttonai 
Noakw              l«e«m              DOM tt Ik» Conaa •1M o< Ban mt DMarlpttoa 
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■•M • MM* 

tm llo HI 

l-M • to Mt 

1-4» OtoUl 

■•tt • I0 4M 

••II* 

Ml 

Avonfoi 

11» Mt 

• to IM 

IM • MIM 

Ml • »IM 

TM • lo IM 

TU • MM« 

in • 10 4*1 

T« • toll« 

T»« OtolTl 

• to Hl 

■•«U/ea1 

J d.d.. 

14. d., 

14.«., 

14.4., 

14.4.. 

14.4., 

oroM lo oovoro 

biUurol; 1 d. 4.. aodorau to oovoro; 1 d.d.. ■odorou 
lo oovora 

bU«Ui»i:,/td.d..»Ud; %4.4.. müd 

MMorot;Vj 4.4.. ■adiratii '^4.4., aoitorau 

biuural; doabU; %d.<L. aodoraM;^ d.d. 
S d.d. mttmmm % 4.4. montnu 

MUMrak doubl«: V« 4.4.. ■odowtoi 1 4.4. 
■odoroiw ^d-d.. aodorou; 1*4.4.. 

blUural: 1*4.4.. aodoraM: 1*4.4.. 

bllataral: '/, 4.4., Bild lo Bodarau: '/, d.d. alld w 
BodaraM 

bllaural: 1 d.d., aavara. haaorrkac« 1 4.4., «ovara, 

• DoaMalo ba»k-rana»( i troB pkotofrapW 

poaaibla to make a positive conclusion until these devices have been further tested and 
evaluated. 

Detailed Information on thla ahuttar will be reported by the contractor at tha comple- 
tion of the present developmental contract. 

3.2.7 Protective Electronic Shuttera. Elactrophyalcal.   Four ahuttera of thla type 
ware teated on three shots^ (Cherokee. Zunl, and Navajo) at Sites 

M 



■i^'-l tv-t-x»::■'"-S:^:>:>•:-v ^-^ '.V, 

TABLE M   LAKLT-CLOIDIO MUTTni.    CHOIUCÄITUJAL-BURN PARAMITIM FOR RABBITS KXPOKD AT 
T.I tTATUJI lO^a TO »CBBASWO WCRBMENTI OF THE THERMAL PULM FROM iHOT 
MOHAWK 

OQioaur* ■llcvM 
Iwm in itqir» n 

tad 

OB ■It* TTQWM.   OM doubl« IMIM wu produoad.  Mo hMtorrhagtac «w obMnrad. fit« of 
at kuau opuo dlak dlaaMUr (d. d.).   Total ttersal «Mrgy U tte «qtoaur* «Ma 

duot at tfco gMBgl »wo calewtofd accordlag to jgjjg >.l.4. '— 

Fartod of E^oaura 
Daalrad Actual 

Caleulatad TW-tal 
attkaCoraaa 

■Ua of Bun and 
Daacrtptlon 
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TABLE 3.10   DBLATXO-OPENINO 8HUTTEM.     CHORlORETDiAL-BimN PARAMETUIB FOR RABBITS EXPCMin 
AT T.I ITATUTE MILES TO VAMOW SEGMENTS OF THE THERMAL PUUE FOLLOWWO THE 
FUBT MAXIMUM FROM SHOT MOHAWK I 

Mago&m »It» WM looatad ea lit« YVOOM.   NO doubl« laaiou wn produced.   No hamorrhaffli« WM obaoirod.   Sit« of 
bun^i an •bo«« u (rutlMa or multlpl*« of human optic dlak dlamaur (d.d.).   Total tbaraal «narfy at tbt «xpoaur« 
aim Igt tbaraal doaaa at tha oowaa war« oalcalaiad accordlai to Bactloa a.3.4. 

Animal Parted of fcfgggg DuraUon Caleulalad Tbaraal       Six« o( Burn and 
Numbar Dactrad        " Actual of Cxpoaur« Ooaa at tha Coraaa Daacrlptloa 

r^J 
TABLE 3.11    FILTER EXPOSURES.    ^HORIQprTINAL-BURN PROtUCTION IN RABBITS AT A SINGLE DISTANCE 

FROM SHOT MOHAWK 

iub]acta rlawad tha flraball from ita Initiation for a panod llmltad only by tbt blink raflax Urn«. Tha blink ratlax Um« 
waa Mt dataralaad tor thla aarlaa. No doubla laaloaa war« producad. No bamorrbaflnc waa obaarvad. Slta of buraa 
«bowa aa fraottoaa or aultlplaa of huaan dlak dlaaatar (d. d.). 

Filter Site Yvonna, 7.6 ml., Bun Production 
and Dlataaca la Statute Mllaa Filter Site Yvonna, T.8 ml., Bun Production 

and Dlataaca la Statute Mllaa 

40 
40 
4G 
SO 
SO 
SO 
«0 
«0 
• a 
IM 
2N 
2N 
2.4 N 
3.4 N 
3.4 N 
3.1 N 

no bum 
no burn 
no burn 
no burn 
ao bun 
no burn 
ao bun 
V4<».<1.. 
ao bun 

modarate 

BO bun 
no bun 
ao bun 
BO bun 
ao bun 
Vi d. d., modarate 
ao bun 

3.1 N 
3.1 N 
4.6 N 
4.6 K 
4.6 N 

5.SB 
8.6 B 
S.SB 

tNMB 
IN* IB 
IN MR 

ao burn 
no burn 
no burn 
ao burn 
ao bun 

no burn 
no burn 
no burn 

no bun 
ao burn 
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Nan and How.   Result! on all three teats were Inconclualve, at no bums were obtained 
with or without protection. 

Several deflcienciei that should guide future development have been noted:   (1) The 
aperture is too small.   (2) The field of view is extremely constricted.   (3) The light 
attenuation of the device in the open position appears to be sufficiently high to prevent 
burns at the distances tested, even though the shutter remains open.   (4) No means are 
provided to indicate whether the shutter functions at shot time. 

All four shutters were tested completely and worked satisfactorily prior to each shot. 
Detailed information on this shutter will be reported by the contractor at the comple- 

tion of the present developmental contract (Reference 11). 

3.3    SHOTS CHEROKEE, ZUNI. AND NAVAJO 
r 

No burns were produced.  despite the relatively high inci- 
dent thermal energy received at the exposure station m at least two instances. Accord- 
ing to Table 3.1, _j respectively, were produced by Cherokee 
and Zuni at Site Nan, where no burns were encountered. Shot Erle(_ _jby contrast, 
caused amßle retinal burning at Site David, with an incident thermal energy of only }

w 
Further examination of the data shows that the burns by Shot Erie at Site 

David were produced by1 . delivered during the first 289 to 437 msec 
of the detonatloji, i.e., the period.gf the blink reflex.   Cherokee and Zuni. by contrast. 
produced only  3urin« sssentlally the same interval.   Although this 
level was apparently not sufficient to cause burning, it was sufficient to cause blinking, 
which protected against the remainder of the second pulse.  The lack of bum production 

^jUrecludes an estimate of the threshold parameters for chorl- 
oretinal burning by bursts, 



Choptir 4 

COHCLUSIONS ond RECOMMENDATIOHS   , 

4.1    CONCLUSIONS 

Chorloretinal burnt ware produced at dlstanoei greatly exceeding the llmlta for any 
other prompt and significant biologic etfecte of nucleat detonationa.   The problem of 
chorloretinal burnt la one of increasing significance at higher altitudes, where lack of 
atmoepheric attenuation increases not only radiant exposure, but also both the rate at 
which radiant energy is delivered and the distance to which a given amount can be 
transmitted. 

The distance at which burning la produced in the EPG was lees than that anticipated 
from the results of Operation Upshot-Knothole at the NTS, where bums were encoun- 
tered at distances as great as 42.5 miles from ground zero.   The lesser range at the 
EPO may be due to higher atmospheric attenuation from exceeeive humidity. 

The blink-reflex time for rabbits, monkeys, and pan is u>t sufficient to protect 
against the flash from small and intermediate-rang«! Jdevlces.   The energy of 
the first pulse of Intermediate-yield weapons can proSuoe bume. 

The air burst from a 20-kt device at dawn of a clear day (90 percent transmission/ 
mile) is sufficient to produce chorloretinal burns at 8.1 miles for rabbits and monkeys 
and, by extrapolation, at 6.6 miles for man.   Under comparable conditions, a nuclear 
device of        ^ ield can cause chorloretinal burning at 7.6 miles in animals, equiva- 
lent to 8.1 miles for man.   It is probable, in the case of both devices, that bums can 
be produced in man at greater distances, but not as far as 11.6 miles, except where 
atmospheric transmission is greater than 60 percent/mile.  Additional information is 
needed in order to establish the limiting parameters for burns over the entire range of 
yield. 

Fixed-density optical filtere reduce the caloric dose and dose rats incident on the eye 
and, therefore, the incidence of chorloretinal bums.  No conclusion can be reached re- 
garding the relative effectiveness of filters having various epeotral transmission. 

Although the results from protective shutters were Inconclusive with respect to pro- 
tection against chorloretinal bums, information was obtained invaluable for the future 
development of these devices. 

4.2    RECOMMENDATIONS 

The loee of life incurred among animals placed in exposure boxes open to direct sun- 
light 12 to 14 hours before H-hour, as well as the inability to control blinking by animals 
due to reflected light striking the unexpoeed eye. indicates the advisability of using a 
light-tight, airconditioned trailer as an exposure facility in this type of Ptugy.   A 
trailer Is specified in o* der to permit rapid change of station according «o distance re- 
quirements.  At least two, and preferably three, exposure sltee echeloned in depth 



■hould b« employed for each ehot. and provielon should be made for u* xreasurement 
of Incident thermal energy at the exposure atation. 

Pigmented rabbita uaed In atudlea of ocular effects muat be careftüly examined 
ophthalmoaoopically for normal, as well as pathological, variation prior to use.   Cer- 
tain color types, particularly gray, have irregular pigmentation of the ocular fundua, 
which causes difficulty in detecting minimal lesions. 
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