
NASA CONTRACTOR 
REPORT 

NASA CR-61364 

SPACE RADIATION HAZARDS TO 
PROJECT SKYLAB PHOTOGRAPHIC FlM 
Phase I I 

By C . W. Hill and 6. F. Neville 

Lockheed-Georgia Company 
Marietta, Ga. 30060 

October 1971 

Final Report 

Prepared for 

N A S A - G E O R G E  C ,  M A R S H A L L  S P A C E  P L I G H T  C E N T E R  
Marsh11 Space Flight Cenbr ,  Alabaarjla, 3581% 



5 E C t t N i C A L  R E P O R T  S T A N D A R D  T I T L E  P A b t  

NASA CR-6 1364 
4 T I T L E  AND SUB7 I I L E  

SPACE RADIATION HAZARDS TO PROJECT SKYLAB 

I PHOTOGRAPHIC FILM: Phase  II, Final Report  

j 5 REPORT [ )ATE 

October 1971 
6. P E R F O R M I N G  O R L A N I T A T l O N  CODE I 

Mariet ta,  Ga. 30060 

7. AUTHOR I S )  18. P E R F O R M I N G  O R G A N I Z A T I O N  R E P O R T  2 
I 

13. T Y P E  OF R E P O R T  & P E R I O D  C O V E R E D  

C. W. Hill and C. F. Neville 
9. P E R F O R M I N G  ORGAN1 Z A T I O N  N A M E  AND A D D R E S S  

Lockheed-Georgia Company 

ER 11192 
10. WORK U N I T  NO. 1 

i 

C 
12. SPONSORING AGENCY N A M E  AND A D D R E S S  

National Aeronautics and Space Administration 

The results of a study of space radiation hazards to Project Skylab photographic 

High Ser i e s  Contrac tor  
Final  

I Washington, D. C. 20546 

fi lm are presented. Radiation components include trapped protons, trapped electrons, 

bremsstrahlung , and galactic cosmic radiation. The shielding afforded by the Skylab 

cluster i s  taken into account with a 5000 volume element mathematical model. A 

preliminary survey o f  expected proton spectrometer data i s  reported. 

14. SPONSORING A G E N C Y  C O D E  I 
IS.  S ~ J P P L E M E N T A R Y  N O T E S  

16. 4 E T 2 4 C T  I I i 

i 

Unclassified-unlirnikd 

S E C U R I T Y  C 

MSFC - F o r m  3 2 9 ?  (hfa? 1969)  





FOREWORD 

This technical report i s  submitted to the George C. Marshall Space Flight Center, 

National Aeronautics and Space Administration, Alabama, according to the 

requirements of  Contract NAS8-26441. The Contract Officer's ~e~ re ren ta t kes  

are M. 0. Burrell, S&E-SSL-N, and C. A. Best, S&E-ASTN-SDI. The ATM 

portion of the study i s  directed by W. Nelson, ATM Experiment Office. 
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Extensive quantities of photographic f i lm w i l l  he used For data recording during the 

Project Skylab program. Film with diverse radiation sensi t iv i  ties w i l l  be placed in  

low earth orbit for periods ranging from 29 to 236 days. Storage and experimental 

locations offer varying amounts o f  protection from space radiation-induced fogging 

to the Skylab films. 

Earlier studies819 of the Skylab film radiation hazard have been made. The present 

study concentrates on updating the geometric model and improving the computational 

techniques for estimating film fogging. Detailed spectral analyses are included for 

proton, electron, and bremsstra hlung components. Approximate damage estimates 

are included for the galactic cosmic radiation component. 

A summary of the study and recommendations are given i n  Section 2. The radiation 

environment i s  disiussed in Section 3. Film response to radiation i s  outlined i n  

Section 4. The ATM film radiation analysis i s  detailed in  Section 5. Radiation 

damage data to films stored i n  the OWS vault and at the TO27 and S 190 experiment 

locations i s  presented in  Section 6, A prel iminary analysis of the MSFC proton 

spectrometer experiment i s  given i n  Section 7, 





2 - 0  SUMMARY AND RECOMMENDATEONS 

The trapp& proton environment i s  taken from the current Vette AP7 model, 
2 1 

The trapped electron environment i s  taken from the 1968 (projected) model. 
2 9 

A revised eiecatron environment model i s  i n  preparation at the National Space Sciences 

Data Center, Goddard Space Flight Center, NASA, but i s  not yet available, 

The galactic cosmic radiation (GCR) dose rate estimates i n  the Skylab orbit are 
3 

provided by Burrell andwright. Theseestimatesareingoodagreementwithavail- 

able flight measurements. 

The geometry model of the Skylab cluster i s  revised and updated. The model of 

the film vaults, MDA, OWS, ATM, TO27 experiment, and S190 experiment received 

particular attention. 

10 
The LSVDC4 space radiation transport program i s  revised to include radiation 

damage response functions for trapped protons, trapped electrons, and bremsstrahlung. 

Damage response functions are not available for galactic cosmic radiation at  this 

time. Fog estimates are given on the assumption that equal doses of GCR and trapped 

protons produce equal fogging. 

Film damage estimates are developed for each of the 24 ATM cameras. Dai'ly dose 

and fogging rates are given in each location, together with their totals. The eight 

NRL cameras are well below tolerance by factors ranging from 1.8 to 6. The load 

1 cameras for the other four telescopes are below tolerance by factors ranging from 

4 to 6. O f  the remaining 12 cameras, six are slightly under tolerance by margins 

of 1 to 20 percent; five are over tolerance by margins of 4 to 25 percent; and one 

i s  over tolerance by 90 percent. 

Dose rates and film damage estimates are developed at 11 magazine locations within 

the OWS vault, Dose rates, excluding the GCR component, range From 6.42 to 

56-6 millirad per day (1 rad =.89 Joule/Kg), 



Dose rates and f i lm damage estimates are developed at the TO27 born-mounted 

camera and at a temporary location within the Scientific Airlock. No timeline i s  

available to permit the estimation of total radiation fogging, A minimum value 

o f  0.421 fog density i s  achieved by p l a c i q  the magazines in  the heavily shielded 

part of the OW$ vault for 29 days. This value could rise to a value of two or 

higher depending upon the actual timel ine. 

Dose rate and film damage rate estimates are developed for three of  the six S190 

cameras in  the operating location and at five storage locations i n  the OWS vault. 

Daily dose rates vary from 55 to 61 mil l  irad per day i n  the MDA and from 6.42 to 

9.40 millirad per day in  the vault, exclusive of the 10 mil lirad per day GCR con- 

tribution. 

A small effort i s  devoted to examining the behavior of the MSFC proton spectrometer. 

I t  i s  concluded that an eight month sample period w i l l  permit good corrections to 

the radiation environment model for the Skylab orbit. A two month sample period 

w i l l  permit corrections to be derived with a somewhat greater effort. A one week 

sample requires sti l l  greater effort plus favorable vehicle orientation during anomaly 

passes. 

Recommendations for future work include: 

o Develop radiation damage estimates for other film-using experiments. 

o Refine the GCR primary and secondary estimates. Film damage functions 

should be developed for each component. 

o Develop a proton and electron manitoring technique using present on- 

board instrumentation. Data obtained i n  this manner would be used to 

update film damage estimates w that time1 y mission planning could be 

made, 



o Provide additional shielding for the H-Alpha 1 cameras in the MDA vault, 

The removal of the load 4 MRL cameras whish provided significant shielding 

has increased the radiation damage to these films to above-tolerance values. 

o Add an electron shield to four sides of  the bosm-rnsunted TO27 camera. 

A 1/32 inch lead, 0.15 inch aluminum shield may reduce the damage 

rate on the boom by a factor of  three. The factor of  ten uncertainty in  

the electron environment makes this action particularly important. 

o Reassess the electron and bremsstrahlung hazard when the new electron 

environment models are issued by the National Space Sciences Data Center. 

o Periodically test radiation sensitivity of Skylab film up to the procurement 

date. 





3,0 RADIATION ENVIRONMENT 

The Skylab cluster i s  assumed to be in  a 440 km (235 n , m , ) ,  50 degree circular 

orbit, The flight i s  assumed to include the last eight mentho of  1973, a 

period near solar minimum. Potentially damaging radiations far this mission include 

trapped protons, trapped electrons, and galactic cosmic radiation (GGR) . Solar 

flux events, while unpredictable, should have minimal effect on the mission because 

o f  low probability of occurrence and partial shielding by the magnetosphere. N o  

known appreciable sources of nuclear radiation are on-board. The three significant 

radiation components are discussed below. 

3.1 Trapped Protons 

3 
The proton environment i s  calculated by M. 0. Burrell and J. J. Wright for the 

Skylab orbit from the Vette model environment A P ~ ~ ' .  The average daily proton 

flux, differential i n  energy, i s  given in  Table 3.1. The uncertainty i n  the proton 

environment i s  a factor of two. Recent measurements indicate that peak fluxes are 

within 20 percent of  predicted values at the Skylab orbit. 

The actual flux above 50 MeV varies somewhat from day to day, depending upon 

the particular orbit. During a typical six day interval, four daily fluxes are 90 

percent of the average and two are 120 percent of the average as indicated in  Table 

3.2. Table 3.2 also shows that each daily flux arrives in 8 or 9 pulses as the orbit 

penetrates the South Atlantic magnetic anomaly. The small pulses last about 5 

minutes and contain few high-energy protons. The largest pulses last 16 minutes 

with 90 percent of these protons incident during an 8 minute peak interval. 

A graphical illustration of the Table 3.2 data i s  given in Figure 3.1, Here, pulses 

containing less than four percent of  the average daily flux are omitted. I t  i s  

apparent that 12 hours each day are Free of  trapped protons, 





TABLE 3.2: PROTON PULSE DISTRIBUTION - PERCENT OF DAILY AVERAGE 

Pu lse/Day 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Total 





The temporal behavior of trapped protons i s  important for the proton spectrometer 

and For film-using experiments temporaril y mounted in  exposed locations, 1 t has 

l i t t l e  significance for stored f i lm, 

3.2 Trapped Electrons 

3 
The electron environment i s  calculated by M. 0. Burrell and J. J. Wright for 

the Skylab orbit from the Vette model environment AE2 projected to 1968. 2 1 

The average dai ly  electron flux, differential i n  energy, i s  given i n  Table 3.3. 

Additional data and interpretation were provided by Drs. M i k e  Teague and Wayne 

Singley, Goddard Space Flight Center, NASA. 

Approximately one-third o f  the trapped electron flux above 0.5 MeV i s  due to inner 

be1 t electrons. The other two-thirds arises from Skylab penetration of the " horns" o f  

the outer belt. One-fourth of the f lux i s  received i n  the northern hemisphere. 

Electron flux i s  received during approximately 18 pulses per day, each pulse lasting 

a few minutes to half an hour. In  the case of the longer pulses, almost a l l  the 

electrons arrive during a ten minute peak interval. A plot of the 16 largest 

pulses and their percent of the total flux above 0.5 MeV i s  shown i n  Figure 3.2. 

A semilogarithmic plot i s  used i n  order to show the smaller pulses clearly. The very 

steep dose-depth relationship for these electrons may l im i t  EVA act iv i ty during 

moderately small to large pulses. 

The electron pulses of Figure 3.2 correlate with the proton pulses during the first 

24 hours of Figure 3.1 because both computer runs started at zero latitude and 

longitude, and proceeded northeast ini t ia l ly.  



TABLE 3.3: AVERAGE ELECTRON SPECTRUM - e 

cm2 - MeV - Day 

(235 n. m., 50 degrees) 

Flux 

2.9+ 1 1  

4.5 + 10 

1.0+ 10 

1.2 + 9 

3.5 + 8  

1 . 1  + 8  

2.5 + 6 

2 . 9 + 5  

7.0 + 4  





Caution should be used in interpreting electron and brernastrsrhlung results based 

upon h e  1968 electron model environment, A factor of ten uncertainty may be 

appropriate for the Skylab orbit, T h e  original AE2 rrrodel i s  for 19U  near solar 

7 

act iv i ty min imum.  I hese date were projected to 1968, near solar act iv i ty maximum 

under the assumption that o i~ ter  belt peak fluxes move inward during the maximum. 

Later studies have shown that solar maximum causes a f i l l ing of the slot between the 

be1 ts rather than a movement o f  the peak. Further, onl y two sets s f  data near the 

region important to Skylab were available for the construction o f  the outer belt 

model. Neither set measured electrons below 0-5 MeV which are important for 

bremsstrahlung production because of  the large flux below 0.5 MeV. The Skylab- 

orbit, outer-be1 t estimates are primarily extrapolations From higher altitudes. 

A new electron model i s  being developed at the Goddard Space Flight Center, NASA. 

Revised model data are not available for the present study. 

3.3 Galact ic Cosmic Radiation (GCR) 

GCR includes energetic charged particles such as protons, alphas, and other stripped 

nuclei with atomic numbers up to approximately P = 28. The energy of these particles 

i n  interplanetary space near earth ranges from 10 MeV up to at least l0l5 MeV. The 

low energy portion o f  the GCR i s  modulated by the solar act iv i ty cycle. The free 

space dose rate i s  reduced bay a factor of about two at solar maximum compared to 

solar minimum due to the increased screening afforded by the extended solar magnetic 

f ie ld during disturbed solar conditions. The magnetssphere and shadowing effect 

of the earth also reduce GCR intensity i n  low, earth orbit, 

M. 0 ,  Burrei i and J . J . Wright have computer GCR dose rates at solar minimum 
3 

within shielded enclosures, Their computed values are usually within 20 percent 

o f  measured values for physical dose rates behind thin shields, The uncertainty i s  

somewhat. greater For- iihick shields ,  Table 3,4 shows their re~ui ts  i n  free space near 

the orbit sf the earth about the s u n ,  They treat I4 groups sf atomic numbers, Certain 

approximations are invoked irr treating nuclear C O !  l i s i d r n ~  and secondary transport, 
2 

but the results may be va l id  to a thickness as large as 20 CJm/cm aluminum or 



TABLE 3.4: TOTAL GCR DOSE RATE - FREE SPACE - RAD TISSUE/YEAR 

Particles above 30 MeV 
(Normalized to 4 2 ) 

cm - sec 

Shield Thickness - gm/cm 
2 

Relative 
Abundance 

.847 

.I355 

.0035 1 

.00508 

.00226 

.00282 

.00828 

.00085 

.00854 

,00090 

.000'8 7 

.00034 

.00037 

25 2.81 2.31 1.99 1.61 1.23 0.98 .00079 

Total 17.13 15.86 14.88 13.60 12.24 11.23 1.00801 



greater, For t he  sake sf camplei-aness, equivalent biological dose rates using 

recommend& q u a l i t y  factors are s h w n  i n  Table 3,5, However, the proper quality 

factors to use are highly confroversial and sfher assumptions may lead to rem dose 

rates that are a factor s f  two lower. 

O f  more interest to the Skylab mission, Table 3.6 shows GCR dose rates for a 

250 n.m., 50 degree orbit. The daily dose rate ranges from 11.6 mrad/day behind 
2 2 

1 gm/cm to 9.6 mrad/day behind 5Q gm/cm aluminum. A value of about 8 to 

10 mrad/day i s  probably correct to use in  the present study because the mission w i l l  

take place slightly before solar minimum. The rad-tissue unit  i s  about 10 percent 

higher than the rad-air unit, 

Biological dose rates for the above orbit are approximately 50 to 60 mrem/day 

(an effective quality factor of 6 i s  assumed), though more detailed calculations 

should be made. 



TABLE 3.5: TOTAL GCR BIOLOGICAL DOSE RATE - FREE SPACE - REMPEAR 

Particles above 30 MeV 
(Normalized to 4 2 1 

cm - sec 

Shield Thickness - gn/crnL 

Z-Group 

1 

2 

4 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

18 

25 

Total 



TABLE 3.6: TOTAL GCR DOSE RATE - 250 N M, 50 DEGREES - RAD TISSUE/YEAR 

Particles above 30 MeV 
(Normalized to 4 2 1 

ern - sec 

Shield Thickness - grn/cm 
2 



4-0  RESPONSE OF PHOTOGRAPHIC FILM PO SPACE RADIATION 

Radiations encsun"rred in  the Skylab orbit deposit energy locally in  photographic 

emulsions, activating a fraction sf the silver halide grains, Partial explanations 
5 

of the mechanisms involved may be obtained from the literature. The effect i s  

termed radiation fogging or radiation darkening. 

In the case of black and white film, the result of radiation damage i s  a darkening 

measured in terms of  change in optical density of the developed film. Optical 

density i s  defined as the logarithm of the reciprocal of transmittance. 

In the case of color films proposed for Skylab, a color reversal process i s  used so 

that increasing exposure results in  decreasing density. For this reason the net 

density change i s  quoted in this report without reference to sign. Net density changes 

for color films are quoted for the visible spectral region (white light), plus red, green, 

and blue regions. Differing responses to space radiation in  the various dye layers 

may cause loss of color fidelity. 

Radiation-i nduced fogging of  photographic film i s  dependent upon several factors 

including type of emulsion, type of radiation, quality of radiation, and quantity 
10 

of radiation. In order to account for these factors, the LSVDC4 dose code was 

modified to compute and tabulate the flux spectra arriving at the detector for proton, 

alpha, electron, and bremsstrahlung radiations. These spectra are weighted by 

energy-dependent response functions for 13 black and white films plus 5 color films 

in 4 spectral regions, then integrated over energy to yield net fogging density. 

The films investigated in  the present study are listed in  Table 4.1. Multiple entries 

under the "Film Type" heading usually imply that similar emulsions are coated on 

different backing materials or thicknesses; or thcit the gel everccct 15 charmed. 'J 

The "Inverse Sensitivitya values give a measure of the 1.25 MeV gamma ray dose 





required to achieve a net fogging density of 0,2, The dose versus density relationship 

i s  generaliy linear for densif is less than 0,6,  It should be noted that curve smoothing 

or different experimental values may a l k r  inverse sensitivity by 20-30 percent, Such 

anomalies have been observed for SO-166, No-Screen, and Pan-X, Evidently the 

composition of SWR emulsion has changed bebeen 1967 and 1970 because the 

inverse sensitivity i s  now larger by a factor of  three. 

Kodak film 101-01 (101-06) i s  not included in  Table 4.1 because early studies gave 

anomalous results, probably due to an easily damaged emulsion surface. The Adams 

data show that 101 -01 fogging i s  about 20 percent greater than Pan-X fogging. 

1,12,13,16,17,18,22 
Experimental film fogging data from several sources i s  available. 

Several evaluations of  the data have been made. ' l5 The techniques used to 

derive response functions from experimental data are outlined below. 

4.1 Proton Response Functions 

The density versus dose curve for one film i s  shown in  Figure 4.1. Damage response 

functions are derived from such data. The damage response functions for protons on 

eight film types are shown i n  Figure 4.2. These data are taken from a Kodak-MSFC- 
12 

Lungley study. The values at 10, 17.6, 50, 90, and 130 MeV are derived from 

proton accelerator experiments, The values at 450 MeV are taken from cobal t-60 
4 

tests. This equivalence i s  suggested by the work of Cormack and Johns who showed 

that the mean LET (I inear energy transfer) of the Compton electrons produced i n  water 

by cobal t-60 gamma rays i s  1.4 times the LET of a minimum ionizing singly charged 

particle. Thus i t  i s  expected that the sensitivity of film to cobalt-60 gamma rays i s  

similar to the sensitivity to 450 MeV protons whose LET i s  also 1.4 times the LET for 

minimum ionizing protons. A further extension to 2500 MeV i s  made on the basis of 

relative LET to minimum LET which occurs at 2500 MeV for protons in  air. Trapped 

protons possess energies less than 2560 MeV, 



FlGURE 4 - 1  : RADIATION RESPONSE Q F  FILM TYPE SO-t 86 
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The damage respnse function for Kodak film SCa-1& versus prohn energy i s  shown 

in Figure 4.3. Damage response functions for films not included in  Figure 4 ,% are 

interPorated according to sensitivity to cobalt-60 radiation, 

4.2 Alpha Response Functions 

Radiation fogging induced by alpha (helium nuclei) are not computed explicit ly 

i n  this study. Alpha radiation i s  an insignificant component of the trapped radiation 

belts and i s  ignored. Cosmic radiation damage (including alphas) i s  discussed in  

Section 4.5 below. However, the capability of treating alphas i s  included in  the 

dose code. Damage response functions for alphas are derived from those for protons 

on a relative LET basis. Figure 4.3 includes an alpha energy scale so that values 

of the alpha response function may be read directly from the figure for SO-166. 

4.3 Electron Response Functions 

Experimental data showing the electron-induced fogging density as a function of  

energy are not available for the films of interest to Skylab. In general, sensitivity 

has been found to increase with increasing electron energy up to approximately 1 

MeV which i s  the energy of a minimum ionizing electron in  air.5 Above 1 MeV - .  

the sensitivity remains approximately constant. 
19,20 

The interaction of  electrons with emulsion i s  by direct ionization and secondary 

ionization caused by electron-produced delta rays (secondary electrons). Below 

minimum ionization, the effect is similar to the ionizing effect of protons. Electron 

damage response functions are derived from proton damage response functions on a 

relative LET basis. Figure 4.3 includes an electron energy scale so that values of 

the e l e~ t i on  response function may be reed directly from the figure for 90-166. 

I t  i s  claimed that the fogging density per tlnlt dose for 1 MeV gamma rays i s  equal 

to the fogging density per unit dose for 1 MeV electrons. l 9  Therefore, the value 
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FIGURE 4 .3 :  RADIATION SENSITIVITY OF FILM TYPE 50-166 



of the damage reswnse function for electrons at minimum LET should equal that 

due to cobalt-60 gamma rays. The present study uses values larger by 5 to 10 

percent. The s i  ight discrepancy i s  not significant herein. 

4.4 Bremsstrahlung Response Functions 

The fogging induced by photons (bremsstrahlung, x-rays, and gamma rays) i s  caused 

by the secondary electrons produced i n  collisions. For photon energies between 

1 and 10 MeV, the response function i s  essentially constant and similar to the response 

function for minimum ionizing electrons. However, for photons below 1 MeV the 

response function i s  strongly peaked due to the K absorption edges of the silver 

halide grains. 

Experimental data showing the photon-induced fogging density as a function of 

energy are not available for the films of interest to Skylab. The only such data 

available for Pkylab films are for the effect of cobalt-60 gamma rays at 1.25 MeV. 

These data are used as normalizing points. 

At  lower energies the relafive sensitivity of llford Line Film as determined by Greening 
6 

i s  used. Figure 4.4 shows the resulting damage response function for Kodak film 

50-166. For this film the peak-to-minimum ratio i s  about 50. For slow films the 

peak-to-minimum ratio should be reduced to 25 or 30. l2 The SWR-type film 

bremsstrahlung damage estimates may be high by 3 to 30 percent for this reason. 
13 

kV 

Other studies on moderate speed and fast films confirm the Greening data. 

4.5 GCR Response Functions 

GCR offers a diff icult in estimating f i l m  damage. I t  contributes about 10 

mi! iirad per day throughout the cluster according to t he  results s f  Burrel I and Wright 
- 

(Section 3-3) .  I he proton component i s  mare damaging khan trapped protons for 



Photon Energy - MeV 

FIGURE 4.4: BREMSSTRAHLUNG SENSITIVITY OF FILM TYPE SO-166 



equal doses because the spectrum i s  harder, The primary alpha and heavier corn- 

ponents are probably less damaging per unit dose than trapped protons as evidenced 

by Figure 4,3,  However, these radiations produce intense showers of secondaries 

which are usually more damaging to film than the primaries. 

In  this effort, GCR i s  assumed to cause the same fogging per unit dose as trapped 

protons do to films contained in  the vaults. 
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Door (Open) 

Outside Dimensions: 24.5 !"l x 26.8 D x 43.0 W 

F!GURE 5.1: FlLM VAULT NO, 1 
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Door (Open) 

Outside Dimension: 32W x 23D x 29H 

FIGURE 5-2: FILM VAULT NO. 2 



Door (Open) 

O v h i d e  Dimension: 21W x 24D x 30H 

FIGURE 5-3: FILM VAULT NO, 3 



2.0 Thick Insu 

Door (Open) 

Outside Dimensions: 33.5 W x 28.0 D x 26.0 H 

FIGURE 5,4: FILM VAULT NO. 4 





NRL 

FIGURE 5.6: ATM CANISTER (SUN END) 



The H A 0  f i  lrn i s  Kodak 026-02 which shows the same radiation sensitivity as Kodak 

Pan-X 3400, The ASE Fism i s  Kodak Pan-X 3400, The GSFC fi lm is labeled Kodak 

$0-212, but the emulsion and radiation response are identical to Pan-X. The 

H-ALPHA 1 film i s  Kodak SO-101 which i s  similar to Kodak SO-392 except for a 

thinner backing material. Both NWL films are Kodak 104-06 which has a radiation 

response identical to Kodak SWR film. As explained in  Section 4, a l l  SWR fogging 
17 

results have been reduced by a factor of 3 to reflect Martin-Marietta (June, 1970) 

and ~ o d a k ' ~  (October, 1970) tests on the current product. 

5.1 Dose Rates to ATM Film 

The dai ly dose rate to each ATM fi lm i s  given i n  Table 5.2. The GCR component, 

10 mrad/day, should be added to each value as indicated i n  the table. A constant 

value i s  used for GCR because the data of Section 3 indicate only a 16 percent 
2 

reduction within a 50 gm/cm shield as compared with 1 gm/cm2 shield. The "day" 

numbers at the top of each column refer to the timeline days i n  Table 5.1, from which 

camera location may be obtained. The daily dose rates range from 30 to 1 10 mrad/ 

day depending upon camera type and location. During the actual mission, the cameras 

w i l l  be removed from the ATM to the CSM several days before that indicated i n  

Table 5.1. This procedure w i l l  result in  lower dose and film damage than indicated 

for each camera. Appropriate adjustments may be made with the aid of the data i n  

Table 5.2. 

The dai ly radiation fogging rate to each ATM film i s  given i n  Table 5.3. Again, 

the GCR component i s  listed separately and should be added to other values. The 
-4 -3 

approximate range of fogging values i s  from 1.2 x 10 to 1.7 x 10 per day. 

The relative importance of each radiation component-trapped protons, trapped 

e!ectrons, bremsstrah!ung, and GCR-may be estimated from the values s f  Table 5.4. 

Here, the percent o f  total dose rate and fogging rate, by component, i s  shown for 



Load 1 

30-58 58-61 

HAO, 826-02 47.1 23.0 

ASE, Pan-X 35.5 26.3 

GSFC, 50-114 45.0 28.8 

H-AB-PHA 1, SO-101 45.8 27.9 

NRL-A, 804--06 98.7 34.5 

NRb-63, 104-06 66.1 28.8 

Load 2 

30-58 58-120 120-148 148-179 

28.5 47.2 47.1 23.0 

27.5 35.5 35.5 26.3 

26.4 26.4 45.0 28.8 

66.2 66.2 45.8 27.9 

21.9 21.9 98.7 34.5 

22.6 22.6 66.1 28.8 

Load 3 

30-58 58-120 120-148 148-1 76 11 76-1 78 

26.3 29.0 29.0 47.8 23,O 

27.0 28.3 28.3 35.5 26.3 

24.8 26.5 26.5 45.0 28.8 

66.3 66.3 67.1 45.8 27,9 

22.2 22.2 22.5 98.7 M,5 

23.6 23.6 23.6 66.1 28,8 

Load 4 GCR - A l l  Loads 

30-120 120-148 148-176 176-210 210-266 266-269 

HAO, 026-02 21.2 21.2 21.3 47.2 47.1 23.0 10. 

ASE, Pan-X 20.3 20.3 20.3 35.5 35.5 26.3 10. 

GSFC, SO-1 14 22.5 22.5 22.6 22.6 45.0 28.8 10. 

H-ALPHA 1, SO-101 67.2 68.0 70.5 70.5 45.8 27.9 10. 

NRL-A, 104-06 98.7 34.5 10. 

NRL-B, 104-06 66.1 28.8 10. 



Load 1 

30-58 58-61 

HAO, 026-02 1.29-3 6.39-4 

ASE, Pan-)( 9.67-4 7.33-4 

GSFC, SO-114 1.23-3 8.04-4 

H-ALPHA 1, SO-101 1.01-3 6.11-4 

NRL-A, 104-06 3.70-4 1.34-4 

NRL-B, 104-06 2.48-4 1.12-4 

Load 2 

30-58 58-120 120-148 148-175 

7.92-4 1.30-3 1.29-3 6.39-4 

7.66-4 9.67-4 9.67-4 7.33-4 

7.37-4 7.37-4 1.23-3 8.04-4 

1.45-3 1.45-3 1.01-3 6.11-4 

8.53-5 8.53-5 3.70-4 1.34-4 

18.77-5 8.77-5 2.48-4 1.12-4 

Load 4 GCR - Al l  Loads 
30-120 120-148 148-176 176-210 210-266 266-269 

HAO,, 026-02 5.97-4 5.97-4 5.98-4 1.30-3 1.29-3 6.39-4 2.79-4 

ASE, PAN-X 5.69-4 5.69-4 5.70-4 9.67-4 9.67-4 7.33-4 2.79-4 

GSFC, $0-1 14 6.28-4 6.28-4 6.30-4 6.30-4 1.23-3 8.04-4 2.79-4 

H-ALPHA 1, SO-101 1.47-3 1.48-3 1.54-3 1.54-3 1.01-3 6.11-4 2.19-4 

NRL-A, 104-06 

NRL-B, 104-06 
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TABLE 5.5: TOTAL DOSE A N D  RADIATION FOGGING WITH GCR 

Dose - Rad 

Load 1 Load 2 Load 3 Load 4 

H A 0  1.63 7.18 6.15 9.73 

AS E 1.30 6.19 5.79 8.55 

GSFC 1.57 5.93 5.83 8.96 

H-ALPHA 1 1.60 9.52 10.6 17.3 

NRL A 3.08 7.19 6.89 6.12 

NRL B 2.16 6.18 6.12 4.29 

Fogging Density 

Load 1 Load 2 Load 3 Load 4 

.045 .I98 .I71 .270 

.036 .I71 .I61 .237 

.044 .I65 ,163 .249 

.035 -208 .232 .378 

.012 .028 .027 .023 

.008 .024 .024 .a17 



The specified fogging density tolerance level for the other ATM films i s  0.200. 

The proton dose rates to Pan-X type films in  storage (HAO, AS&E, GSFC) have 

generaily declined, but the inclusion of electrons and bremsstrahlung, coupled 

with a 23 percent increase in sensitivity due to using a more exact computational 

technique, has increased radiation damage to these films. For the H-ALPHA 1 

film, decreased shielding and increased sensitivity as shown by the Martin-Marietta 
17 

data alsocombine to increasefilmdamage. 

Load 1 damage increases are generally due to increased sensitivity. For other loads, 

the increased sensitivity i s  partially compensated by better MDA shielding except 

for H-ALPHA 1 cameras. 

The over-tolerance values shown for several load 4 cameras in Table 5.6 merit 

special attention. For the H A 0  load 4 camera, the dose rate in  storage and on the 

ATM i s  now lower than in  a previous study. The number of  days i n  orbit has been 

reduced by 16. Yet the total dose i s  higher (9.70 vs 9.56 rad) due to 34 days on 

the spar during unmanned operation and an additional 28 days on the spar during 

SL-4. The radiation fog rose from .203 to ,270 primarily due to increased film 

sensitivity. 

For the AS&E load 4 camera, the same considerations apply. The total dose fell 

from 9.89 to 8.53 rad; yet the radiation fog rose from .210 to .237,primarily due 

to increased film sensitivity. 

For the GSFC load 4 camera, the dose rate i n  storage fell while the dose rate on the 

spar rose. The total dose fell from 9.24 to 8.94 rad. The radiation fog increased from 

.I96 to .249, primarily due to increased film sensitivity. 



TABLE 5.6: COMPARISON O F  LOAD 4 RESULTS FOR HAO, AS&E, AND GSFC 

1970 Values Present Values 

Dose 
Rad 

Dose Rate 
Rad/Day Days 

Dose 
Rad 

Dose Rate 
Rad/Day Days 

GCR 236 GCR 252 

Fog = .203 Fog = .270 

GCR 252 GCR 236 

Fog = .210 Fog = .237 

GCR 252 GCR 236 

Fog = .I96 Fog = .249 



The computed fogging for H A 0  load 1 i s  0,045, up from 0.036 in the June, 1970 
8 

r e p r t  dare to increased sensitivity, The computed value for H A 0  isad 2 i s  0.198, 

up from 0.145 a year ago. Most of  the uncompensated increase i s  due to an additional 

62 days dwell time on the ATM spar including unmanned operation; a smaller part 

i s  due to use of the Apollo Block I I  CSM geometry model which has slightly less 

protection than the simple model used earlier. The computed value for H A 0  load 

3 i s  0.171, up slightly from the previous estimate of 0.155, due to bremsstrahlung 

and electrons. H A 0  load 4 i s  over tolerance at 0.270, up from 0.203 a year ago. 

Half the uncompensated increase i s  due to 34 days on the spar during unmanned operation 

plus 56 rather than 28 days on the spar during SL-4. Most of  the remaining increase 

i s  due to bremsstrahlung and electrons. 

The ASE load 1 radiation fogging estimate rose from 0.028 to 0.036, primarily due 

to increased film sensitivity. The ASE load 2 estimate rose from 0.149 to 0.171 due 

partly to unmanned operation and higher CSM levels. The ASE load 3 estimate rose 

s l  ightl y from 0.153 to 0.161 . The ASE load 4 estimate rose from 0.21 0 (over tolerance) 

to 0.237, partly due to 62 days additional stay time on the ATM spar during SL-4 

and unmanned operation. 

The GSFC load 1 radiation fogging estimates rose from 0.023 to 0.044 due to mis- 

cel laneous causes. The GSFC load 2 estimates rose from 0.133 to 0.165, partly.due 

to the new CSM model plus inclusion of the electron and bremsstrahlung components. 

The GSFC load 3 estimates rose from 0.136 to 0.163, The GSFC load 4 estimates rose 

from 0.196 to 0.249, partly due to longer stay time on the ATM spar. 

The four H-Alpha 1 cameras exhibit greatly increased fogging level estimates compared 

to the previous study. Three loads are now over tolerance. The reasons for the 

dramatic increase in  W-Alpha 1 film damage estimates are detailed below. 



9 8 
Previous estimates were based upon Chrysler data which indicated the ratio o f  

50-392 fogging to 50-375 fogging is 2,3 for cobalt-60 gamma rays, The present 
17 

estimates use recent Martin-Marietta data giving a ratio of 9-1, an increase of 

35 percent in  film sensitivity, Table 5.7 compares previous estimates, previous 

estimates corrected for higher radiation sensitivity, and present estimates. Note 

that the previous results are approximately a factor of  hvo lower than the present 

results even with the new film sensitivity taken into account. 

The H-Alpha 1, load 1 results indicate that the revised ATM configuration and 

inclusion of  bremsstrahlung, raises fogging levels by 0.02 for a 28 day dwell time 

on the spar. This information implies that 0.07 to 0.11 of the fogging density increase 

takes  lace in the MDA vaults or CSM for loads 2, 3, and 4, Less than 20 percent 

of the increment can be attributed to bremsstrahlung; the greater part i s  due to the 

removal of  two massive NRL load 2 cameras and their cannisters from vault 4. This 

act causes greatly increased dose and fogging rates i n  the thin-wal led vault over a 

90 to 146 day period for H-Alpha 1 camera loads 2, 3, and 4. 

The CSM dose rates are overestimated because of the simple configuration used here 

as sketched i n  Figure 5.5. The planned return configuration places the NRL cameras 

against the flat (ablative shield) side with 25 pound pound bags strapped on top. 

The other ATM cameras are packed into a locker whose minimum wall thickness i s  

.050 inches aluminum. Other film magazines are placed atop the ATM cameras. 

Thus, the actual configuration provides more shielding and the dose rates should be 

at least 20 percent lower than the CSM dose rates quoted in  this section. The 

reduction i s  most significant to load 2 films which w i l l  be stored in the CSM over a 

28 day period. CSM storage should provide equal or better shielding than the MDA 

vaults. 





5.2 Status of the Radiation Hazard to ATM Fi lm 

1 ,  A l l  ATMI load 1 fogging estimates are below specified tolerance l imi ts by factors 

of 4 to '$* 

2. The load 2, 3, and 4 NWL fogging estimates are below specified tolerance 

l imi ts by factors of 1.8 to 3. This conclusion i s  based upon resuppiy of load 

4 and relocation of load 2 to MDA vault I .  

3. The HAO, ASE, and GSFC fogging estimates for loads 2 and 3 are slightly below 

specified tolerance limits with safety margins ranging from 1 to 20 percent. These 

margins are significantly smaller than computational uncertainties (factor of  two). 

4. The HAQ, AS E, and GSFC fogging estimates for load 4 are above specified 

tolerance limits by 19 to 35 percent. 

5. The H-Alpha 1 fogging estimates for loads 2, 3, and 4 are above specified tolerance 

limits by 4 to 90 percent. Part of  a l l  of the excess fogging may be eliminated by 

putting massive components in  vault 4. 

6. Significant, unanticipated changes in  the radiation sensitivities of several film 

types have occurred over a four year period. Samples of film to be flown aboard 

Skylab should be periodically sampled up to the procurement date. 





6.0 OW5 FILM RADIATiOM DAMAGE ANALYSES 

A l l  Skylab films not specifically assigned to the ATM w i l l  be termed ""OWS films" 

in this report because they are usually stored in the OWS vault when not i n  use. 

Detailed time lines, operational modes, and radiation fogging tolerance criteria 

were not available to Lockheed during the present study. Therefore, daily dose 

and fogging rates at several locations are given. The user may combine these data 

wi th his own timeline i n  order to compute total radiation damage to individual 

experiment films. 

The results of  the OWS vaul t study are given in  Section 6.1. Results for the TO27 

and S 190 operational locations are given in  Sections 6.2 and 6.3, respectively. 

6.1 OWS Vault Analysis 

A sketch of the OWS aluminum vault i s  shown in  Figure 6.1. The center-hinged 

doors are removed for clarity. The top i s  0.25 inches thick and the bottom i s  3.4 

inches thick. The side walls, back, and doors are stepped so that, i n  conjunction 

with several internal dividers, varying amounts of  shielding surround groups o f  

drawers. Drawers A and G are protected by at least 0.25 inches aluminum. 

Drawers 8, C, D, H, and I are protected by at least 1.9 inches aluminum. Drawer 

J i s  protected by at least 2.9 inches aluminum. Drawers E, F, K, and L are protected 

by at least 3.4 inches aluminum. 

The drawer contents are shown in Figure 6.2 a-e. Above each sketch i s  a label 

showing the mission, drawer, minimum shield thickness, and drawer height. The 

location of individual film magazines i s  shown inside the drawer. Each magazine 

has three labels. The first indicates the experiment for which i t  i s  intended; the 

second, the film identification; and the third, the number of days i n  orbit. The 

latter value i s  not necessarily equal to the number of days in  the vault. 



0.2%" 11 Thickness 



S L- 9 /2 
Drawer A, 0.25" "Shielding, 4.5" bight 

Sk-3  & S L . 4  
Drawer A, Q.25'YShieldin~, 6.5" b i g h t  

SL-1/2 & SL-3 
Drawer B, 1 .9" Shieldins, 6.5" I-leiaht 

SL-4 
Drawer B, 1 .9" Shielding, 6.5" Height 

FIGURE 6,2a: MAGAZINE ARRANGEMENT 



Dmwer C ,  1 .9" Shielding, 6.5''  Height 

SL-4 
Drawer C, 1 .9" Shielding, 6.5" Heiaht 

FIGURE 6,2b: MAGAZINE ARRANGEMENT 



SL-4 
Drawer D, 1.9" Shie ld ing ,  8.0" Height 

SL-3 
Drawer D, 1 -9" Shielding, 8 .ON Height 

* P I 0  Fi lm 

"$10 F i l m  

FIGURE 6,i lc: MAGAZi NE ARRANGEMENT 





Sh-1/2, 
Drawer F, K ,  & b 

SL-3, & SL-4 
Dmwer F, K, & b 

3.4" %Shielding, 7.0" "Height 

FIGURE 6.2e: MAGAZINE ARRANGEMENT 



Seven different types o f  f i l m  magazines, cassettes, and canisters are modeled and 

reproduced i n  sufficient quantity to f i l l  the requirements shown in Figure 6.2. 

Canisters K and M for experiments SO98 and 5183, respective1 y ,  are assumed to be 

identical, Canister L for SO20 i s  omitted because i t  w i l l  not remain i n  the vault 

very long, A large block o f  nuclear emulsion for SO09 i s  omitted for the same reason. 

Magazine type B for experiments M151, M487, M508, M509, TO1 3, T020, and 

others has .078" magnesium wal Is. Other magazines are made o f  aluminum. 

The numbered asterisks i n  Figure 6.2 identify the el even detector locations studied. 

Detectors are located 0.1" from the f i lm outer surface. A number o f  runs were 

made in  order to simulate vault  loading during major mission segments. 

Dai ly dose rates, excluding GCR, a t  the 11 detector positions are shown i n  Table 

6.1. The first column shows dose rates i n  an empty vault. Subsequent columns 

identify Mission SL 1/2, S 1  (first unmanned storage period), SL3, S2 (second 

unmanned storage period), and SL4. Approximately 10 mrad/day should be added 

to each valueto account for the GCR contribution. The blank spaces i n  Table 6.1 

indicate that the associated f i lm magazine i s  not present during that mission segment. 

Film locations within the vault and fi lm types assigned to experiments are not yet 

frozen. To illustrate this point, i t  might be noted that many o f  the f i lm locations 

were changed before the geometry model was completed. Moderately accurate 

dose rate estimates may be derived for new configurations from Table 6.1. 

Film fogging estimates for various films i n  new configurations are more di f f icul t  

to estimate without extensive data. For this reason, net radiation fogging density 

change values for 8 black and white films and 4 color films are given i n  Table 6.2. 

For the color films, net density changes are given in 4 spectral regions; visible, red, 

greeni and blue, 





Empty 
Vault 

(without GCR) 

EmpV 
Vau l t 

2.53-2 
2.13-2 
7.28-3 
8.00-3 
4.60-3 
4.10-3 
4.48-3 
4.19-3 
4.23-3 
4.16-3 
4.08-3 



TABLE 6.2 (Continued) 

Detector 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Empty 
Vault 

7.03-3 
5.91 -3 
2.06-3 
2.26-3 
1.30-3 
1.15-3 
1 -26-3 
1.18-3 
1.19-3 
1.17-3 
1.15-3 

Empty 
Vault 

SWR (104-06) 



TABLE 6.2 (Continued) 

SO1 68 Visible 50168 Red 

Detector 
Empty 
Vault 

1.88-2 
1 .58-2 
5.44-3 
5.97-3 
3.42-3 
3.04-3 
3-32-3 
3.11-3 
3,, 14-3 
3,, 09-3 
3 ., 03-3 

SO168 Green 

Em P ~ Y  
Vault 

SO168 Blue 



TABLE 6.2 (Continued) 

SO368 Visible 

SO368 Green 

Empty 
Vault 

5.60-3 
4.70-3 
1 .64-3 
1.80-3 
1.03-3 
9.13-4 
9.98-4 
9.33-4 
9.43-4 
9.27-4 
9.08-4 

SO368 Red 

SO368 Blue 



TABLE 6.2 (Continued) 

S O 1 8 0  Visible S O 1 8 0  Red 
Empty 
Vault SL 1/2 

S O 1 8 0  Green 

Empty 
Vau I t 

S O 1 8 0  Blue 



TABLE 6.2 (Continued) 

SO121 Visible 

Em P ~ Y  
Detector Varrlt SL 1/2 S1 SL3 5 2 S L4 

SO121 Green 

Empty 
Vault 

SO121 Red 



6.2 TO27 Analysis 

The TO27 experiment i s  to be extended on an 98 foot b o m  through the Scientific 

Airlock (SAL). The camera i s  mounted adjacent to the optics housing on the end 

of the bom.  The experiment i s  modeled on the sunside SAL. A second geometry 

model simulates the experiment and boom withdrawn into the PAL with the door 

closed for temporary storage. 

The exposed location of the TO27 camera causes i t  to be subjected to high radiation 

levels unless i t  i s  retracted at certain times. Experimental constraints and crew 

availability may preclude frequent retraction so an auxiliary shield i s  placed around 

four sides of  the camera (excluding lens and optics housing sides) for partial protection. 

The shield layers from inside to outside are lead, aluminum, and polyethylene. 

Several shield configurations are considered. 

The TO27 film type i s  Kodak 2485, a change from Kodak 3403 as indicated i n  Figure 

6.2a, Drawer A, o f  the OWS vault. 

The daily dose rates and radiation fogging rates on the boom and withdrawn into 

the SAL are given in  Table 6.3. Fogging rates pertinent to TO27 are given for Kodak 

2485 and 3403 films. The SWR fogging rate i s  included so that approximate estimates 

may be made for other PAL experiments using slower film. Note that GCR i s  not 

included in this table. 

An experiment timeline i s  not available for purposes of estimating total film fogging. 

An example wi l l  be worked to illustrate the method that may be used in  conjunction 

with a timeline. 

Assume the total 9.027 f i lm magazine tim& in orbit i s  29 days, of which 26 days are 

spent in  the film vault. bet a fraction of a day be spent on the boom, and the remainder 



TABLE 6.3: DOSE AND FOGGING RATES FOR TO27 FILM 

(without GCR) 

On Boom 

P e Brem Total 
Dose Rate - Rad/Day 

Within SAL 
P e Brem Total 

S Rield-Inches 
Pb Al Poly 

S 0 - 1 66 (2485) Fog 
~ o y - '  

3403 Fog 

Day-' 

Pan X 3400 Fog 
Day-' 

SWR Fog 
Day-' 



of a three day period in the SAL. Assume the b o m  stay time encounters several 

proton pulses totaling 36 percent of the daily average, and that the same Fraction 

appl ies to electrons. Finally, assume the boom-mounted camera i s  unshielded. 

The radiation environment in  the vault should be similar to that of detector 2. 

Thus, fogging to Kodak 2485 in the vault due to trapped radiation would approximate: 

26 x .0174 (from Table 6.2) = 0.425. 

Fogging on the boom is: 

0.3 x .339 (from Table 6.3) = 0.102. 

Fogging in the SAL is: 

2.7 x .0490 (from Table 6.3) = 0.132 

The total without GCR i s  0.686. 

GCR fogging may be approximated by assuming the fogging per unit dose i s  equal 

to that for trapped protons. At vault detector 2 a dose of 0.0238 rad produces a 

fog of 0.0174 in  Kodak 2485, with trapped protons dominating. The GCR dose rate 

i s  .010 rads/day. For 29 days, the GCR fogging i s  approximately: 

The total fog i s  then 0.898. 

Moving the TO27 magazines to Drawer E (detector 6) would reduce the OWS vault, 

trapped radiation fog from 0.425 to: 26 x .00721 = 0.187. The total fog would 

then be 0.660. 

I f  the SAL residence time i s  reduced by two days and the vault time (Drawer E) 

increased by two days, the fog would be reduced by: 

2 x (.049 - .00721) =: .0836 

The tota! fog wou id then be 0,577. 



The minimum fog achievable is for 29 days i n  Drawer E: 

29 x (,00721) + .212 (GCR) = 0.421. 

Half the minimum achievable fog i s  due to GCR whose radiation response function 

i s  uncertain, 

6.3 S190 Analysis 

The S190 experiment contains six cameras mounted at  an optically flat window within 

the MDA. Three cameras are mounted along the top of  the window (CSM end) and 

three are mounted along the bottom. Relative to an observer within the MDA, film 

fogging i s  computed for the lower left, lower center, and upper center cameras. 

The dose rates to these films are, respectively, 0.0606, 0.0693, and 0.0555 rad 

per day. At their storage location within the OWS vault (detectors 7 through 11) 

the dose rates range from 0.00642 to 0.00940 rad per day according to Table 6.1 . 
The GCR dose rate of 0.010 rad per day should be added to these values. 

The daily fogging rates at the MDA window are given i n  Table 6.4. 



TABLE 6.4: DOSE AND FOGGING RATES AT S190 OPERATING LOCATION 

(without GCR) 

Lower Left Lower Center Upper Center 

Dose Rate - ~ a d / ~ a ~  6.06-2 5.93-2 5.55-2 

- 1 
Fogging Kate -- Day Visible Red Green Blue Visible Red Green Blue Visible Red Green Blue 

" Proposed for use. 



9.0 PROTON SPECTROMETER 

The Proton Srrectrowteter (PS) i s  designed to detect energetic probns and electrons, 

and to give a measure of the spectral characteristics of each component. The 

instrument i s  unusual in that i t  i s  sensitive to protons with energies up to 400 MeV, 

whereas most earl ier measurements cut off  at 100 to 200 MeV. Film damage in  

heavily shielded regions such as the OWS vault i s  due largely to protons whose 

init ial energy lies between 200 and 400 MeV. The object of this effort i s  to 

determine whether PS data taken early in  the mission can be used to correct 

prefl ight dose and damage estimates. 

Proton environment data i s  provided by J. J. Wright and M. 0. Burre11.~ A 235 

n.mi. circular orbit inclined at 50 degrees was selected. The starting point i s  

0 degrees latitude, 0 degrees longitude. The init ial direction i s  approximately 

northeast. The position i s  calculated at intervals of 62.4 seconds over a time 

period of  6 days, 10 hours. Proton flux data for this orbit i s  shown in Section 3. 

At  each point, several parameters are calculated and punched on cards i f  the proton 
2 

flux above 50 MeV i s  greater than 3 protons/cm - sec. A total of 701 points satisfy 

the criterion. 

Each punched card contains the following data. 

o Time - T 

o Altitude - H  

o Latitude - 43 

o Longitude - 6 
o Three components of the magnetic field vector in earth spherical coordinate 

system - Br, Be, Bp 

o Proton flux above SO MeV - $ ( 2 50) 

o Proton spectral parameter - E ' 



The integral profon flux above energy E is: 

This expression i s  differentiated to permit evaluation of the proton flux, differential 

i n  energy, at 9 energies ranging from 20 to 400 MeV. The intermediate energies are 

chosen to provide equal logarithmic energy intervals, thus approximating the 8 energy 

bin format of  the PS. 

The approach outlined below examines the possibility of correlating the measured 

environment with the Vette model environment. I t  provides no corrections for uncer- 

tainties in  radiation transport techniques, geometry models, and film damage functions. 

Furthermore, i t  does not test the val idity of the isotropic flux assumption used in  the 

transport calculations, though i t  could be extended to include and correct that assumption. 

A large part of the radiation-induced f i  lm damage i s  expected to be caused by protons 

in  the South Atlantic magnetic anomaly. The protons are confined to pitch angles which 

l ie within 30 degrees of the plane perpendicular to magnetic field lines. This distribution 

comprises 34 percent of the total solid angle about a point. The PS has an acceptance 

cone with a 22.5 degree half angle, which corresponds to 3.8 percent of the total 

solid angle. I t  i s  necessary to correlate the PS axis with the local field line direction 

and flux intensity in  order to account for proton anisotropy and instrument directionality. 

A newly written computer program, FOPSO (Flux Observed by Proton Spectrometer in 

Orbit) , performs several manipu lations on the environment data. The vector components 

of B are transformed from an earth-rotating spherical to a Cartesian coordinate system. 

A second transformation i s  applied to convert to an arbitrary celestial Cartesian 

coordinate system which i s  fixed relative to distant stars. 



The direction sf' the PS axis in this celestial coordinate system i s  changiw Lay less 

than one dwree per day due to the earth revolving a b u t  the sun once per year, 

A time-dependent transformation accounts for this correction. The above assumption 

neglects pitch, roil, and yaw drifts of the Skylab. 

The cosine of the angle between the PS axis and the field l ine B i s  computed from 

the scalar product of unit vectors along these directions. A table look-up then 

determines the fraction of the omnidirectional proton flux within the acceptance 

cone of the PS, assuming azimuthal symmetry about the f ield line. The  itch angle 

distribution i s  represented by a gaussian with deviation equal to 7.5 degrees, according 
7 

to the data of Heckman and Nakano for an altitude of 364 km, 

Appropriate integrals over time and energy are performed to yield total and PS- 

intercepted proton flux, differential i n  energy, as well as total and PS-intercepted 

flux i n  8 energy bins. 

Resul ts 

The Skylab orbit encounters protons i n  the South Atlantic anomaly. A check was 

made to determine the adequacy of the magnetic field model i n  this region. The 

basic representation used in  the study i s  a 48 term spherical harmonic expansion for 

1960. A partial recalculation was made with a 100 term expansion for 1965. The 

PS responses agree within 3 percent. I t  i s  concluded that no improvement would 

result by going to a higher order spherical harmonic expansion of the geomagnetic 

field. 

The effect of ini t ia l  pointing direction upon PS response during a 6 day, 10 hour period 

i s  shown in Figure 7.1. The coordinates are latitude and longitude of the ini t ia l  

orientation i n  the arbitrary celestial system described above. A southward drift of 

one degree per day is assilmd. 



Coordinates are latitude and longitude in  an arbitrary 
celestial system. A one degree per day southward drift 

7 i s  assumed. Values are counts in  units of 10 . 

FiGURE 7. i: CONTOUR MAP OF PROTON SPECTROMETER TOTAL COUNTS 
DURING A 6.5 DAY PERIOD AS A FUNCTION OF INITIAL 
P81NVlNG DIRECTION 



At the south longitude i s  incremsnted by 188 degrees and the drift is continued 

in  a mrthwcard direction, 

Approximately 4QQ cases have been processed. Based upon these data, contour 

lines of PS total counts from 20 to 400 MeV are shown. The total flux i n  this 
7 2 

interval i s  86.0 X 10 protons/cm . 

Computed response of the instrument varies from 0.25 percent to 8.4 percent of the 

total environment during the 6-1/2 day period. Expected cluster dr i f t  from the 

desired orientation i s  not presently available, but could be as large as 30 degrees 

between attitude corrections. Such a drift could change PS response significantly. 

I t  therefore appears necessary to correlate PS orientation with its response during 

anomaly passes. 

Can the PS response, correlated with cluster orientation, be used to correct preflight 

dose predictions? Additional information i s  necessary to answer this question. i n  

lightly shielded locations such as a boom-mounted camera outside the Scientific 

Airlocks, incident protons below 100 MeV dominate. I n  heavily shielded locations 

such as part of the OWS vault (3.4" Al), incident protons between 200 to 400 MeV 

dominate. The proton spectrum within the acceptance cone of the PS as a function 

of init ial pointing direction w i l l  be compared to the omnidirectional spectrum in  

order to provide guidance i n  answering the above question. 

The top curve in  Figure 7.2 shows the omnidirectional flux from 20 to 400 MeV 
7 2 

corresponding to 86.0 x 10 protons/crn . The other curves show the spectrum 

entering the acceptance cone for five init ial pointing directions. Three curves, 
7 2 

labeled 7.3, 4.0, and 2.3 x 10 p/cm , exhibit the same spectral shape possessed 
7 2 

by the omnidirectional Flux. At 1.2 and 0.23 x 10 p/cm , the spectrum i s  softer. 

The relative number of protons in eight energy intervals I s  showr? In Figure 7.3  for 

the two extreme eases. Note that the numbers sf protons above 275 MeV which 

enter one nagpe s f  the acceptance cone per unit area differs greatly in the k o  cases, 



lntegredi Fluxes Beheen  20 and 4610 

MeV are in Units of  10 

I00 200 300 406 

Energy - MeV 

GURE 7 * 2 :  PROTON SPECTRUM ENTER! NG THE ACCEPTANCE 
CONE OF THE PROTOM SPECTROMETER 

9'8 



Energy - MeV 

FIGURE 7.3: SPECTRAL SHAPE FOR W O  INiTiAb PB%NTING DlRECTICSNS 



o Hard spectrum 
7 6 

2.Fh of 7.4 x 10 = 2 , l  x 10 protons 

o Soft spectrum 
7 3 

0.2%of 0 . 2 3 ~  10 ~ 4 . 6 ~  10 protons 

Dr. Vette's warning against using results from his trapped radiation belt environment 

models to prove hypotheses concerning the trapped radiation be1 ts should be kept in 

mind i n  analyzing the results presented above. The radiation be1 t models ~ r o b a b l ~  

give good estimates of the trapped proton omnidirectional flux below 200 MeV in  

the S kylab orbit as evidenced by insensitivity to the magnetic field representation 

and good (20 percent) agreement at peak fluxes with prel iminary results of a recent 
3 

Air Force experiment. However, data above 200 MeV are sparse and computed 

results should be regarded with caution. 

Two approximations are peculiar to the present analysis. Both arise from the necessity 

of converting omnidirectional flux to flux differential in angle. First, an energy- 

independent pitch angle distribution i s  chosen. The distribution i s  a Gaussian of the 
2 2 

form f(X) = exp (-x /6 ), where X i s  the angle from the plane perpendicular to the 

local f ield line and d i s  7.4 degrees from the work of Heckman and ~ a k a n o ~  at 364 km. 

Second, the east-west asymmetry i s  neglected. This asymmetry i s  due to the fact that 

protons moving east in  the South Atlantic mirroring region have their guiding centers 

at higher altitudes and are less attenuated by the atmosphere. At 364 km, the eastward- 

traveling flux above 60 MeV i s  a factor of  2.3 larger than the westward-travel ing flux, 

and the ratio i s  strongly dependent upon energy. The effect should be markedly less 

at 436 km (235 n.mi .) because the atmospheric scale height i s  62 km. 

The first approximation above tends to steepen the gradient of the proton flux contours 

in Figure 7.1. The second approximation i s  more serious, I t  leads to a false near- 

symmetry about the origin and distorts the spectrum somewhat for the 6-1/2 day period 

sampled. 



With the above cautions in mind, several conclusions may be drawn. 

1. Over the eight month duration o f  the mission, al l  orientations s f  the PS axis with 

respect to the field lines in high flux regions w i l l  be well sampled. A good omni- 

directional spectrum may then be derived from the data. 

2. For sample periods less than approximately two months, corrections to the proton 

flux environment model w i l l  require correlations between local f ie ld lines and 

PS attitude, as well as position. 

3. For sample periods less than one month, an additional condition i s  necessary before 

the desired analysis may be performed, i.e., the PS axis must be aligned nearly 

perpendicular to local field l ines during several passes through the high-flux 

region. This condition may be met by fortuitous happenstance, by deliberate 

cluster reorientation, or by sampling over a longer time period. 

4. Care should be used in interpreting experimental spectra which may be distorted 

by the east-west asymmetry. The two low-energy bins (20 - 45 MeV) should not 

exhibit this effect because the gyroradius of these protons i s  small. The two high- 

energy bins (190 - 400 MeV) should see minimal east-west asymmetry because the 

PS samples both nappes of the acceptance cone above 200 MeV. The four inter- 

mediate-energy bins may exhibit the east-west effect noticeably. 

5. PS data taken during the first week or two of the SL- I  mission may be used to 

correct preflight estimates of film damage provided that favorable cluster attitude 

i s  achieved and ri detailed data  analysis i s  performed in neor-real -time. 





APPENDIX 

An experimental study of radiation effects to 113 Skylab candidate film types has been 

conducted by Mr. Richard R. Adams, Langley Research Center, NASA. Mr. Adams' 

results were not available in time to be incorporated into the present study. A portion 

of his data are included in this Appendix at the request of the Contracting Officer's 

Representative for the benefit of the Skylab film-using community. As Mr. Adams 

notes, these data are preliminary i n  nature. 
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SUMMARY 

The a t tached  d a t a  represents  the  p r e l  i m i n a r y  r e s u l t s  o f  an 
i n v e s t i g a t i o n  conducted by  the  Lang ley  Research Center i n  
response to  a request  by  t h e  M a r s h a l l  Space Fl i g h t  Cen te r  
(SbE-ASVN-D I W-70-445) i n  suppor t  o f  Sky1 ab. The photograph ic  
e f f e c t s  of i o n i z i n g  r a d i a t i o n  have been determined For 13 OWS 
cand ida te  f i l m  types  l i s t e d  i n  t h e  s u m a r y  t a b l e .  

* 
The da ta  i s  cons ide red  r e p r e s e n t a t i v e  o f  those samples t e s t e d  
under i d e n t i c a l  exposure, p rocess ing ,  and readout c o n d i t i o n s  
w i t h i n  t h e  1 i m i t a t i o n s  ou t1  ined below. The t e s t  f i l m s ,  
o b t a i n e d  from t h e  most r e a d i l y  a v a i l a b l e  sources, were n o t  
n e c e s s a r i l  y  r e p r e s e n t a t i v e  o f  t h e  manufacturers b e s t  p roduc t ,  
s i n c e  i n  many cases t h e i r  p rev ious  h i s t o r y  i s  unknown. 

Gamma-ray exposures were made a t  about  1 r a d  ( i n  a i r )  p e r  
hour  on t h e  Lang ley  ~ o - 6 0  Sensi tometer  and a r e  cons idered t o  
be accu ra te  t o  w i t h i n  2 lo%, a1 though a  photograph ic  comparison 
a g a i n s t  t h e  Eastman Kodak Co-60 f a c i l i t y  agreed t o  b e t t e r  than 
1 5 % .  

't 

P ro ton  exposures were made u s i n g  t h e  e x t e r n a l  beam o f  t h e  
Harvard  U n i v e r s i t y  Cyc lo t ron*  and t h e  medica l  c o l  1 imator .  
Pro ton  doses a r e  cons idered t o  be accu ra te  t o  9-8% o r  50.05 rads 
i n  a i r ,  whichever  i s  g r e a t e r ,  and have been c o r r e c t e d  f o r  
s l  i g h t  beam i n t e n s i t y  n o n - u n i f o r m i t y .  

L i g h t  exposures were made us ing  t h e  Lang ley  Sensi tometer a t  an 
exposure t ime  o f  1/10 second. I tS imu la ted  Day1 igh t I t  i s  i n t e r p r e t e d  
as 2850 degree K e l v i n  tungs ten  l i g h t  modulated by  a  Corning 
5900 f il t e r  p o l  ished t o  a  th i ckness  o f  4.50 m i l  1 imeters .  
Photop ic  i n t e n s i t y  measurements o f  t h e  1 i g h t  source were 
repea tab le  t o  t h e  e q u i v a l e n t  o f  1 / 6  o f  an f / s t o p  and a r e  
cons idered accu ra te  t o  w i t h i n  1 / 3  o f  an f / s t o p  a t  t h i s  w r i t i n g .  
l n t e n s i  t i e s  were v a r i e d  by  the  use o f  c a l  i b r a t e d  a p e r t u r e s  
r a t h e r  than n e u t r a l  d e n s i t y  f i l t r a t i o n .  

Co lor  f i l m  types  A , F , H , I , J ,  and K were processed by t h e  Manned 
Spacecraf t  Center  Photographic  D i v i s i o n  as s p e c i f i e d .  ' A l l  
remain ing b lack -and-wh i te  emu1 s ions  were s e n s i t o m e t r i c a i  I y  
processed a t  Lang ley  u s i n g  c o r m e r c i a l l y  prepared D-19 deve loper  
and a  3 3  g a l l o n  sink-9 i ne  tank system w i t h  n i t r o g e n  a g i t a t i o n  
as s p e c i f i e d .  

Co lor  f i l m  d e n s i t i e s  were read u s i n g  a  McBeth TO-203 dens i tometer  
l o c a t e d  i n  t h e  Langley Photoqraphic  Branch th rough a*'% m i l l  i rneter 
a p e r t u r e  and "S ta tus  A t '  f i  1 t e r s .  Wepeatabi 1 i t y  between 
successive read ings  was no ted  t o  be w i t h i n  0.02 d e n s i t y  un i t$ .  
A comparison taken between d e n s i t y  readlnqs on a t e s t  s t r i p  a t  
MSC and Lang ley  agreed to w i t h i n  8,04 d e n s i t y  u n i t s  except f o r  
those read ings  t h r o u g h  the b l u e  f i l t e r  pack at d e n s i t i e s  g r e a t e r  
than u n i t y ,  where the b a n g l e y  readings were up to  O,O7 d e n s i t y  
units l o w e r  than those o f  MSC, 

* Owned b y  t h e  U,S=  O f f i c e  o f  k v a l  Research and ope ra ted  b y  
t h e  Department o f  Physics,  Haavard U n i v e r s i t y ,  



B l  ack-and-wk i t e  dens i t i e s  weri  read on a McBetk TD- 16% 
dewsitometer t h r o u g h  a 2 m i 9  l i m e t e r  a p e r t u r e  and a 106 F i l  t e r .  
Repeatabil i t y  between success ive  r e a d i n g s  was aga in  w i t h i n  0,02 
d e n s i t y  u n i t s  and accuracy i s  cons idered t o  be 0-04 d e n s i t y  
u n i t s  a t  t h i s  w r i t i n g .  

Smooth curves  were sketched th rough p l o t t e d  p o i n t s  w i t h  t h e  
above F i m i t a t i o n s  i n  mind where a t  a l l  p o s s i b l e .  

D l  SCUSSION OF RESULTS 

The d i s c u s s i o n  which f o l  lows i s  t h e  r e s u l t  o f  a 1 tqu i ck - l ook8 t  
approach t o  t h e  a t t a c h e d  p r e l  im ina ry  da ta ,  t h e  o b j e c t  be ing  
t o  p o i n t  o u t  genera l  o v e r a l l  t r ends  between f i l m  types  and 
suggest a  r a t i o n a l e  f o r  these t rends .  F i n a l  da ta  a n a l y s i s  w i l l  
r e s u l t  i n  a t i g h t e n i n g  o f  t h e  c o n s e r v a t i v e  e r r o r  l i m i t s  used 
here  which h o p e f u l l y  w i l l  accentua te  t h e  no ted  t r e n d s  w h i l e  
exposing o t h e r  l e s s  obv ious  ones which may c o n t r i b u t e  t o  
Lang leys  p r imary  o b j e c t i v e  o f  reduc ing  the  photograph ic  e f f e c t s  

I 

o f  i o n i z i n g  space r a d i a t i o n .  

I t  has been found i n  a l l  cases ( w i t h  t h e  p o s s i b l e  excep t ion  
o f  SO-242, d iscussed l a t e r )  t h a t  o f  t he  t h r e e  r a d i a t i o n  types 
s t u d i e d ,  t he  Co-60 g a m a - r a y s  Mere the  most e f f e c t i v e  p e r  u n i t  
dose i n  p roduc ing  damage and t h e  55  MeV ro tons  t h e  l e a s t .  T h i s  
i s  c o n s i s t e n t  w i t h  p r e v i o u s  observa t  ionsP which a r e  e x p l a i n e d  
i n  terms o f  a l o c a l  i z e d  increased dose s a t u r a t i o n  e f f e c t  as the  
r a d i a t i o n  LET increases.  

The " s i n g l e  h i t i i  t h e o r y  p r e d i c t s  a  u n i t y  s lope a t  low n e t  
d e n s i t i e s  f o r  t h e  r a d i a t i o n  response curves ( l o g  n e t  d e n s i t y  versus  
l o q  rads i n  a i r )  and have been drawn as such w i t h i n  t h e  l i m i t a t i o n s  
d iscussed i n  the  summary f o r  a l l  types except  0, K, L ,  and M. 
Types K, L ,  and M depar t  measurabl y  f rom the  above toward g r e a t e r  
s lope and have been drawn a c c o r d i n g l y ,  t he  r a t i o n a l e  be inq  t h a t  
f o r  these s lower emu1 s ions  the  c o n s e r v a t i v e  e r r o r  l i m i t a t i o n s  
imposed a t  t h i s  w r i t i n g  were exceeded by a  t r e n d  toward a  
"mu1 t i p l  e  h  i tIt phenornenon2. The response cu rve  s lope .of t ype  D 
was found t o  be l e s s  than u n i t y  which p o s s i b l y  can be a t t r i b u t e d  
t o  fogg ing  o f  a  n t  g r a i n s  by the  n o n - d i r e c t i o n a l  n a t u r e  
o f  f l  uorescence produced by r a d i a t i o n  e x c i t a t i o n  o f  t he  UV 
ove rcoa t .  T h i s  i s  f u r t h e r  suppor ted by a  measureable d i f f e r e n c e  
i n  s lope  between the  CO-60 gamma- ray curve  and the  p r o t o n  curves ,  
w h i l e  f o r  a1 l o t h e r  types  no such s lope d i f f e r e n t i a l  was noted. 

Wi ley  i n t e r s c i e n c e  - 1969, pp 579-186 
:; '- P P Z ~ u f f ,  # , E , ,  Cleare, H,M, trrects o f  Proton Exposure on Severai  

Kodak 81 ack-and-wh i te  F i  l m s H  "Eastman Kodak internal Paper,  1968 



Another  general tendency, a1 tksuqh 1 e s s  apparent , has been 
no ted  and t h a t  i s  t ha t  the d i f f e r e n c e  i n  dose requ i red  ts 
produce  t h e  same photor j raphic  e f f e c t  f o r  the t h ree  r a d i a t i o n  
t ypes  s t u d i e d  increased ~i t h  increas ing f i l m  sensitivity, which 
m i g h t  be expected f r o m  cons iderat ions o f  r e a l t i v e  g ra in  s ize ,  
d is tance between gra ins ,  and localized s a t u r a t i o n  a s  p rev ious ly  
men t ioned. 

The ansmoly noted i n  SO-242 mentioned above has no t  been 
c l e a r l y  exp la ined a t  t h i s  t ime. I t  should be mentioned, however, 
t h a t  processing d i f f i c u l t i e s  l e f t  severe damage t o  the f i l m  
i n  l o c a l i z e d  areas, I t  was noted tha t  the Dmax measured between 
pro ton exposures was o f t e n  cons iderab ly  q rea te r  than t h a t  o f  the  
unexposed c o n t r o l .  Th is  appears t o  be the r u l e  ra the r  than the  
except ion f o r  reversal-processed emulsions. 

L i g h t  exposures were no t  attempted on type 101-01 due t o  the 
extreme s e n s i t i v i t y  o f  the emulsion t o  pressure and abrasion 
and the quest ionab le  va lue o f  day1 i g h t  exposures f o r  t h i s  
f i l m  type anyway. 

The data f o r  type 2443 was o n l y  p a r t i a l l y  read us ing the b lue  
f i 1 t e r  pack s ince the Langley TO-203A densi tomete'r i s  not  
equipped w i t h  a n u l l  balance fea tu re ,  l i m i t i n g  the maximum 
dens i t y  readable t o  4.00 dens i t y  u n i t s ,  The b lue  Omax used 
was taken from MSC readings. 

Richard R ,  Adams 
703-827- 2466 MS/234 
NASA Langley Research Center 
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