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involvement of academic  laboratories  and  personnel  has  not  been  as  great 
as  was  originally  hoped.  Perhaps  this  has  been  due  to  the  fact  that 
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etc.,  which  would  be  applicable  to  NASA's  effort,  we  hope  you  will  feel 
inclined  to  contact us to  see  whether a joint  research  effort  can  be 
initiated. 
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I. INTRODUCTION 

Subs tances   tox ic  t o  man can accumulate i n   t h e  atmos- 

phere  of a "c losed"   envi ronment ,   whether   indus t r ia l ,  

submarine or in.   space.   These t o x i c  substances  can  be 

generated  by  outgassing  of  system  components,   leakage  from 

chemica l   p rocesses   o r  by the   enc losed  men themselves.  The 

presence of such   a tmospher ic   contaminants ,   espec ia l ly   in  

t he   space   capsu le ,   r equ i r e s  

i )  the   de t e rmina t ion  of th re sho ld  l i m i t  va lues  (TLV) 

and maximum a l lowable   concent ra t ions  (MAC) f o r   a l l   p o t e n t i a l  

toxic   contaminants   based upon prolonged  exposure  of  experi-  

men ta l   sub jec t s ,  as w e l l  a s   e n g i n e e r i n g   c o n t r o l s   o v e r   i n t r a -  

veh icu la r   ma te r i a l s   and   p rocesses ;  

ii) t h e   p r o v i s i o n  of means of d e t e c t i n g   t o x i c   b i o -  

logical   and  chemical   contaminants ,   and  associated  warning 

systems t o  a s s u r e   t h a t  the MAC'S are   not   exceeded;  

iii) the   p resence   o f   sys tems  to   cont inuous ly  remove 

and  control   both  chemical   and  biological   contaminants ;  

i v )   t h e   p r o v i s i o n  of necessary  gas  stores,  va lv ing ,  

etc.  for  planned  decompression t o  rernove accumulated  toxic  

contaminants i n  an  emergency. 

Th i s   r epor t  w i l l  concent ra te   on  a review  of   detect ion 

methods  with a br ie f   sec t ion   on   p resent ly   accepted   contaminant  

a i r  concent ra t ion  limits. I t  w i l l  a t t e m p t   t o   p o i n t  o u t  those  

areas where  there  i s  a need   for   cont inued   research   espec ia l ly  

s u i t e d  t o  un ive r s i ty   l abo ra to r i e s .   Th i s   shou ld   l ead  t o  t h e  



development of l i g h t e r ,   s a f e r   a n d  more reliable automatic  

monitor ing  techniques  for   a tmospheric   contaminants .  The 

p o t e n t i a l   a p p l i c a t i o n s  of such  methods t o   t h e   m o n i t o r i n g  

and  automatic   control  of m e d i c a l ,   c i v i l   a n d   i n d u s t r i a l  

environments i s  obvious. 
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11. NATURE OF' CONTAMINANTS AND ALLOWABLE CONCENTRATIONS 

2.1 Trace Chemical  Contamina3ts ""_ 
Trace chemical  contaminants are d e f i n e d   h e r e   t o   b e  any 

non-b io logica l   cons t i tuents  of the  atmosphere , except ing  

oxygen,   the   d i luent  i f  any,  carbon  dioxide  and water. Un- 

less t h e r e  i s  a f i r e   o r  major   system  fai lure ,   these  con-  

s t i t uen t s   u sua l ly   have   ve ry   sma l l   concen t r a t ions  (ppm-tppb) , 
hence  the t e r m  "trace" Contaminants. 

Spacecraf t   contaminant   sources  are ma te r i a l s ,   p rocesses  

and men. Mate r i a l s  may generate  contaminants by of f -gass ing  

in to   t he   spacec ra f t   a tmosphe re .   Th i s   r equ i r e s   ca re fu l  

t e s t i n g  and s e l e c t i o n   o f   m a t e r i a l s   t o   b e   u s e d   i n  components 

i n s i d e   t h e   s p a c e c r a f t  (1, 2 , 3 , 4) . Contaminants may a l s o  

be  generated by the   opera t ion   of  l i f e  support   subsystems. 

Examples are leakage of e thylene  glycol   f rom a heat  exchange 

system,  hydrogen  from a b a t t e r y   o r   f u e l  c e l l ,  and  methane o r  

carbon  monoxide  from  an  oxygen  reclamation sys tem.  F i n a l l y ,  

a grea t   var ie ty   o f   contaminants   can   be   genera ted  by the  en-  

c losed  men themselves.  A p a r t i a l  l i s t  of  such  products  of 

human a c t i v i t y  i s  g iven   i n   Tab le  1 ( 2 ,  5 , 6 ,  7 ,  8) . 
Hundreds  of compounds have  subsequent ly   been  ident i f ied 

in   analyzing  a tmospheric   samples   of   c losed  systems ( 5 ,  9 , 1 0  , 
11, 1 2 ,  13)  . Some of  these  contaminants are n o t   t o x i c   t o  

man in   t hemse lves .  However, t he i r   p re sence  i s  hazardous   in  

t ha t   t he i r   deg rada t ion   o r   chemica l   r eac t ion   by -p roduc t s  may 

be   t ox ic ,   o r   cause   de t e r io ra t ion   i n   cab in   ma te r i a l s   and  

3 



T a b l e  2.1 

Contaminants  Generated by Man 

Respi ra t ion  

A c e  tone  
Ethyl   carbonic   ac id  
Methane 
Carbon  monoxide 
Hydrogen 
E thy l   a l coho l  
Methyl  alcohol 
2-Butanone 
A c e t o n i t r i l e  

Skin 

Body p r o t e i n s  
F a t t y   a c i d s  
Waxes 
Sugars 
Phenols 
Urea 
Utric a c i d  
L a c t i c   a c i d  
Tr ig lyce r ides  
I n o r g a n i c   s a l t s  
Trace  vi tamins 

- L o w e r  I n t e s t i n e  

Indo le  
Ska to l e  
Ammonia 
Phenols 
Hydrogen su lph ide  
Amines 
Urea 
Hydrogen 
Methane 
Carbon monoxi de 

processes .  

The a i r   concen t r a t ions   t o   be   d i scussed   be low are those  

p roposed   i n   t he   r epor t   o f   t he   Pane l   on  A i r  S t anda rds   fo r  

Manned Space  Fl ight   of   the   Space  Science  Board,   Nat ional  

Academy of  Sciences (13). The Panel   reviewed  reports  of t h e  

ana lys i s   o f   a tmospher ic   contaminat ion   in  manned s p a c e   f l i g h t s ,  

ground-based  simulations of cabin  a tmospheres ,   nuclear   sub-  

mar ines ,   Sea lab   exper iments ,   and   the   ana lys i s   o f   o f f -gas  

products   and  cabin  mater ia ls .  Some 200 contaminants were 

s ingled  out   as   possible   space  cabin  contaminants ,   though  only 

a small p ropor t ion   a r e   expec ted   t o   r each  levels of  concern. 

Some of   these  contaminants   had  a l ready  been  s tudied by 

the   Na t iona l  Academy of Sciences - NRC Committee on Toxicology 

who recommended limits f o r  60-minute  emergencies  and  90-day 

cont inuous  exposures   in   submarines  ( 1 4 ,  15 ,  16). The Panel  

recommended t h a t  these limits be  adopted  as   guides   for  

emergency  and  90-day  exposures i n   s p a c e   c a b i n s .  However, 
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f u r t h e r   s t u d i e s  are needed  before  extending these l i m i t s   t o  

1OQO-day miss'ions in the unusual   condi t ions of s p a c e   f l i g h t .  

O f  the reniaining  contaminants, NASA r e q u e s t e d   t h a t  

l imi t s   be   p roposed   fo r  90-day  and  1000-day m i s s i o n s   i n   s p a c e  

for  ten  contaminants,  and  emergency  exposure limits f o r   f i v e  

contaminants. The p rov i s iona l  maximum allowable  concentra- 

t ions   p resented   by   the   Panel   a re  shown in   Tab le s  2 and 3.  

A l l  t he   va lues   r ep resen t   ce i l i ng   concen t r a t i . ons   excep t   fo r  

carbon  monoxide  where t h e   s t a t e d   v a l u e  i s  t h e  maximum 

alLowable  integrated  level   over  1 2  hours ( 1 7 ,  18,  191 - 
I n   t h e   c a s e  of  emergency  exposures,  the limits w e r e  chosen 

t o   a v o i d   i n t e r f e r e n c e  w i t h  the  performance  of a t a s k   o r  

c a u s e   i r r e v e r s i b l e   i n j u r y   t o  an a s t ronau t ,   a l t hough   t r ans i en t  

e f f e c t s  may be  experienced. 

Table 2.2 

P rov i s iona l  Emergenc'y L i m i t s  

f o r  S i n u l e  60-min ExPosures 

i n  mil l imoles/25 m3 f ppm a t  25O C and 1 atm. 

Contaminant 

2-Butanone 
Carbonyl  Fluoride 
Ethylene  Glycol 
2-Methylbutanone 
1,1,2-Trichloro,   1 ,2 ,2-Trif luorethane 

and re la ted   congeners  

L i m i t  

1 0  0 
25 

1 0 0  
1 0 0  
200 
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The limits for   cont inuous  exposures  were der ived   f rom  leve ls  

producing  the ea r l i e s t  s ign ig i can t   t ox ico log ica l   r e sponse  

wi th   t he   mos t   s ens i t i ve   measu res   ava i l ab le   t o   da t e ,   app ly ing  

a s a f e t y   f a c t o r   v a r y i n g   w i t h   t h e   n a t u r e   o f   t h e   t o x i c   e f f e c t .  

Table 2.3 

P rov i s iona l  MAC'S for  Continuous  Exposures 

in   mi l l imoles /25  m3 ppm a t  25" C and 1 atm. 

Contaminant 9 0 -day 

n-Butanol 1 0  
2-Butanone 20 
Carbon  monoxide 15* 
Chloroform 5 
D i  ch loromethane 25 
Dioxane 1 0  
E t h y l   a c e t a t e  40 
Formaldehyde 0 . 1  
2-Methylbutanone 2 0  
Tr ich loroe thylene  1 0  
1 1 2 Tr i ch lo ro  , 1 , 2  , 2 - T r i -  20  

f luoroethane  and  related  congeners 

* i n t e g r a t e d   l e v e l   o v e r  1 2  hours 

1 0  0 0 -day 

1 0  
20 
15" 
1 
5 
2 

40 
0 . 1  

20  
2 

no  recom. 

The limits p r e s e n t e d   i n   t h e   P a n e l ' s   r e p o r t  are pro- 

v i s iona l   and   sub jec t   t o   r ev i s ion   fo r   t he   fo l lowing   r easons  : 

i)  Inadequate o r  incomple te   tox ico logica l   in format ion  

f o r  many o f   t h e   d e t e c t e d   c o n t a m i n a n t s ,   i n   s i n g l e   o r  

mu l t ip l e  compound long-term  exposures. 

ii) I n a b i l i t y   t o   a c c u r a t e l y   p r e d i c t   e f f e c t s   o f   r e d u c e d  

atmospheric   pressures ,  stress , 0-9 ,  varying O2 concent ra t ions  , 
confinement, e tc .  on the   tox ico logy   of  a given  contaminant.  

iii) P o s s i b l e   s y n e r g i s t i c   e f f e c t s  among chemicals.  

6 



Fur thermore ,   the   exac t   na ture ,  number and  generat ion 

rates of   contaminants   in  a spacec ra f t   r ema in   t o   be   spec i -  

f i ed ,   s ince   t hey   depend  on t h e   f i n a l   c h o i c e   o f   l i f e   s u p p o r t  

systems  and  cabin materials f o r  a pa r t i cu la r   mi s s ion  ( 2 0 ,  2 1 ) .  

This  w i l l  in   tu rn   a f fec t   the   choice   o f   contaminant   moni tor -  

i n g   t e c h n i q u e ( s )  t o  v e r i f y   t h e   e f f i c i e n t   o p e r a t i o n  of t h e  

contaminant   control   systems.   For   example,   in   the case of 

the  proposed  Regenerative Advanced In t eg ra t ed   L i f e   Suppor t  

System (AILSS)  , a r e p r e s e n t a t i v e  l i s t  of  expected  major 

contaminants is presented  i n  Table 4 ,  t oge the r   w i th   cu r ren t ly  

accepted MAC'S p red ic t ed   gene ra t ion  rates , and t o x i c  e f fec ts  ( 2 0 )  . 

Table 2.4 

Major AILSS Contaminants  (500  days - 9 men) 

Contaminant Production R a t e  ( l b /h r )  MAC Main Toxic 
B io log ica l  Equipment (ppm) Ef fec t*  

~~ ~ 

Acetaldehyde  8.24 X 10:; 40  I 
A c e  tone  1.82 X 200  N 
Ammonia 2.36 X 1 0  1 0  I 
Benzene - 1 . 4 4  X 5 N I B  
n-Butanol  1.08 X 101; 1 0  N ,I  
B u t y r i c   a c i d  6 . 2 2  X 8 I 
Carbon  monoxide 9 .20  x 1 0  1.08 X 101: 15 B 
Cyclohexane  1.30 X 60  N 
Dichloro-dif  luoromethane 3.60 X 1 0  20 0 N 
Ethanol  3.31 X 101; 1 0 0  N I I  
Hydrogen 7 .27  X 2 .91 X 10-510000 A 
Hydrogen su lph ide  4.15 X l o m 4  2 I 
Methane 1 . 1 7  X 2.52 X 101~13000 A 
M e  t h  ano 1 1.25 X 1 0  1.78 X 40  N ,I 
Methylene  chloride 3.60 X 1 0   1 0  0 N 
Pyruvic   ac id   1 .73  X 0 .5  I 
Toluene 1 . 2 0  x 10:: 40 N I B  
Vinyl   ch lor ide  9 .90  x 1 0  1 0 0  N 
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Recommendatiofis' .for Un'ive'r.s'i'ty'  Re's'earch -~ 

1. Continued  and  expanded  research  to  determine or 

validate  90-day  and  1000-day  limits  for  continuous  expo- 

sures,  especially  with  sub-human  primates, or from 

industrial  exposure  studies. 

2. Research  into  possible  synergism  among  contaminants 

and  environmental  conditions,  which  might  alter  the 

effective  toxicity  of  multi-component  air  mixtures  in 

space. 

3 .  Detailed  studies  into  the  basic  toxic  mechanism 

of  some  of  the  most  important  contaminants.  This  should 

help  determine  the  exact  nature of the  injury,  its 

reversibility,  and  the  net  rate  of  accumulated  damage, 

for  various  exposure  levels. 

2.2 Biological  Contaminants 

A partial  list  of  those  biological  contaminants 

normally  associated  with  man is given  in  Table 2.5. 

These  and  other  organisms  may  be  trapped  in  cabin  materials, 

or  originate  from  the  astronaut's  nose,  throat,  skin, 

intestines  and  associated  secretions (22,23,24).  They 

can  themselves  be  hazardous  to  health,  produce  toxic or 

obnoxious  byproducts, or foul  and  deteriorate  the  opera- 

tion  of  equipment  if  allowed  to  grow. 
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Table 2.5 

Partial  Lis.t of Bio'log.i'c'a'1  Co'ntamin'ants 

Bacteria 

Aerobacter 
Alcaligenes 
Bacillus 
Bacteroides 
Clostridium 
Escherichia 
Gaf  fkya 
Lactobacillus 

Mima 
Pseudomona 
Salmonella 
Sarcina 
Shigella 
Staphylococcus 
Streptococcus 
Xanthomona 

Fungus Viruses 

Aspergillus Advenovirus 
Candida Hepatitus 
Cryptococcus Herpes  virus 
Geotrichum Mycoplasma  (PPLO) 
Mycoderma Myxovirus 
Saccharomyces Picornavirus 
Trichophyton Reovirus 

The  viruses,  rickettsiae  and  PPLO's  are  not  expected  to 

multiply  outside  the  human  body,  though  they  may  remain 

viable  in  the  cabin  for  significant  periods of  time;  they 

range  from 200'A to  1.5 in  size. The  bacteria  and 

fungi,  on  the  other  hand,  can  grow  in  the  most  meager 

supply  of  substrate  on  surfaces  or  in  aerosols;  the 

bacteria  range  from 0.5-10,b  and  the  fungi  from  1-20 

UP to  the  visible  multiCellular  molds. 
P 

The  level  and  quality  of  biological  contarnination 

to  be  expected  in  the  cabin  air  during  long  term  space 

flights  is  still  not  well  defined.  Clean  room  and 

space  test  chamber  studies  do  not  have  consistent 

operating  conditions  and,  in  any  case,  they  cannot 

simulate  the  effects  of  weightlessness  and  radiation  in 

space.  However  there  is  general  agreement  in  the  ob- 

served  transfer  of  microorganisms  between  subjects  and 

alterations  in  skin  and  oral  microflora (28,30,31). 

Whether  there  is  a  marked  increase  or  decrease  in  the 

number  of  airborne  microorganisms  is  still  controversial, 

probably  because  the  control  procedures  were  different 
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limited  to  examinations  pre-  and  post-flight of the 

astronauts  and of waste  samples  stored  in  flight. 

Though  there  is  great  variance  among  individuals,  it 

is  generally  concluded  that  the  space  flight  conditions 

result  in  a  transfer of microorganisms  between  the  men, 

and  a  simplification  of  the  microflora:  the  growth of 

gram-positive  organisms (e.g. staphylococcus  aureus  and 

beta  streptococci)  is  enhanced,  while  that of  certain 

organisms  in  the  anaerobic  flora  is  inhibited ( 3 3 , 3 4 , 3 5 , 3 6 ) .  

There  has  been no in-flight  monitoring  of  airborne  and 

surface  biological  contamination. 

Furthermore,  the  environmental  factors of space 

flight  and  their  associated  stresses on the  astronauts 

(0-g,  radiation,  high  accelerations,  etc.)  may  increase 

their  susceptibility  to  disease. Also, normally  harmless 

microorganisms  may  become  highly  pathogenic  in  a  disturbed 

man-microflora  ecology. So far  immunologic  examinations 

of  the  astronauts  pre-  and  post-flight do not  indicate 

any  significant  changes ( 3 5 , 3 6 1 .  However,  animal  experi- 

ments  point  toward  an  increased  hazard of infection 

and  slower  rates of healing  or  recovery ( 2 6 , 3 7 , 3 8 ) .  A 

better  understanding  of  the  "normal"  man-microorganism 

ecology  is  needed  to  minimize  the  danger of illness  in 

space. 
10 



Since so little  is  known  about  the  characteristics 

of  biological  contamination  in  the  space  cabin,  it  is 

difficult  to  decide  which  organisms  should  be  regularly 

monitored  in-flight,  and  almost  impossible  at  this  time 

to  set  "safe"  contamination  levels  for  expected  dominant 

species.  The  answer  for  the  moment  is  to keep  the cabin 

air  as  free  of  microorganisms  as  possible  via  filters 

and  catalytic  burners,  and  institute  a  biological  moni- 

toring  system  to  detect  the  level  and  identity of  as 

many  biological  contaminants as possible.  Such  data, 

together  with  further  studies  into  the  mechanics  of 

disease  in  space,  should  lead  to  the  determination of 

a safe  biological  environment. A sterile  environment 

may  not  necessarily  be  either  possible or desirable. 

Table 2.6 

Expected  Airborne  Biological  Contaminants 

Actinomycetes Lactobacillus 
Alcaligenes  faecalis Micrococcus  spp. 
Bacillus  spp. Mima  polymorpha 
Beta  streptococci Pseudomonas  achromobacter  spp. 
Corynebacterium  spp. Sarcina  spp. 
Escherichia  coli Staphylococcus  epidermidis  and 
Flavobacterium aureus 
Gaffkya  spp. Xanthomonas  translucens 

Yeasts,  molds 

A review of microbiologic  studies (27 , 33,35,39 ) 

suggests  that  those  microorganisms  listed  in  Table 2.6 

are  representative of the  major  contaminants  expected 

in  a  space  cabin  atmosphere.  This  is  only  a  tentative 

11 



list  since  space  flight  factors  may  alter  the  findings 

,of Earth-based  studies,  especially in long-term  habita- 

tion  of  a  relatively  small  capsule. 

Recommendations  for  University  Research 

1. Further  studies on man  and  his  indigenous 

flora,  especially  aimed  toward  a  better  understanding  of 

endogenous  disease  and  its  treatment  (40,41). 

2. Determining  bacteriologic  standards  for  space 

cabin  atmospheres. 

3 .  Continuation  of  chamber  studies  (with  men or 

animals)  to  determine  relation  between  susceptibility 

to  disease  and  environmental  factors. 

4.  Use  of  mathematical  models  to  investigate  the 

ecology  of  microorganisms  and  man,  predict  possible 

mechanisms  for  the  transmission  and  evolution of  disease 

in  space,  etc. 

12 
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111. TRACE GAS MONI'TORING TECHNIQUES 

Trace  monitoring  includes  three  steps:  sampling,  in- 

strumentation,  and  data  correlation  or  interpretation.  We 

will mainly  consider  here  on-line  techniques  to  continuously 

monitor  the  trace  gas  atmospheric  contaminants.  Other 

preconcentration  and  sampling  techniques (e.g. cryogenic  traps, 

filter  beds ... ) are  discussed  in  many  references (2,3,4, 

5)  . 
The  monitoring  instrumentation  should  be  sufficiently 

specific  and  sensitive  to  detect  large  numbers  of  trace 

contaminants  in  the  atmosphere,  at  a  great  enough  sampling 

rate  to  detect  malfunctions  or  failures  early.  Those  methods 

with  the  greatest  potential  are  described  below. 

3 . 1  Gas  Chromatography 

Gas  chromatography  is  especially  attractive  because  of 

its  capability  to  identify  and  quantify  large  numbers  of 

contaminants  without  prior  separation.  It  has  been  widely 

used to  analyze  contaminants  eluted  from  cryogenic  traps  or 

adsorption  beds  in  closed  system  tests  and  space  cabins 

post-flight (2,3,4,,5,Q 1. 

A gas  chromatograph  consists  mainly  of  a  column  packed 

with  either  absorbant  material  such  as  silica  gel or mole- 

cular  sieve, or a solid  support  such  as  crushed  firebrick 
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lightly  crated with a  high-boiling  partition  liquid. A 

carrier  gas,  usually  helium,  passes  continuously through'the 

column.  When  a gas sample 'is injected  into the carrier,gas 

stream,  individual  constituents  are  preferentially  absorbed 

in the  column,  approximately in  the  order of their  boiling 

point  and/or  mo.X&c'ular  weLght. Thus  the  constituents  are 

eluted  from the column  each at a  specific  time. The  eluted 

components  can  be  measured  by one of several  types of detec- 

tors  placed  at the end of the  column, e.g. flame  ionization, 

cross-section  ionization,  breakdown  voltage  ionization, 

thermal  conductivity .... The  magnitude  of  the  detector 

response  is  a  measure  of  the  concentration  of  the  eluted 

constituent.  Several  columns  can be used  in  series  or  in 

parallel  to  increase  the  number of  gas  constituents  which  can 

be  separated  and  identified.  Thus,  a  gas  chromatograph  can 

provide  both  a  qualitative  and  a  quantitative  analysis  of  a 

gas  sample ( 7, 9 1 .  

Several  gas  chromatograph  configurations  have  been 

developed.  Most  are  larger  complex  systems  designed  for 

laboratory  use  and  applications  to  off-line  analysis of 

contaminant  samples  from  submarines or closed  system  tests. 

Such  systems  can  detect  and  quantify  as  many  as  100  contami- 

nants,  Miniaturized,  flight-tested  models  are  usually  res- 

tricted to preprogranuned  monitoring  of some 30 contaminants. 

Depending on the column-detector  combinations  used,  some of 

the models  were  designed for  application  to  lunar  and  martian 

atmospheric  or s o i l  studies  on  unmanned  flights ( 6 r  11, 13 r 
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and  ranging in sensitivities from lo-' to  10 -13 moles  con- 

centration. 

Others were specifically  intended  for  manned  space  flight 

atmospheric  monitoring  of  the  cabin  (14,15 1 -  Those  concepts 

using  a  mass  spectrometer as a  sensitive  detector  in  gas  chro- 

matography  are  discussed in sect, 3-2- One  system  developed 

for  the  Manned  Spacedraft  Center (NASA) uses  three  columns 

and  associated  corss-section  ionization  detectors.  It  has 

a  volume of approximately  800  cu.  in.  (not  including  He  sbor- 

age(,  weight  of 12 lbs.  and a  power  consumption of 10-8W. It 

can  sample  the  atmosphere  every 80 min.  for 14 gas  constituents 

down  to 10 ppm, and  can  operate  continuously  for 20 days, 

using  helium  stored  at 6,000 psi  in  a 5-9' '  diameter  titanium 

sphere  (14).  .In  its  limited  unmanned  flight  tests,  it  was 

plahued  by  valve  problems. 

Work  is  under  way  to  improve  the  sensitivities  of  gas 

chromatographic  detectors ( 6 ,  9 , 10, 11)  but it  is  very  dif- 
ficult  to  achieve 0.1  ppm  sensitivities  unless a  mass  spec- 

trometer  is  used  as  the  detector  (see  sect. 3.2). However, 

though  such  a  concept  is  attractive  it  increases  the  complexity 

of the  system  and  decreases  its  reliability, 

The  following  disadvantages  are  usually  common  to  gas 

chromatographic  techniques: 

"- The required  helium  storage  increases  the  weight  and 

volume  penalty of  the  system,  is  a  safety  hazard,  and  limits 

the  operation  life-time. 
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"- Complex f l o w   c o n t r o l s  are reqy i r . ed   t o   hand le   t he  

helium and  atmospheric  samples,  reducing system r e l i a b i l i t y .  

"- Column m r b e r  materials are sub.j'ect t o   a g i n g   o r  

degradat ion such t h a t  reaplar ca l ib ra t ion   o r   r ep lacemen t  is 

necessary.  

-" There is no p o s i t i v e  means o f   i d e n t i f i c a t i o n   i f  an 

unknown contaminant  appears  for  which the system  has  not  been 

preprogrammed. Its ident i ty   can   on ly   be   de te rmined   us ing  a 

l e n g t h y   c a l i b r a t i o n   p r o c e d u r e ,   o r  by comparing t h e   r e t e n t i o n  

times i n  t h e   d i f f e r e n t  columns  and r e f e r r i n g   t o   p r e v i o u s  

d a t a  and  experience. 

N e v e r t h e l e s s ,   a t   t h e   p r e s e n t  t i m e ,  gas  chromatography 

a p p e a r s   t o  be t h e  most v e r s a t i l e  and f l i g h t - q u a l i f i e d   t e c h n i -  

que  for  "on-line"  monitoring of 30 contaminants  in  concen- 

t r a t i o n s   a s  low a s  a  few ppm. 
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3.2 Mass  Spectrometry 

A mass  spectrometer  consists  principally  of  a  sample 

introduction  system,  an  ion  source,  a  mass  analyzer  and  an 

ion  detector. It requires’a near  vacuum  for  its  operation 

(preferably  less  than  torr)  but  this  is  readily  availa- 

able  from  outer  space in  a, spacecraft. In summary,  a  sample 

of  gas  is  introduced  and  ionized  by,  for  example,  electron 

impact,  photoionization or field  ionization.  The  result  is 

the  production  of  ions of  various  mass-charge  ratios,  which 

can  in  turn  be  separated  using  magnetic  deflection,  in  time 

of  flight,  radiofrequency or  other  types  of  mass  analyzers. 

A spectrum  of  the  relative  abundance of ions of differing 

mass-charge  ratios  can  then  be  measured  by  the  ion  detector(s), 

usually of the  electron  multiplier  type  (1,6,16,17). 

In  a  given  instrument,  each  gas  has a characteristic 

mass  spectrum or fragmentation  pattern.  The  complexity of 

this  spectrum  is  strongly  dependent  on  the  type  and  intensity . 

of  ionization  used,  increasing  as  the  efficiency  of  ionization 

increases,  due  to  isotopes,  dissociation,  fragmentation of 

original  particles, ... etc.  This  is  a  problem  in  the  analysis 
of  a  mixture  of  gases,  especially  in  trace  quantities,  where 

the  observed  spectrum  is  a  superimposition  of  the  individual 

complex  constituent  spectra.  Unfortunately  a  reduction of 

spectrum  complexity in an  instrument,  though  it  leads  to  im- 

proved  qualitative  identification  of  gas  constituents,  also  leads 

to  a  decreased  sensitivity  in  the  quantitative  determinations. 

Thus,  though  laboratory  mass  spectrometers  are  available  with 

resolutions of  100,000,  sensitivities  as  low  as  a  ppb  and 
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and  response  times  of  the  order  of  a  few  milliseconds,  these 

properties  are  not  all  available in  the  same  instrument.  Be- 

cause  of  size  restrictions,  the  resolution  of  most  flight 

spectrometers  is of  the  order of 100, with  sensitivities  in 

the  neighborhood  of  a  ppm. 

Many  flight  qualified  mass  spectrometers  have  been  de- 

veloped,  mainly  intended  for  use  as  specific or  major  atmos- 

pheric  constituent  monitors (18, 19). One  such  system  can 

monitor 02, N2, H20 and C02 every 2  sec (20); it  has  a  volume 

of  167  cu.  in.,  weight  of 6.5 lbs.  and  maximum  power  consumption 

of 3.7 watts.  Work  is  also  underway  to  perfect  and  miniaturize 

mass  spectrometers (21, 22, 23) to  the  point  where  flight 

qualified  double-focusing  spectrometers,  suitable  for  incorpora- 

tion  into  trace  contaminant  monitoring  systems,  weigh  less  than 

10 lbs. 

Though  blessed  with  fast  scanning  rates,  high  sensitivity 

and  operation  life-times  only  limited  by  the  shelf-life of 

enclosed  electronics,  most  mass  spectrometers  still  suffer 

from  the  following  major  disadvantages: 

---Complex  mass  spectra  requiring  the  use  of  a  computer 

to  solve  multiple  linear  equations  of  the  form, 

I1 = A x + B1y 1 
I2 = A2x + B2y 

where I is  the  peak  intensity  of  each  mass  of  interest, A and 

B are  the  pattern  coefficients  for  pure  components  (obtained 

by  calibration),  and x and y  are  the  desired  concentrations 

0.f  two  components  in  this  case.  This  type  of  analysis  leads 

to  inaccuracies,  especially  for  trace  quantities  of  gaseous 
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contaminants  which  must  be  measured i n  a background of hun- 

dreds  of   other   possible   contaminants .  

---The s t a b i l i t y   o f   t h e   i n s t r u m e n t  is not  very  good, 

r equ i r ing   r egu la r   ca l ib ra t ion .   Th i s  i s  due t o  changes i n   t h e  

i o n   s o u r c e   c h a r a c t e r i s t i c s  and t o   s u r f a c e   c o n t a m i n a t i o n s   i n  

the   p resence  of oxygen. 

The f i r s t   d i s a d v a n t a g e   c a n   b e   a l l e v i a t e d  by u s i n g   t h e  

mass spectrometer  as a s o p h i s t i c a t e d   d e t e c t o r   i n  a gas  

chromatograph ( 2 4 )  . This   provides   accurate ,  low l e v e l  ( 1 ppm) 

monitoring  of  separated  atmospheric  contaminants  with much 

g r e a t e r   v e r s a t i l i t y   t h a n   e i t h e r   s y s t e m   a l o n e .  However t h e  

system  complexity i s  inc reased ,dec reas ing   t he   ove r -a l l   r e l i a -  

b i l i t y ,  and f r e q u e n t   c a l i b r a t i o n  is  still required.  Furthermore, 

no such   hybr id   sys tem  has   ye t   been   min ia tur ized   or   f l igh t   qua l i -  

f ied,   though  the  technology i s  su f f i c i en t ly   deve loped   t o   do  so 

and  such  laboratory  models   have  been  used  in   l i fe   support  simu- 

l a t i o n  tests ( 2 ,  3 ,  2 4 ) .  

Another  system  has  recently  been  developed  where  the  best  

properties  of  gas  chromatography and mass spectrometry  are  

combined i n t o  a hybrid  sensor  ( 2 5 ,  261, Temperature 

programmed column s o r b e r   m a t e r i a l s  are used t o   p r e c o n c e n t r a t e  

the   t race   contaminants ,   thus   increas ing   the   sample   quant i ty  

and allowing a decrease  of i on iza t ion   po ten t i a l   w i thou t   l o s s  

of s e n s i t i v i t y .  The r e s u l t i n g   s i m p l e r  mass spec t ra ,   appear ing  

s e p a r a t e d   i n  time, car be  analyzed by computer. The d e t e c t o r  

and ion   source  stabilities a r e  improved  by p r e c u t t i n g   t h e  

air from the   so rbe r   beds   be fo re   deso rb ing   i n to   t he   spec t ro -  

meter, so tha t   t he   ma jo r   a tmosphe r i c   cons t i t uen t s  (02, d i l u e n t )  
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are not  monitored. The a i r  carries the  a tmospheric   sample 

through  the  beds, removing the requi rement   for   s tored   he l ium 

tha t   ex i s t s   i n   gas   ch romatography .  A l abo ra to ry   p ro to type   has  

been b u i l t  and t e s t e d ,  and  found  capable  of  monitoring some 60 

contaminants, a t  concentrations  from 0.5 to  1 0  ppm, approxi- 

mately  every 1 1 / 2  hours.  I t  is expec ted   t ha t  a f l i g h t  

qua l i f i ed   min ia tu r i zed   i n s t rumen t  would be f eas ib l e   w i th   we igh t  

and power penal t ies   of   approximately  15 lbs .  and 20 wat ts .  The 

o p e r a t i o n   l i f e  t i m e  of  such  an  instrument  should  only be l imi t ed  

by t h a t  of i ts  e l e c t r o n i c  components  and so rbe r  beds. 

3 . 3  Spectrophotometry 

In  spectrophotometry,   molecules are i d e n t i f i e d  by t h e i r  

cha rac t e r i s t i c   abso rp t ion   ( a t t enua t ion )   spec t rum  o f   r ad ia t ion  

i n   t h e   u l t r a v i o l e t ,   v i s i b l e   o r   i n f r a r e d   r e g i o n s .  A sample  of 

gas  absorbs  energy a t  many discrete and characteristic wave- 

lengths   of   the   i r radiat ing  spectrum.  These  absorpt ion  bands 

are due t o   r o t a t i o n a l   t r a n s i t i o n s   o f   t h e   m o l e c u l e   i n   t h e   f a r  

i n f r a r e d ,   t o   e x c i t e d   v i b r a t i o n s  between  atoms  and  groups of 

atoms wi th in   t he   mo lecu le   i n  the near  and middle i n f r a r e d ,   t o  

e n e r g y   s t a t e   t r a n s i t i o n s   i n   t h e   o u t e r   e l e c t r o n s  of the   molecule ' s  

atoms i n   t h e   v i s i b l e  and u l t r av io l e t   r eg ions .   Fo r  a given 

r ad ia t ion   pa th   l eng th ,   t he   i n t ens i ty   o f   t hese   bands  i s  propor- 

t i o n a l   t o   t h e   p a r t i a l   p r e s s u r e   o f   t h e   g a s .  Thus absorp t ion  

spec t ra   can  be used   fo r   bo th   qua l i t a t ive  and q u a n t i t a t i v e  

measurements  on  gas  mixtures.   Unfortunately  this  technique 

has t h e  same superimposed,  complex  spectra  analysis  problems 

as mass spectrometry,   wi th   the  addi t ional   problem  of  a varying 
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base l ine   caused  by  changes i n   t h e   l i g h t   s o u r c e ,   d e t e c t o r  and 

background  absorption  of  gases  not  measured (1, 27, 28., 29). 

This is alleviated s l i g h t l y  by usual ly   measuring  spectra  

fo r   mix tu res   o f  trace gases  i n  t h e   n e a r   i n f r a r e d  ( 2-16p) 

where t h e   b e s t   c o m b i n a t i o n   o f   s e l e c t i v i t y  and d e t e c t a b i l i t y  is 

found. H e r e  w e  o f t en - f ind   wave leng ths  a t  which  absorption is 

c h a r a c t e r i s t i c  t o  a s ingle   gas   (e .g .  C 0 2  a t  4.3~11.. Also, i n  

this range,  oxygen  and  nitrogen are t r a n s p a r e n t .   I f  many 

gases  absorb a t  t h e  same frequency  (wavelength),   then  equations 

o f   t h e  form  below  must  be  solved, 

A = k .C 1 + k .C 1 + ... k..C.l, i = 1, ... j 
i 11 1 2 1  2 3 1  3 

where Ai i s  absorp t ion  a t  ith frequency  (measured  by  detector) 

k j i  is  a b s o r p t i o n   c o e f f i c i e n t  a t  ith frequency 

due t o  j th  compound (by   ca l ib ra t ion )  

1 i s  pa th   l eng th   o f   r ad ia t ion  

C is des i r ed   concen t r a t ion   o f  jth compound 
j 

This   equat ion i s  v a l i d   f o r  small C as is e x p e c t e d   i n   t h e  

case of   t race   contaminants   in   the   space   cab in   a tmosphere .  
j '  

All absorpt ion  spectrophotometers   have  in  common a source  

of electromagnetic  energy  and a de tec tor   which   rece ives  a 

po r t ion  of t h i s   e n e r g y   a f t e r  it has  passed  through a gas.  

They d i f f e r   i n   t h e  manner i n  which   the   rad ia t ion  is sepa ra t ed  

i n t o  component  wavelengths  and  recorded. 

In   d i spe r s ive   spec t ropho tomete r s ,   t he   i nc iden t   r ad ia t ion  is 

separa ted   accord ing   to   wavelength ,   us ing  a p r i s m   o r   d i f f r a c t i n g  

g r a t i n g ,  and  only a very  narrow  frequency  interval  reaches 

t h e   d e t e c t o r  a t  any time. The fu l l   spec t rum is scanned  by 

vary ing  a geometr ica l   fac tor   such  as a mirror   angle .  However 



I .. 

such  systems  are  bulky,  delicate  and  require  very  long  optical 

path  lengths  to  reach  ppm  sensitivities, due to  poor S/N ratios 

and  the  reduced  radiation  level  passing  through  the  gas  at  any 

one  time.  They  are  usually  restricted  to  laboratory  studies 

or  monitoring  space  cabin  simulation studies. 

Some  non-dispersive  types  of  spectrophotometers  have  been 

developed  and  flight-qualified  to  monitor  specific  gases  in 

space  flight.  Tremendous  size  reductions  are  achieved  by  using 

specific  wavelength  filters  to  measure  background  and  gas 

absorption.  For  example  a  single-beam,  dual-wavelength  filter 

photometer  has  been  developed  to  monitor COz.  The  unit  weighs 

less  than 2.7 lbs.,occupies  about 40 cu.  in.  and  draws  less  than 

1 W of 2 8  V power.  Its  operation  is  continuous  and  automatic 

( 3 0 ,  31). This  approach  has  been  extended  to  the  development 

of  two-gas  atmosphere  sensors  using  ultraviolet  and  infrared 

channels:  continuous  and  automatic  measurements  on 02, C02, 

N2 and H20 are  possible  with  a  package of less  than 5-lbs. (31). 

However,  dispersive  spectrophotometers  do  not  appear  attrac- 

tive  at  the  moment  to  monitor  a  large  number of trace  contami- 

nants  in  the  space  cabin  atmosphere.  Further  research  might 

change  this  picture:  for  example  the  sensitivity  and  size 

penalties  might  be  significantly  improved  by  the  use  of  a 

laser  as  'the  source of electromagnetic  energy,  with  its  radiant 

beams  of  high  power,  spectral  purity  and  very  small  beam  diver- 

gence. 

The  second  major  type  of  spectrophotometer  is  the  inter- 

ferometer  spectrometer.  Interference  spectroscopy  uses  the 

principle  of  constructive  and  destructive  interference of 
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l i g h t  waves. Radiat ion  of  a l l  f r e q u e n c i e s   e n t e r s   t h e   i n t e r -  

ferometer  and is measured  simultaneously a t  t h e   d e t e c t o r .  

Thus the d e t e c t o r   o u t p u t  i s  a c t u a l l y  a Four i e r   t r ans fo rm  o f   t he  

d e s i r e d   i n t e n s i t y  vs frequency  spectrum. However t h e   i n t e r f e r o -  

gram c a n   e a s i l y  be processed by a n a l o g   o r   d i g i t a l  means t o  

produce the inve r se   Four i e r   t r ans fo rm and wi th  it the   absorp-  

t ion  spectrum.  Several   advantages  compensate   for   the  increased 

date manipulation (32, 33, 34) ; 

" - The m u l t i p l e x i n g   p r o c e s s   y i e l d s   a n   i n c r e a s e   i n  S/N 

r a t i o   o f  fi over   comparable   dispers ion  instruments ,   where M 

i s  t h e  number of   resolut ion  e lements   (monitored  gases) .  

"_ The e l imina t ion   of   en t rance  s l i ts  o r   d i f f r a c t i o n  

g ra t ings   and   t he   u se   o f   l a rge r   cones   o f   r ad ia t ion  decreases 

the s i z e  of the ins t rument ,   increases  i t s  s e n s i t i v i t y  by 100-  

1 0 0 0 ,  and thus   a l lows   fo r  f a s t  scanning rates (every sec.) 

even i n  the case of  trace contaminants. 

"- The f a s t e r   s c a n n i n g  rate a l s o   a l l o w s   f o r   d i g i t a l   o r  

ana log   sequent ia l   addi t ion   o f   in te r fe rograms  before   p rocess ing ,  

producing a S/N r a t i o  enhancement  of 6, where n i s  the  number 

of   success ive ly  added scans,  and i f  desired, t h e   s u b t r a c t i o n  

of  unwanted  background  interferograms i f   t h e y   c a n  be obtained 

(e.g. i n   d u a l  beam ins t rument ) .  

"- Moni to r ing   t he   abso rp t ion   o f   spec i f i c   gases   a t  charac- 

t e r i s t i c  f requencies   on ly   requi res   the   use   o f  a t u n a b l e   f i l t e r  

( o r   s e v e r a l   f i x e d   b a n d - p a s s   f i l t e r s )   t o   p r o c e s s   t h e   i n t e r f e r o -  

gram, w i t h o u t   l o s s   o f   t h e   f u l l   s c a n .  T h i s  processing  could 

a l s o  be done  by d i g i t a l  means f o r   g r e a t e r   v e r s a t i l i t y .  
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Fur thermore ,   in te r fe rence   spec t romet ry ,   cont ra ry  t o  gas 

chromatography o r  mass spectrometry,   has  the  advantages  of 

continuous,  automatic  and  passive  measurements  on a space 

cabin  atmosphere,   with a l i f e t i m e   o n l y   l i m i t e d   b y   t h a t   o f   t h e  

e l e c t r o n i c s .  One such  laboratory  system  has  been  developed 

and t e s t e d   w i t h  43 compounds: 10 binary ,  1 0  t r i n a r y ,   f i v e  

5-order  and  one  15-order  mixture (35) .  S e n s i t i v e   i n   t h e  1-40 

ppm range, w i t h  a r e so lu t ion   o f  30cm-', it can  provide a com- 

p le te   a tmospher ic   scan   every  2-5 min. i n   t h e   n e a r   i n f r a r e d  

spectrum 3-16~1. A proposed  dual beam system  with  an  effec- 

t i v e   p a t h   l e n g t h  of 1 0 m  ( 2 0  r e f l ec t ions   ove r   0 .5  m) would 

e a s i l y   r e a c h   s e n s i t i v i t i e s   i n   t h e  pqb range,   wi th a r e s o l u t i o n  

of 1Ocm-l. I n   t h i s   c a s e   t h e   o u t p u t   a b s o r p t i o n   s p e c t r u m  would 

be a measure  of   the   deviat ions of the   ac tua l   cab in   a tmosphere  

from a des i red   re fe rence   a tmosphere   in  a gas cel l ,  and va r i a -  

t i o n s   i n   s o u r c e  and d e t e c t o r   c h a r a c t e r i s t i c s  would be   cance l led  

ou t .  A l abo ra to ry   p ro to type  i s  expected  to   weigh 84 l b s . ,  

occupy 1 0 , 0 0 0  cu.   in.  and consume 1 0 0  W. However, min ia tu r i za t ion  

f o r  a f l i g h t   i n s t r u m e n t  i s  expec ted   t o   g rea t ly   r educe   t hese  

p e n a l t i e s  and make it competit ive  with  gas  chromatography  or 

mass spectrometry.  

A s l i g h t l y   d i f f e r e n t ,   b u t   e v e n  more in te res t ing ,   approach  

which i s  be ing   i nves t iga t ed  i s  the   app l i ca t ion   o f  Raman s p e c t r a  

t o  trace measurements ( 3 6 ) .  H e r e  a source of monochromatic 

l i g h t  (e.g. laser) i r r a d i a t e s   t h e   g a s   i n   t h e  beam path,   and 

the  resul tant   photon  f requency  spectrum  (different   f rom  the 

inc ident   f requency)  is c h a r a c t e r i s t i c  to  t h e   g a s   c o n s t i t u e n t s .  

This   method  should   eas i ly   be   sens i t ive   in   the  ppb range  and 
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and great ly   reduce  complexi ty ,   weight   and volume p e n a l t i e s ;  

more research  should  be  encouraged. 

3.4 Microwave Spectroscopy 

Microwave spec t roscopy  has   been   la rge ly   deve loped   for  

u se   i n   r e sea rch  and l abora to ry   ana lys i s .  It i s  similar t o  

the   op t i ca l   spec t romete r s   men t ioned   above ,   i n   t ha t  a source  

of   e lectromagnet ic   energy  radiates   through a gas  sample  and 

the   resu l t ing   absorp t ion   spec t rum i s  c h a r a c t e r i s t i c   t o   t h e  

gas   cons t i t uen t s .  The frequencies   involved are i n  G H and 

t h e   a b s o r p t i o n   l i n e s   r e s u l t  from  changes i n   t h e   m o l e c u l a r  

r o t a t i o n  states of polar   molecules   only ( 3 7 ,  38). HOW- 

e v e r   t h e r e  i s  no  need f o r   d i s p e r s i v e   o r   i n t e r f e r e n c e   t e c h n i -  

q u e s ;   t h e   s o u r c e   i t s e l f ,   b e i n g   e l e c t r o n i c ,   c a n   e a s i l y   b e  

swept  through  the  desired  frequency  range. 

z 

The spec t r a   ob ta ined  may be  extremely  complex  (hundreds  of 

l i nes   fo r   one   mo lecu le )   bu t   ve ry   spec i f i c ,  and r e s o l u t i o n s  of 

0 . 0 0 0 1  cm-’ are poss ib l e .   Quan t i t a t ive   de t e rmina t ions  are 

f a c i l i t a t e d  by t h e   f a c t   t h a t   t h e  maximum s i g n a l   a b s o r p t i o n  

a t  a p a r t i c u l a r   f r e q u e n c y   d u e   t o  a p a r t i c u l a r   g a s  is  d i r e c t l y  

p r o p o r t i o n a l   t o   t h e   p a r t i a l   p r e s s u r e   o f   t h e   g a s  and i s  un- 

a f f e c t e d  by t h e   t o t a l   s a m p l e   p r e s s u r e  o r  composition. 

Present  day  microwave  spectrometers  are  bulky,  requiring 

ve ry   l ong   pa th   l eng ths   ( s eve ra l  meters) o f   r ad ia t ion   t o   ach ieve  

ppm s e n s i t i v i t i e s .  Only laboratory  models  have  been  developed 

and they  usually  occupy a l a r g e   p a r t   o f  an average   s ized  room. 

(However, NASA i s  concerned  with  the  development  of  portable 

microwave  spectrometers.)   Also,   there i s  a poor  trade-off 

34 



between scan rate, and  resolution/accuracy. The g r e a t e s t  

r e s o l u t i o n  and d e t e c t a b i l i t y  i s  obta ined  a t  very l o w  sample 

p re s su res  (-01 t o r r ) ,   b u t   t h i s   a l s o   r e q u i r e s   v e r y   l o n g   s c a n n i n g  

t ime (several days) t o   g e t  a f u l l  spectrum. However, f u l l  

spectrums a t  maximum r e s o l u t i o n  are n o t   r e q u i r e d   f o r  a l l  analyses .  

Despi te   these   d i sadvantages ,   inc luding   the   requi red  

manipulation  and pumping of   a tmospheric   samples ,   th is   technique 

may prove   ex t remely   usefu l   in   the   fu ture  as a r e s e a r c h   t o o l   i n  

o rb i t i ng   p l a t fo rms   o r   p l ane ta ry   bases .  Its primary  advantage 

i s  v e r s a t i l i t y   s i n c e   t h e   s c a n  time and s p e c t r a l   r e s o l u t i o n  

can  be  adjusted t o  many ana ly t ica l   requi rements ,   au tomat ica l ly ,  

through  suitable  computer  control  and  analysis.   Improvements 

i n   d e t e c t o r   s e n s i t i v i t i e s  and absorpt ion ce l l  designs  could 

l e a d   t o  a r e d u c t i o n   i n  volume penal t ies .   Research   should   a l so  

be  cont inued  to   expand  the  catalog  of   avai lable   microwave  gas  

spec t r a .  

3 . 5  Liquid  Crystals  

Although  only  in the r e sea rch   s t age ,   t h i s   t echn ique  i s  

presented as an  example  of  the  application  of a new approach 

to   t race  contaminant   measurements .  Its merits remain t o   b e  

eva lua ted   bu t  it i s  hoped t h a t  it w i l l  s t i m u l a t e   o t h e r  new 

ideas .  

To l ive r  e t  a l .  s t u d i e d   t h e   a p p l i c a t i o n   o f   l i q u i d   c r y s t a l s  

t o  trace contaminant   detect ion and q u a n t i f i c a t i o n   i n   s p a c e  

cabin  atmospheres (39). Trace contaminants  generate a 

c o l o u r   r e s p o n s e   i n   c h o l e s t e r i c   l i q u i d   c r y s t a l s .  A new mole- 

c u l a r   s p e c i e s ,  3 Beta-Carboxy-5-Cholestene, s p e c i f i c   f o r  
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aliphatic  and  aromatic  acids,  was  considered. A Bausch  and 

Lomb High  Intensity  Monochromator  illuminated  the  liquid 

crystal,  and  the  scattered  light  output  was  measured  by  a 

photomultiplier.  Upon  exposure  to  a  given  trace  contaminant 

concentration,  the  wavelength of maximum  reflection  was  obtained 

by  adjusting  the  monochromator  to  the  wavelength of maximum 

photomultiplier  signal.  Plots of  wavelength  vs  concentration 

were  obtained  separately  for  chloroform,  benzene  and  cyclo- 

hexane  and  were  found  to  be  linear  below 5 0  ppm.  Plots  of 

wavelength of maximum  reflection  vs  liquid  crystal  temperature 

could  also be  made  to  aid  in  the  identification  of  the  trace 

contaminants. 

The  technique  should  be  tested  with  a  greater  number  of 

contaminants,  both  individually  and in mixtures. It is 

expected  that  qualitative  and  quantitative  analysis  will 

require  studying  complex  spectra of  the  type  encountered  in 

spectrophotometry.  However,  the  technique's  simplicity  and 

sensitivity  may  prove  a  great  advantage.  Some  questions  to 

be  answered  are,  for  example,  is  there  a  threshold  effect  in 

the  liquid  crystal  response  and  if so at what  trace  contaminant 

concentration  level?  What  is  the  expected  lifetime  and  stability 

of  the  liquid  crystal.  response? 

3.6 Specific  Gas  Sensors 

A backup  system  monitoring  the  major  gases  and  the  most 

important  trace  contaminants  may  be  desired,  no  matter  how 

reliable  the  trace  monitoring  system  becomes. In additmion 

to  those  techniques  mentioned in  the  previous  sections,  several 



others   have   been   proposed   us ing   so l id   e lec t ro ly te   o r   fue l  cell 

concepts  (41, 42)  or   changes   in   res i s tance   in   an ion-exchange  

r e s i n s  (43). Such s p e c i f i c   s e n s o r s  are u s u a l l y  much l i g h t e r  

and  more reliable and sens i t i ve   t han   mu l t i -gas   s enso r s .  

Others   suggest  the app l i ca t ion   o f   condensa t ion   nuc le i  

c o u n t e r s   t o   d e t e c t   t r a c e   g a s e s ,   i n  a time-sharing  manner, 

v i a   t h e i r   c o n v e r s i o n   t o  low v a p o r   p r e s s u r e   l i q u i d s   o r   s o l i d s  

( 4 4 ) .  For  example, ammonia cou ld   be   de t ec t ed   i n  ,005 ppm 

c o n c e n t r a t i o n s   i f  it w e r e  f i r s t . m a d e   t o  react wi th  HC1, form- 

i n g   p a r t i c u l a t e  NH C1 .  Furthermore, it must  be  mentioned 

tha t   s t anda rd   ana ly t i ca l   p rocedures ,   su i t ab ly   adap ted   t o  

space u s e  (40) should   a l so   eventua l ly  be provided i n  any 

o rb i t i ng   o r   p l ane ta ry   base ,   a s   t he   mos t  reliable research  

t o o l .  

4 

I f   r e s e a r c h   l e a d s   t o   s u f f i c i e n t l y   s e n s i t i v e ,   l i g h t w e i g h t  

and r e l i a b l e   s p e c i f i c   g a s   s e n s o r s ,  w e  may soon  f ind   the  u s e  of 

many s e n s o r s   p r e f e r a b l e   t o  any  one  complex  multi-gas  sensor, 

C e r t a i n l y   f a i l u r e   d e t e c t i o n  and  maintenance  problems  could  be 

a l l e v i a t e d .  

Recommendations for   Universi ty   Research 

1. T e s t  and s u i t a b l y  modify  s tandard  analyt ical   proce-  

du res   fo r   u se  i n  space.  

2 .  Develop  longer   las t ing,   regenerable   t race  contaminant  

absorpt ion  beds.  

3. Develop  more sens i t i ve   gas   ch romatograph ic   de t ec to r s  

and e v a l u a t e   t h e i r   o p e r a t i o n   i n   v a r i o u s   g - f i e l d s .  

4. Develop o r  improve  valves  and pumps t o   i n c r e a s e   t h e  
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r e l i a b i l i t y  of gas  sampling  systems a t  l o w  flow rates and 

pressures .  

5 .  Study the a p p l i c a t i o n  of lasers i n  spectrophotometry. 

6. F u r t h e r   i n v e s t i g a t e   t h e   a p p l i c a t i o n  of Raman spec- 

troscopy. 

7. Expand the   ca t a logs   o f  microwave spec t r a .  

8. Develop  computer  pattern  recognition  programs  to 

ana lyze   spec t ra   on- l ine .  

9 .  Con t inue   r e sea rch   w i th   l i qu id   c rys t a l s .  

1 0 .  Propose   o ther   innovat ive   moni tor ing   techniques  for 

e i ther   spec i f ic   gases   o r   mi l t i -component   gas   mix tures .  

11. Genera l   t rade-of f   s tud ies   to   de te rmine   mos t   re l iab le  

and sens i t i ve   combina t ion   o f   ava i l ab le   t echn iques .  
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IV. BIQLQGICAL MON,ITORING, TECHNIQUES 

Since  so little is  known about the b io logica l   envi ron-  

ment  of  an a s t ronau t ,  it is expec ted   t ha t  some type   o f  

b io logica l   moni tor ing   technique(s )  w i l l  be provided on 

f u t u r e   s p a c e   f l i g h t s ,  as soon as  f l igh t -qua l i f ied   ins t rumen-  

t a t i o n  i s  a v a i l a b l e .  

In   b io log ica l   mon i to r ing ,   t he re  are problems  associated 

both  with  the  sampling  procedures   (1 ,2 ,3 ,4)   and w i t h  t h e  

methods o f   d e t e c t i o n  and ident i f ica t ion .   Moni tor ing ,  here, 

w i l l  r e f e r   s p e c i f i c a l l y   t o   t h e   d e t e c t i o n  and i d e n t i f i c a t i o n  

procedures.  

I d e a l l y ,  a biological   monitor   should be a d a p t a b l e   t o  

either a i r  or water ana lys i s ,   p rovide   rap id ,   au tomat ic  and 

sens i t i ve   ( t en ta t ive   a l lowab le   concen t r a t ions  1 0 0  o r g . / f t  3 

i n  a i r ,  1 0  org./ml. i n  water) measurements,   and  also  dist in- 

guish  between  miicrobial  species. N o  s ing le   mon i to r ing   t ech -  

nique meets a l l  these  requirements  a t  t h e  moment, much less 

those  of  small s i z e  and  power p e n a l t i e s .  A combination  of 

monitor ing  techniques w i l l  probably be requi red .  

Some of   the   b io logica l   moni tor ing   techniques   cur ren t ly  

avai lable  or  proposed, are p resen ted   be low  in   a rb i t r a ry  

ca t egor i e s  of phys ica l ,   chemica l   o r   b io logica l   t echniques .  

Though much research has   been   done   in   th i s  area, i t  s u f f e r s  

from a lack   of   publ ica t ions   o f   subsequent   resu l t s  and i n s t r u -  

mentation  developments.   In any case much work remains t o  

be done to   deve lop   fu l ly   au tomated ,   r e l i ab le ,   min ia tu r i zed  

and f l i gh t   qua l i f i ed   mon i to r ing   t echn iques .  
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4 . 1 ' p>+i.ca:l Te.ch.sq:u-es 

M i c r o b i a l   p a r t i c l e s  can be  detected  by  12ght  s 'catt 'ering 

d e v i c e s   o r  riephe'1:onieiie.r.s. i n  the case of  a i r  samples   o r  by 

C o u l t e r   c o u n t e r s   . i n   t h e  case of   l iquid  samples  (5,9,10,11,12), 

Devices have  been  developed  for  automated  use  in  space- 

c r a f t  where  the  growth  of a sample i n  a l i ' q u i d   o r   s o l i d  

c u l t u r e  medium can  be  detected by the   change   i n  i t s  t u r b i d i t y .  

They are ve ry   s ens i t i ve ,   bu t   s eve ra l   hour s  are r e q u i r e d   t o  

de t ec t   an   i n i t i a l   i nocu lum  o f  100  viable   organisms;   detect ion 

would  be  even  slower  for  lower  biological  concentrations.  

Also, s i n c e   t h e . c u l t u r e  medium canno t   be   op t ima l   fo r   a l l  

types  of o rgan i sms ,   de t ec t ion   s ens i t i v i ty   va r i e s   w i th   t he  

species  involved  and may even   be   absen t   i n   ce r t a in   ca ses .  

Ident i f ica t ion   of   the   microorganisms i s  impossible   except  

i n  terms of the   g roups   o f   bac t e r i a   o r   v i ruses   wh ich   a r e  

expec ted   t o   f l ou r i sh   i n   t he   chosen   nu t r i en t .  

Another  approach  has  been  extensively  studied  where  the 

use  of  a Coulter   counter   a l lows  the  measurement   of   specif ic  

p a r t i c l e - s i z e   c o n c e n t r a t i o n s   i n  a sample  before   and  af ter  

passing  through a l i q u i d   n u t r i e n t   l o o p  (11). T h i s  provides 

a measu re   o f   t he   i n i t i a l   concen t r a t ion   o f   v i ab le   o rgan i sms  

in   the   sample ,   bu t   aga in   cannot   ident i fy   the   spec i f ic   micro-  

organisms  involved. The technique was in tended   for   on- l ine  

monitoring of a water reclamation  system:  using  nutr ient  

b ro th ,  it is be l i eved   t o   be   capab le   o f   de t ec t ing   t he   p re sence  

of 1-10 viable   organisms/ml  within 4 hours. The technique 

w a s  t e s t e d   w i t h  E.  Co l i ,  P, aeruginosa,.M.  polymorpha, B. 



subsilis  and X. transluceris. Though  .such  an  approach  could 

be  adapted to air  monltor+g,, it has- the  disadvantages  of 
”- required  storage  of  nutrient  medium  and  particle- 

free  water for flushing, 

”- inability  to  identify  organisms 

”- relatively  long  delay  time  before  growth of viable 

organisms  is  detected 

-” reduced  reliability  due  to  use  of  pumps,  small 

orifice  tubing,  fittings  and  valves,  all  susceptible  to 

plugging  problems, 

A  lightweight,  low-power  lTght  mic.ro.s.c’ope  would  be  a 

useful  tool  in  the  space  cabin,  especially  when  scientist- 

astronauts  fly  more  frequently.  Simple  designs  are  available, 

weighing  less  than 10 lbs, and  requiring  only  intermittent 

use  of  a  6-V.  source. It  could  be  used  to  help  in  the 

identification of detected  viable  organisms or  as  a  periodic 

check on other  monitoring  procedures.  To  be  effective, 

zero-gravity  staining  procedures  should  be  developed  and 

simplified. 

4 . 2  Chemical  Tec.hniques 

Adenosine  triphosphate  (ATP)  and  flavin  mononucleotide 

(FMN) are  present  in  all  living  microorganisms so far  examined. 

Therefore,  a  measure  of  the  total  ATP  or FMN in  a  sample  is 

proportional to the  total  number  of  living  organisms  it  contains. 

The  approach  is  implemented  by  photometrically  measuring  the 

light  response  in  the  ATP-  firefly  luciferase  bioluminescent 

reaction or in  the FMN - photobacter.ia  luciferase  biolumines- 
cent  reaction  (5,6,7,13,14,15,16).  The  techniques  are  very 
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r a p i d   ( l i g h t   r e s p o n s e   i n  a few  seconds)  and  very  sensit ive 

(down t o  0.1 picogram ATP o r  1 0  micogram FMN), independent  of 

the   spec ies   involved .  However, the number of  microorganisms 

detected  depends on the  species   monitored  s ince,   for   example,  

.1 picogram ATP cor responds   to  1 protozoan   or  1 0  b a c t e r i a l  

cells  because  of  varying ATP (FMN) c o n t e n t   w i t h   p a r t i c l e  s i z e .  

The bioluminescent   technique is t h e  most  promising  and 

most  developed of t h e  methods t o   m o n i t o r   t h e   t o t a l   v i a b l e  

b io log ica l   con taminan t   popu la t ion   i n  a  sample. A minia tur ized  

ful ly   automatic   package  of  less than 1 cu. f t ,  is being 

developed (6,14). However, t h e  method cannot be used   to  

identify  microorganisms  and  one  major  problem is  the  expected 

6-month l i f e   e x p e c t a n c y   o f   t h e   f i r e f l y   o r   b a c t e r i a l   l u c i -  

f e r a se .   Bac te r i a l   cu l tu re s   cou ld  be c a r r i e d   f o r  enzyme 

e x t r a c t i o n  i n  f l i g h t .  

A recent chemiluminesce.nt  technique uses  t he   r eac t ion   o f  

a luminescent chemica l   ( l umino l )   w i th   ce l lu l a r   ex t r ac t s  

( 5 , 6 , 7 ) .  This i s  s i m i l a r   t o  t h e  bioluminescent method 

mentioned  above.  With t h e  recent development  of more s t a b l e  

s u b s t r a t e s ,   t h e   r e a c t i o n  i s  a l so   rap id   ( few  seconds) ,   accura te ,  

and f a i r l y   s e n s i t i v e  ( % l o 3  b a c t e r i a )  . However, the   sen-  

s i t i v i t y  i s  a f f e c t e d  by the   spec ies   involved  and t h e  technique 

a l s o   r e a c t s   t o   o x i d i z i n g   a g e n t s  and f r e e   r a d i c a l s   i n   t h e  

so lu t ion ,   requi r ing   bo th   background  and   spec i f ic   reac t ion  

measurements t o   d e t e c t   o n l y   v i a b l e   o r g a n i s m s .  

Fluorescence  techniques  can  be made s p e c i f i c   t o   i d e n t i -  

fying  desired  organisms by coupling  fluore's.c'erit  .moieties 
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t o   s e l e c t e d  'airtibo'd'ies  and m k i n g  them w i t h  microbial   samples.  

The level   of   contaminat ion  can  be  measured  by  f luorimetry,  

comparing the level of f l u o r e s c e n c e   f o r   s p e c i f i c   a n d  non- 

s p e c i f i c   s t a i n i n g .  With s u i t a b l e   a n t i b o d i e s ,   t h e   t e c h n i q u e  

can b e   u s e d   t o   d e t e c t   b a c t e r i a ,   v i r u s e s   o r   t o x i n s .  It i s  

r a p i d ,   v e r y   s e n s i t i v e  and s p e c i f i c   b u t   d o e s   n o t   d i s t i n g u i s h  

between  viable cells  and ce l lu l a r   f r agmen t s .  Automated 

devices  have  been  developed  for BW surve i l lance   moni tors  

(5 ,17) .  The  main disadvantages are t h e   p r e s e l e c t i o n  of a 

limited number of  organisms t o  be monitored  and  storage  of 

appropr ia te   an t ibody  prepara t ions   o f  l imited lifetime. 

Another  method t h a t  i s  s p e c i f i c   t o   i d e n t i f y i n g   m i c r o -  

organisms  measures  the.  phosphorescen'ce  of a cu l tu re   unde r  

u l t r a v i o l e t   r a d i a t i o n   ( 1 8 ) .   I n   c o n t r a s t   t o   t h e  above  tech- 

niques it does   no t   r equ i r e   t he   s to rage   o r   p repa ra t ion   o f  any 

reagents.   Also it holds  the promise  of a technique  adaptable  

t o   b o t h   t r a c e   g a s  and b io logica l   moni tor ing   (e ,g .   us ing  laser 

& Raman s p e c t r a ) .  A t  a fixed  optimal  wave-length,  t he  phos- 

phorescence  exhibi ts   decay characteristics l a s t i n g  up t o  30 

sec., which are s p e c i f i c   t o   t h e   o r g a n i s m   i n  t h e  c u l t u r e .  Only 

pure   cu l tures   have   been   tes ted  so f a r ,  and  more  development i s  

needed t o  r e a c h   t h e   r e q u i r e d   s e n s i t i v i t i e s   o f  a t  l eas t  1 0  

org./ml o r  1 0 0  org./ft ' ,  There remains   to   de te rmine   the  

s e n s i t i v i t y  ahd i d e n t i f i c a t i o n  limits for   mixtures   of   organisms,  

and whether  viable  and  nonviable  organisms  can be d i f f e r e n t i a t e d .  

A computer  would be r equ i r ed   t o   ana lyze   t he  complex  phosphores- 

cence  decay  curves. 



A gas  chromatography  method  has  also  bee?  investigated 

to  both  detect  and  identify  microorganisms (19,201. It 

was  tested  on  ether  extracts  of  pure  cultures  of 29 strains 

of  bacteria. 4QQ cells/ml  of  a few bacterial  species  could 

be  detected  after 2-4 hours of growth,  The  chromatographic 

peaks of  the  various  volatile  compounds  were  characteristic 

to  the  species  involved  and,  like  phosphorescence,  could  be 

used  to  differentiate  one  strain  from  another.  Unfortunately 

different  extract  concentrations  and  column  conditions  are 

required  to  monitor  different  species.  With  the  electron 

capture  detector,  the  method  could  detect  down  to  five  pico- 

grams  of  diacetyl  and 22 picograms  of  acetoin,  Since  these 

two  compounds were present  in  all  the  strains  tested,  and  could 

be  detected  at  such low levels,  the  authors  suggested  that 

monitoring  only  diacetyl or acetoin  might  be  a  very  sensitive 

non-specific  method  of  detecting  viable  microorganisms.  In 

any  case,  gas  chromatography  should  be  further  investigated 

for  its  applicability  to  mixtures  of  organisms,  and  to  improve 

its  sensitivity  and  detection  speed.  It  offers  the  possibility, 

like  phosphorescence,  of  a  hybrid  biological/trace  gas  monitor. 

4.3 Bio'logic.al  Techniques : 

Methods  have  been  studied  to  measure  biological  con- 

tamination  based on  some  aspects of microb2al  metabolism 

(5,6,7,9,12). Some  detect  the  substrate  used  by  an  organism, 

or  the  organism  itself, by tagging  with  a known chemical, 

dye  or  isotope,  For  example,  enzyme  activity  can  be  detected 

by  fluorimetry  when  phosphate  is  split  from  a  fluor-phosphate 
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compound in the growth medium. On the growth of organisms 

"respiration"  can be detected by a  Geiger-Mueller  tube  when 

14C02  evolves  from  a  medium  containing  14C-labelled  carbon 

sources (e.g, glucose,  .protein,  organic acid...), Such  tech- 

niques  are  also  useful in research on the  mechanism  of  physio- 

logical  processes. 

Other  simpler  techniques  may  measure  the  pH  of  a  culture 

medium,  observing  a  sharp  decrease  with  increase in  cell 

numbers.  Unfortunately,  all  these  biological  techniques 

require  several  hours to detect  biological  growth  and  are 

very  inaccurate:  depending  on  culture  medium,  environmental 

conditions,  and  the  fact  that  growth  does  not  always  begin 

immediately,  erroneous  extrapolations  to  initial  biological 

contamination  level  are  possible.  The  sensitivities  are  also 

still  very  low (% lo3  bacteria). 

The  most  reliable  method  of  detecting  viable  micro- 

organisms  is  the  standard  growth  method.  It  should  be  in- 

cluded  on  any  mission  as  a  versatile  research  tool  and  for 

spot  checks on an  automatic  monitoring  system.  The  Space 

Science  Board  recommends  the  membrane  procedure:  if  replicate 

samples  on  different  membranes  are  exposed  to  various  nutrient 

media,  some  biological  identification  by  genus  may  be  possible 

on  the  appearance of visible  colonies. The  species  to  be 

detected  and  therefore  the  number of available  nutrient 

media  would  have  to  be  preselected and withstand  storage. If 

a  microscope  is  also  provided  it  could  be  used  to  help  in  the 

more  specific  identification of  the  microorganisms  in  a 

culture. The method  is  very  sensitive  but  requires  24-48 
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hours .   incubat ion o f  exposed membranes under  carefully  con- 

t ro l l ed   env i ronmen ta l   cond i t ions .  

Re'c.omaa.a:t 2o.n.s. 'fay.' un.L~.~.r.s.xt ' 

~~ y Res'ea'ich: 

1. Develop  zero-gravi ty   s ta ining  procedures .  

2.  Simplify  and  possibly  automate  standard  growth  pro- 

cedures  . 
3. Test n u t r i e n t  mediums to   de t e rmine   t hose   t ha t  would 

p rov ide   subs t r a t e s   fo r   t he   r ap id   g rowth   o f  a maximum number 

o f   b io log ica l   spec ie s .  

4.  Continue  research on  phosphorescence  techniques. 

5. Develop  gas  chromatographic  technique. 

6. Propose   o ther   innovat ive   moni tor ing   techniques   tha t  

would provide   au tomat ic   de tec t ion  and i d e n t i f i c a t i o n  of bac- 

t e r i a ,   v i r u s e s ,   t o x i n s ,  e tn . . , .  

7.  Develop  techniques t o   s t a b i l i z e   b i o l o g i c a l   m a t e r i a l s  

such  as   ant ibodies ,   enzymes, . . .   for   long-term  s torage  [years) .  
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