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HIGH ENERGY DENSITY MATTER CONTRACTORS CONFERENCE 
Cocoa Beach, FL 8-11 June 1999 

High Resolution Infrared Absorption Spectroscopy of 
Molecular Dopants in Cryogenic Solid Parahydrogen 

Mario E. Fajardo and Simon Tarn 
US Air Force Research Laboratory, Propulsion Directorate 

(AFRL/PRSP Bldg. 8451, Edwards AFB, CA 93524-7680) mario_fajardo@ple.af.mil 

Premature claims of successful energy storage in cryogenic solids date back to the 
National Bureau of Standards' Free Radicals program. Such errors typically result from 
reliance on unsupplemented calorimetric data, which shed little light on the mechanism of 
energy storage, j.e..chemical identities of the energetic species and microscopic structures 
within the trappingmedium. Only spectroscopic measurements provide the species and 
structure specific information required for directed incremental progress towards higher 
stored energy densities. 

In HEDM program funded studies, Oka and co-workers pioneered the use of high 
resolution spectroscopic techniques in solid parahydrogen (pH2). Our rapid vapor deposition 
sample preparation technique now enables us to trap virtually any volatilizable species in solid 
pH2. We present results of high resolution infrared absorption experiments on pH2 solids 
doped with isolated molecules and small clusters. 
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OBJECTIVE 

Develop infrared (IR) absorption spectroscopic diagnostics for HEDM 
doped cryogenic parahydrogen (pH2) solids. 

APPROACH 

Collect high resolution IR spectra of pH2 solids doped with non- 
energetic species: prototypical diatomic, triatomic, linear polyatomic, 
symmetric top, and spherical top dopant molecules. 

Model data as "matrix-perturbed" gas phase spectra, if possible. 
Develop new spectroscopic models in collaboration with 
AFRL/Edwards Theory group, as necessary. 

Ä 

SUMMARY 

Many, but not all, molecular dopants exhibit very sharp (-0.01 cm"1 

FWHM) IR absorption lines in solid pH2, providing an extremely 
detailed window into trapping site structures and dynamics. 

Model for spherical top molecules trapped in single substitutional sites 
in fee and hep solid pH2 developed in collaboration with Prof. T. 
Momose of Kyoto U. is completely successful in explaining spectra of 
CH4/pH2 system. Model of trapped diatomic molecules forthcoming. 

FUTURE DIRECTIONS 

Develop model for dopants trapped in multi-substitutional vacancies. 

Include effects of lattice relaxation via quantum Monte Carlo methods. 
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SUPPLEMENTAL MATERIALS 
for the poster: 

HIGH ENERGY DENSITY MATTER CONTRACTORS CONFERENCE 
Cocoa Beach, FL 8-11 June 1999 

High Resolution Infrared Absorption Spectroscopy of 
Molecular Dopants in Cryogenic Solid Parahydrogen 

Mario E. Fajardo and Simon Tarn 
US Air Force Research Laboratory, Propulsion Directorate 

(AFRL/PRSP Bldg. 8451, Edwards AFB, CA 93524-7680) mario_fajardo@ple.af.mil 

Consisting of spectra of NON-ENERGETIC species trapped in 
solid hydrogen at low concentrations. These data encompass 
prototypical diatomic (CO, HC1, HF, HBr), triatomic (C02, N20, 
H20), linear polyatomic (C2H2), symmetric top (NH3, CH3F), and 
spherical top (CH4) molecular dopants. The basic research activity of 
understanding these spectra will aid in the future characterization of 
HEDM cryosolid propellants. 
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88 PPM HC1 
94 PPM H37C1 
90 PPM H35C1 

^T/?iro.c- 

(HC1)2 Vi+ region 

o Hi 
c 1 A fiS_ 
■ DO 1 1 / V||  /   l 

K°-  i 1         1.11 / v/ V.J-^* 

/fip.n.n 7S77.r) 2875.0 z?,??.^ 
Uavenumbyc 

st27061.11 annealed T=2.4K 88 PPM HC1 
st27097.6 annealed T=2.4K 33 PPM H"C1 
st27073.17 annealed T=2.4K 30 PPM H35C1 

?R6fi.fl 



(HC1)2 Vi+ region 

jeßo.o 

st27067 
st27103 
st27085 

Pö'.ri ?>v.(v 

10 annealed T=2.4K 494 PPM HCI 
6 annealed T=2.4K 94 PPM H37C1 
9    annealed      T=2.4K       284 PPM H35CI 

(HCl)n 

71 ro 

,^V\ UJL. 

^v_^Ji JL 

J >_ 

i\ 
J WV_A 

_y 

7ftf,ii.n /«"". ^ ycr". n ?S45.fl ?fii;.ri ?>im.i 

st27067.10 annealed 
st27103.6 annealed 
st27085.9     annealed 

T=2.4K 
T=2.4K 
T=2.4K 

494 PPM HCI 
94 PPM H17CI 
284 PPM H'5CI 



2800.5 2800.0 

(HC1): 
o 1                                !                                1  i               i 1 1 I 

O "" 

o 

O " 

01    . — — o 
c 

Co 

o 

("1 jj u. A 
A 

,/\ 
o 

,A A 
■■"T- 

A 
o 

o 
ci 

,      A     A 
 ■■"- i r ^——r— T ^—i— i ■ 

st27061.11 annealed 
st27097.6 annealed 
st27073.17   annealed 

2799.5 

T=2.4K 
T=2.4K 
T=2.4K 

793.0 2798.1 279S.0 
Uavenumbe'  c 

2797.0 2796.5 

88 PPM HC1 
33 PPM H37C1 
30 PPM H35C1 

2736.0 

:;T/7M6I.!I 

v3 C02/(HCl)n clusters 
J L J : I 1 L J I I L 

u rS 

-_.«-'-A. 

_JU> 

/«w 

ci 
u 

,. .A«.. 
-i 1 1 1 1 1 1 1 1 1 1 1 1 1 :  
.mo    7W.5    2349.0    7348.5    73-18.0    7317.5    ?l-17.ri    ;'<4„.5     !VH.n    P45.5    2345.(1     734-1.5    734-1.0     7343.5    7343.fl    7317/ 

Ud'.f'li'jmby'     'JTTi   ' 

st27061.11 annealed T=2.4K 
st27097.6 annealed T=2.4K 
st27073.17   annealed      T=2.4K 

88 PPM HC1 
33 PPM H17CI 
30 PPM H15CI 

■-.1.11 



v3 C02/(HCl)n clusters 

2352 

_._\ J*__ m A fv H 

—r- 

2351 
 T" 

2313      234R      2517      2346 
Uavenumber c^"' 

st27067.I0 annealed T=2.4K 494 PPM HCI 
st27l03.6 annealed T=2.4K 94 PPM H37Cl 
st27085.9    annealed      T=2.4K       284 PPM H35Cl 

HF-HCl/pH; 

2315 234-1 23-13 

■'U'KO.i- 

_Ax_ 
2300 /RWl 

lU.'.r'j*»'   <;n'' 

_»U. 

I 
27'in 

—1 
32/5 

st27115.15 
st27115.13 
st27H5.9 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 123 PPMHF/pH2 d«3mm resolution = 0.005 cm" 



C02-HF/pH; 

JL_X. vL 
-JU 
^L_ 

2360.0 2357.5 2355.0 2352.5 2350.0 
Uavenumber  cm"' 

MJ >, 
2347.5       2345.0       2347.5 

st27115.15 
st27115.13 
st27115.9 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K. 123 PPM HF/pH2 d«3mm resolution = 0.005 cm i 

ST27U5.H 

ppn 

27 WM HF/pH2 d«3mm 
J I L J 1 ' ' J I L J L 

_.•—-^—t- JUL 

";_—A_ ., j, L 

-JL 

JJL u^v-L^v. 

]JL^ 

-A- 

JL 

JU_ 
~i        i        i        i        i        i        i        i       i        i        i 1 1 1 1 1 i 1 1 r 

4000    3950    3900    3R50    3f<00    3750    3700     3<iW    3600   3550    3500    3450    3400    3350    .3300    3250    3200    3150    3100    3050    3000 
tl.jvenumbf?r  cm"1 

st27121.9 annealed      T=2.4K 
st27121.7 annealing    T=4.8K 
st27121.5 as deposited T=2.4K resolution = 0.005 cm' 

•■■r-'-| I." 



HF-HCl/pH; 

v-fv^^J 

.^VVVI^V^AA-.^WVV/T'^      NfV^,^n^^/^<^*^^^l^-A„.vw'vA.-^v-.n^.\Tv-/'^-.v.A..--'V^»YA-..''     ^->^^^A\^^.^rvA^^A^^'~'^/A»V./'^n'1>''H--''rf 

ViyAA^A^,*'v,v,,'J/,,*>"-' 

A, A.«, ■^N>w^,wi>r^.M>,A-w.~vJ«/-.-v-''       Vwv^vJywvA—»<«MH.-;^..WW *"wwvy     ''W^*-<.l^, 

?B13.n 2842.5 2342.0 78-11.5 2941.0 2W5 ;:R4n.O 2833.5 2839.0 7838.5 M'<(V 
Udvenumbe»   cm'1 

st27121.9 
st27121.7 
st27121.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 27 PPM HF/pH2 d=3mm resolution = 0.005 cm'1 

:.T;>7l/l.!i 

j>f>«fi 

91PPMHF/pH2 d«3mm 

-i i r 
-,r,oo   MW   -!9nn   >85n   ir-'no   VRO   v'nn   »i   won   rv-n   -500   wr,   w   1350   3300   i?w   ron   3!5n   imo   .wn   ?m 

st27I27.9 annealed      T=2.4K 
st27127.7 annealing    T=4.8K 
st27127.5 as deposited T=2.4K resolution = 0.005 cm" 



2843.n 

st27127.9 
•st27127.7 
st27127.5 

HF-HCl/pH; 
o t                              . 1 _       _ i        i i       i i                 i                i                 i 
o 

in 

o 

O 

in 
CO _ 

■^ 

O 

c. 1 
QJIO 

<t>o 
-0 i 
o mo ......   i L    A _ J L. .               ~_ 
*'J~ 

.113 

o i 
o JL   .   .    . ..   A-. 
= 
tn 
o _ 
CD 

„_ AA  A-, 
H I        i        i - i       i i           '    I .... i      i      i      i 

284?. 5 2842.0 2841.5 2841.0    2840.5    2840.0    2833.5 
Uavenumber cm"1 

2839.0 2838.5    2838.' 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 91 PPM HF/pH2 d*3mm resolution = 0.005 cm"1 

ST27S/7.5 

Pf rr> 

268 PPM HF/pH2 d«3mm 

T—i        i—   i        i 1 1 r 1 1 1 1 1 r 
1000    3850    3300     3850    .1800    3750    3200     V5<~<     Wl    3550    3500     5150     3400    3350    3300    3250    3200     3150    3100    3050    .I'M) 

Uüvph'jmb'.'r  Lm'1 

st27133.9 
S127I33.7 
st27133.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K resolution = 0.005 cm" 



HF-HCl/pH2 

V s-U-v.t*>w/*\J"W-V"J'*wV"' 

—I 1— 
2342.0 2811.5 2843.0 5812.5 

Uavenumbfr  cm"1 
34(1.1 2839.' 28.19.0 2818.=; 7818.! 

st27133.9 
st27133.7 
st27133.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 268 PPM HF/pH-, d*3mm resolution = 0.005 cm' 

':;T;'"iri.5 

ppm 

80fflMHBr/pH2 d«3mm 
1 

J 

1 1 

1 J 

1                                       1                                       ! 

 1 ■■     A       '       ..... i 

1                  1                  1                  1                  l < 

J u . 
u < .   . *.      * 

,. 
1 1 

2WI 
1  1          l                       i 

/rvji"i                          N"n.                         2450 
1                                 l 

7-125                      2400 

st27140.9 annealed      T=2.4K 
st27140.7 annealing    T=4.8K 
st27140.5 as deposited T=2.4K. resolution = 0.005 cm 

•■ '■■•] If. 



HF-(HF, HC1, HBr)/pH2 
J I I    i    i    i J 1 I i    ' J L 

1 ,■■ I 
-,  i  j-  |  i i  i  i  i.  i  i  i  i  i  r 

•1000 3950 3900 3850 3800 3750 3700 3650 3600 3550 3500 3150  3-100 3350 3300 3250 3200 3150  3100 3050 3000 
Uavenumber cm"' 

st27140.9 
st27140.7 
st27140.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 80PPMHBr/pH2 d*3mm resolution = 0.005 cm" 

9127110.' 

HCl-HBr/pH2 

'A?\.*. 7871.0 
Ud'vt'tl'jrilbf:!'    '-M ' 

2820.0 7&I9.5 2819.0 ?f<\t. 

st27I40.9 
st27l40.7 
st27140.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K. 80PPMHBr/pH2 d*3mm resolution = 0.005 cm" 



HC1-(HF, HC1, HBr)/pH2 

st27140.9 
st27140.7 
st27140.5 

J^ 
2900 2875 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

J ^ 

50 2825 2800 
Uävenumber  cffi"1 

80 PPM HBr/pH2 d~3mm 

2750 

resolution = 0.005 cm" 
■:;T;-7| in. ? 

st27l45.9 
st27145.7 
st27145.5 

HC1-(HF, HC1, HBr)/pH2 
m i        i 1 1 1 i                        i 

..:- 
<^j 

Ü- 

& _ 

a) 

CO 

£■ r 

o — 1 
c5 I S                  !■ 1,1, , i .                             . A- .JL - . 
o ~ 1 
o — 1 I .1 r J iV < A. .. 
T'" 

~~l — K . 1 
rj —    i 1                           1 1 1 I i                        i 

2900 7850 28 "5 2800 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 260 PPM HBr/pH, d=3mm 

2750 

resolution = 0.005 cm' 



HCl-HBr/pH; 

2823.5 2821.5 2821.0 '2820.5 
Uavenumber  cm-1 

2819.5 2819.0 281S. 5 

st27145.9 
st27145.7 
st27145.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 260 PPM HBr/pHz d«3mm resolution = 0.005 cm -i 

ST??MF;.F 

HF-(HF, HC1, HBr)/pH2 
J L J I I l_ ' I l_ I I | 

f--*. 

t-n 

>.-*=* "i I 1 I I  ' I    '     ^ 1 1 1 1 1 1 1 1 1 1 I 
■10(10    1950    '1900    1850    3300    3250    3700    .Wi    3400    3550    3500    WO    MOO    33RO    '3300    3250    3200    3150    3100    30<W    30« 

UdveiTjmber  cnf1 

st27145.9 
st27145.7 
st27145.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 260 PPM HBr/pH2 d*3mm resolution = 0.005 cm' 

•rn.-1'v 



st28003.9 
st28003.7 
st28003.5 

645 HBr/pH2 d~3mm 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

25?=) 2500 
Uavenumber  cm'1 

resolution = 0.005 cm" 

wnnrn.s 

st28003.9 
st28003.7 
st28003.5 

HCl(HBr)n/pH: 
o 1 i i i              i i              i 

o 

LO 

ui —- 

1 
U C1 - - 
o 1 1 r~> 7 ,\ I    1 ll _A._.             ...-*..       ■ 

C3 1 n 
<Z> \ 

y \ >   A J 
LP 

1 

I 
\ -f=  i. A. 

—i—u—"■ -^ I    ■ «^ =A2=r== -=;- : /- 

?9M 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

-^n 
ll-j/Pi'Urrb^*' 

■Ron 

645 HBi7pH2 d=3mm resolution = 0.005 cm' 



C02(HBr)n/pH: 

i r 
2318      2317      2316 

Uavenumber cm"1 
315      2311 

st28003.9 
st28003.7 
st28003.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 645 HBr/pH2 d*3mm resolution = 0.005 cm" 

ST28MO:<. Z 

(HBr)2/pH: 

■513 ?BI? ?r.l! ?5I0 

st28003.9 
st28003.7 
st28003.5 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 645 HBr/pHj d«3mm resolution = 0.005 cm' 

T nun"- <~ .nnn 



Pf m 

15-PPMH20/pH2 d«3mm 

st28010.6 
st28010.4 
st28010.2 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

1630 1620 1610 
Uäveriumb'?''  cm"' 

resolution = 0.005 cm" 

sT?nnin. 

ppm 

15 PPM H20/pH2 d«3mm 

*no 

st280l0.6 
st280l0.4 
st28010.2 

JU 

vm 

JL. 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

U-i.PriuroL'.-'''   L^i'1 
3730 

■     l,,l 
3770 3710 

resolution = 0.005 cm 

■".['■fi'ii''. ■ 



ff* 
45PPMH20/pH2 d«3mm 

st28014.6 
st28014.4 
st28014.2 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

1630 1620 
Uavenumbsr cm"1 

resolution = 0.005 cm 

1V.M\ 1 

ff 1^ 

45-KPM H20/pH2 d«3mm 

j j 

■A—A 1 

* -i ', i- ■ ■ ■ ■   *■ 

-O, 
»on 

st28014.6 
S1280I4.4 
st28014.2 

i 
3790 37B0 3770 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

i'sn VH\ vv\ 
Udvenumbvr  t"i'' 

resolution = 0.005 cm" 

3730 3720 3710 37flf) 

' T'-tlnl 



pPm 

138 PPM H20/pH2 d«3mm 

st28018.6 
st28018.4 
st28018.2 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

1*30 ]6?0 
Udvenumb^'  era'1 

resolution = 0.005 cm" 

-^T.wiin." 

Pf ■<fl 

138WMH20/pH2 d«3mm 

-JL  
UrjVt"!'Jr'.,ber     LiTi 

st28018.6 
st280l8.4 
st28018.2 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K resolution = 0.005 cm" 

ircifi 

■".T'nn|f. 



H20 clusters in pH2 
J 1—_i i i i_ J L J l_ 

11 iw iw^wi I^MMM 

,IU#ULmK, 

am —     | [———    T     ■        | | | , |— | 1 1—-- --j -. ! (— 

.3900  3350  3800  3750  3700  3S50  3<;00  3550  3500  3150  3100  3350  3300  3250  3200 
Uavenumber cm"' 

Si 50  31 On 

st28018.6 
st280!4.6 
st28010.6 

annealed T=2.4K 
annealed T=2.4K 
annealed      T=2.4K 

138PPMH20/pH2 

45 PPM H20/pH2 

15PPMH20/pH2 resolution = 0.005 cm' 
T200IP. 

pffr> 

56 PPM CH4/PH2 d«0.7mm 
J L J 1 I l_ 

s u_ 

o 1:1        ~~ 
I 170.0 1317.5 1315.0 1312.5 P10.0 

Jj , 

st28022.20 
st28022.19 
st28022.18 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

130". 5 1305.0 130/. 
IJd'vPl.'jri'byf'   '_m'' 

resolution = 0.005 cm 

~i—: 1—: 1 : 1  
1300.0 1297.5 1295.0 1292.5 IMO.-I 

"'nn'" 



Pf m 

200 PPM CH4/pH2 ,d«0.2mm 
J L J L 

J_ 

J L Ul 

uu 

.(LUJJL 

i-\ 

J_ 

-t 

S_A 
1370.0 1117.5 1.115.0 1313.5 1310.0 1307.5 1305.0      , 

st28026.2l 
st28026.20 
st28026.19 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K resolution = 0.005 cm" 

1300.O   1297.5   1395.0   129.3.5   1790.0 

ST?nij?r..|-D 

pjX* 

550 PPfrl CH4/pH2 d«0.05mm 
j L 

JUL 

J l 11 

1330.0 1117 
—i r~ 

1315.0 | .".I?,': 

 ! r 

P10.O 1307. 

J I L-: I L 1 1 

JjuLi 

U„,<.'i.'jT.b°i 

st28030.14 annealed      T=2.4K 
st28030.13 annealing    T=4.8K 
st28030.12 as deposited T=2.4K resolution = 0.005 cm' 

—i 1 1  I,I 

1305.0        1307.5 1300.0 1207.5 1395.0 129/. 5 I79n.ii 



(CH3F)2/pH: 

-/VWVV^ yi^^yv.A/^y^VAvVA-^-Av^\,A' 

'V^/V-v-^Avvi^W^Ww^^ji/v^   ^ W VA,.r~^, 

■V^^;^v/vVw^>v<\\'-V\A^ 

V'^^vW^ •VvAV-.^v-^'^r^w''X^'-vv^-.'V>-^-'^/. 

/v V^
/

"'
X
W'

J
~V—VV^^--^-

A
'''VX/"VNA/

VJ
'- -vvVvv'-.-/W-vvV-V'v" •'■w-S, ;A.- 

1032.00 

st28039.11 
st28039.9 
st28039.5 

1031.75 1031.50 1031.25 1031.00 
Udvenurnber"  cm"1 

1030.75 
T 

1030.50 1030.25 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 10PPMCH3F/pH2 resolution = 0.005 cm' 

(CH3F)2/pH2 

1030.00 

9T2B039.5 

st28048.il 
st28048.7 
st28048.3 

annealed T=2.4K 
annealing T=4.8K 
as deposited T=2.4K 

1031.00 
IJdVftKjmbyr   cm'' 

91 PPM CH3F7pH2 resolution = 0.005 cm-1 

1030.25 1030. i'0 

-■PPM!''-. 



6P#MCH3F/pH2 d~3mm 

1045 

st28052 
st28052 
st28052. 

Lu 

10-14 10-13 1042 

10 annealed      T=2.4K 
6 annealing    T=4.8K 
2 as deposited T=2.4K 

1041 1040 103=1 1033 

resolution = 0.005 cm' 

—r 
1037 

—I— 
1036 

—1 
I03F 

^v.m?.? 

??' 
33£PMCH3F/oD2 d*2mm 

j i i i_ j i i Fi- 

nnin lfllF        1031        1033        im? 1030        1039        l(l?fl        103? 

st28073.11   flash annealed to 10K     T=2.4K 
st28073.7     annealing    T=4.8K 
st28073.3     as deposited T=2.4K resolution = 0.005 cm" 

'■nr\ 



93 Ä HCI/0D2 d«2mm 

2350 2825 
Udvenumbec  cm"1 

2."25 

st28079.7    2nd flash annealing T=2.4K       st28079.3     annealing    T=4.8K 
st28079.5     flash annealed to 1 OK     T=2.4K       st28079.1     as deposited T=2.4K       resolution = 0.005 cm"1 

■3T28070.1 

HCl/pH2 vs. HCl/oD2 

st28079.7    annealed      T=2.4K 
st27061.11   annealed      T=2.4K 

Udvenumljer  cm'1 

93 PPM HCl/oD2 («98%) 
88 PPM HCI/pH2 (99.99+%) 

"■■T."viv:.l| 



(HCl)3/pH2 & (HCl)3/oD: 

Udvenunb?»'  c^"! 

st28079.7    annealed      T=2.4K       93 PPM HCl/oD, («98%) 
st27061.11   annealed      T=2.4K       88 PPM HCI/pH2 (99.99+%) 

c,vjm.u 

13^18 ClöO/pH2 d*3mm 

.'O^fi.O ?n-5.n 

st28082.6 annealed T=2.4K 
st28082.4 annealing T=4.8K 
st28082.2 •   as deposited T=2.4K 11 PPM "CO/pHj resolution = 0.005 cm"1 

"T'flnf 


