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Abstract

The collisional quenching of electronically excited germanium atorns, Ge[4p*(’S,) |. 2.029 ¢V above the 4p2(“Pr,) ground state, has been
investigated by time-resolved atomic resonance absorption spectroscopy in the uliravioletal A=274.04 nm [ 4d( 'P\°) «—4p°(*8,) |. Incontrast
to previous investigations using the ‘single-shot mode” at high energy, Ge('Sy) has been generated by the repetitive pulsed irradiation of
Ge{CH,}, in the presence of excess helium gas and added gases in a slow llow system, kinetically equivalent 1o a static system. This techaique
was originally developed for the study of Ge|4p*('D,) ] which had eluded direct quantitative kinetic study until recently. Absolute second-
order rate constants obtained using signal averaging techniques from data capture of tota! digitised atomic decay profiles are reposted for the
removal of Ge(}S,) with the following gases (kp in cm® molecule™" 57", 300 K): Xe, 7.1 £0.4X107'% No. 4740.6X 10715 O,
36409X%107'5 NO, L5+03X (07" CO, 3.4405X 107 '3 N,0, 4.5+0.5% 10 1% CO,, 1.1 £03 %1971, CH,, 1.7£02X 1071
CF,, 48 +0.3%107'% SF,, 9.5+ 1.0X 107" CoH, 33401 <107 CoHy 29 £0.2% 1071 Ge(CH,),, 5.4 02X 107 . The results
are compared with previous data for Ge('Sp) derived in the single-shot mode where there is zeneral agreement though with some excepiions
which are discussed. The present data are also compared with analogous quenching rate data for the collisional removal of the lower lying

Ge[4p%('D,) ] state {0.883 eV), also chussclerised by signal averaging methods similar to that described here.
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1. Introduction

Absolute rate data are now available on the collisional
behaviour of atomic germanium in all the low lying states
arising from the overall 4p® ground state configuration within
the chemistry framework of Group I'V atom. The experimen-
1al objective of such work is to elucidate the atomic reactivity
of all states arising from the np” ground state electronic con-
figuration (°P,,, 5, ‘D, 'Sy) where the 'D. and 'Sy states are
optically metastabie. One general approach for considering
such data, apart from the detailed construction of potential
surfaces in each case, is to employ symmetry arguments on
the nature of the potential surfaces involved oncollision using
the weak spin—orbit coupling approximation for the light
atoms [ 1] and (J,42) coupling for heavy atom collisions [2].
Indeed, this latter approach is still required when considering
the collisional behaviour of atomic germanium in specific
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spin-orbit states within the *P, manifold even though the
splittings are relatively smail [3] and for which rate data
have been reported with a range of added gases [4-12]. In
fact, such studies indicate that Boltzmann equilibrium in
Ge(’P,) is normally maintained in bulk Kinetic measure-
ments. In recent years, we have developed a time-resolved
tesorance absorption method to study the kinetic behaviour
of Gel4p>('D-) |, 0.883 eV above the P, electronic ground
state {3] using signal averaging techniques [13-16] and
yielding a wide body of absolute collisional rate data. Indeed,
direct kingti¢ studies on this state had not been feasible hith-
crto. The collisional behaviour of Ge[4p*('Sp) . 2.029 eV
above the 4p*(°Py) ground state, with a range of simple
molecules has been reported using time-resolved atomic res-
onance absorption spectroscopy at high cncrgy in the single-
shot mode [ 17]. Consideration of these various studies on
Ge(4°Py, 5, 'Da, 'Sy} indicated that, in terms of such sym-
melry argumenis, germanium falls between the two extreme
coupling cases of the weak spin—orbit coupling approxima-
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tion and (J,£2) coupling, where the latter was found to be of
limited application as this type of coupling does not often
lead 1o strongly restricted pathways [2].

Symmetry arguments on the collisional behaviour of these
low lying states of alomic germanium have been addressed
in the kinetic studies indicated above. In this paper, we extend
the method developed for the study of Ge[4p*('D.)] using
signal averaging methods [ 15,16,18-20], with some further
modifications, especially in data capture and analysis, to the
kinetic investigation of Ge[4p?(!8,)]. Ge('Sy) has thus
been generated photochemically by the low energy repetitive
pulsed irradiation from a germanium-containing precursor at
low energy on a siow flow system and monitored by time-
resolved atomic resonance absorption spectroscopy with sig-
nal averaging. The advantages of this method are described.
Absolute rate constants are reported for collisional quenching
of the 'S, state with a wide range of simple gases and the
results compared with previous kinetic data for Ge('S,)
obtained in the single-shoi mode [ 17]. Whilst the results are
similar, guantitative differences are seen to arise and, in some
cases, qualitative differences have been found and are dis-
cussed in terms of the single-shot mode and signal averaged
methods. The present results are alse compared with analo-
gous guenching data for the lower lying 'D. state.

Z. Experimental

The experimental method is a variant of that employe.d for
the time-resolved atomic resonance absorption spectroscopic
technigue developed initially for the study of Ge(4'D,) { 13~
16]. Ge(4'S,) was generated from the repetitive pulsed pho-
tolysis of Ge(CHj), in the presence of excess helium buffer
€85 {PuciPoeme,: €a. 3000:1) using a coaxial lamp and vessel
assembly with a common wall of high purity quanz (‘Spec-
trosit’, A> 160 nm). This type of reactor was employed hith-
erte for the kinetic study of Ge(4'S,) where the excited atom
was derived from the higher energy pulsed initiation of
Ge(CH,), (E=1225 I) with spectroscopic monitoring in
the single-shot mode [ 17]. Lower pulse energies (E=88 1),
minimising the effect of secondary products from photolysis,
arc employed in the present investigation with monitoring at
shorter decay times using signal averaging to improve the
signal-to-noise ratio. As with the investigation on Ge('D,),
this is a slow flow system, kinetically equivalent 1o a static
system [ 15,16]. Repetitive pulsing was effected by means of
thyratron pulser (0.1 Hz) and the resulting Ge(4'S,) moni-
tored in absorption using an atomic emission resonance
source at A=274.04 nm [43('P°)) —4p*('Sy), gA=
24x10” s7'] [21]). This was derived from a micro-
wave-powered discharge (E.M.S. Microwave Generator,

*Microtron 200°, incident power =ca. 100 W) through a flow
of ca. 1% GeCl, in He (P = 133 N m™2) as hitherto in the
study of Ge(4'D,) [13,14]. The resonance transition was
optically isolated using a small grating monochromator
{Grubb Parsons, type M2) onto whose exit slit a high gain

photomultiplier tube (EM.I. 9816QB) was mounted and
where quartz optics were used throughout.

The resulting photoelectric signal at A=274.04 nm rep-
resenting resonance absorption by Ge(4'S,) was amplified
without distortion using a current-to-voltage converter [22]
prior to transfer to the data handling and analysis system.
Unlike the kinetic studies on Ge(4'D,) [13,14], the data
analysis systemn has been modified to rep'ace the combination
of atransient recorder and a BBC computer, which effectively
analyses as a computerised boxcar integrator, by a system
which captures the complete decay profiles. Thus, decay pro-
files werc captured with a *Digital Storage Adaptor’ ( Thurlby
DSA 524) interfaced toa computer, iriggered by the thyratron
pulser operating at 0.1 Hz. The DSA is effectively a transient
digitiser which is capable of a resolution of 50 ns but this is
not required in the present measurements. This unit is capable
of capturing 255 decay profiles but normally 16 profiics are
used as this represents a physical fimit to the consistent oper-
ation of the pulsing flash lamp system. This technique
requires a separale computer programme for both recording
the unatienuated signal at A =274.04 nm, I, prior to the
caplure of the absorption signal, and the subsequent capture
of the decay trace, I, as a function of time. The resonance
absorption signals were analysed using the standard Beer—
Lambertlaw, f,(274 nm) = [yexp{ — ecl), where the symbeols
have their usual meaning and not a modified form [17)] and
where c= [Ge(4'S,) |,. This is combined with the first-order
decay of the 'S, atom:

[Ge(4'S4)1,=[Ge(4'S0) }, .oexp(~k'r) (n

and hence a plot of In [In (}y/1,)] versus time yields a
straight line of slope k', the overall first-order decay coeffi-
cient of the atom which is the object of the profile analysis
and from which the appropriate collisional rate data are sub-
sequently obtained.

2.1. Materials

Ge(CH;), was prepared by the reaction of the Grignard

reagent, CH;MgBr, with GeCl, as deseribed by Parry [23).
The Ge{CH,) , was always subjected to many freeze-pump-—
thaw cycles and fractional distillation from - B80°C (CO,
+acetylene slush) to — 196°C (liquid nitragen) before use
with each set of kinetic experiments. All other materials were
prepared essentially as given in earlier paper (He, Xe, Kr,
N», 0;, NO, CO, N0, CO,, CH,, CF,, SF;, C,H, and C,H,)
[24-26).

3. Results and discussion

Following an earlier procedure described for the kinetic
study of Ge(4'D,) [15,16] and also C(2°P,) in the vacuum
ultraviolet [ 18-20], a single flow of a mixture of fixed frac-
lional composition of the photochemicai precursor of
Ge(4'S,) and the added reactant in excess helium buffer gas
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is employed for all rate measarements rather than the com-

bination of three separate calibrated mass flows. Measure-

ments were carried out at varying total pressures (py) of this

single flow of constant relative composition in which the

diffusional loss term, whose functional form isclear,ie. a1/

P is permitted to vary but which can be quantified in prin-

ciple. Of course, the initial photochemical yields of Ge(4'S,)

from the precursor Ge(CHs), also vary at different total
pressures but the first-order kinetic decays only require a
knowledge of relative atomic densities as a function of time.

The procedurc adopted for measuring the absolute second-
order rate constant for the collisional removal of Ge(4'S,)
by Ge(CH,), itself was thus to prepare a dilute mixture of
Ge{CH,), in He of fixed composition {f=[Ge(CH,),1/
{[Ge(CH;),) +[He])=4.0x10"%) and to monitor the
decay of Ge(4'S,) following the repetitive pulsed irradiation
of different total pressures in the flow. The value of f was
governed by both the lower pressures of Ge(CH,); which
yield initial atomic concentrations that can be studied in
absorption, on the one hand, and the time-scale over which
atomic germanium be monitored at higher pressures due to
rapid loss by collisional removal. This procedure, including
measurements with added reactant gases, themselves of
defined fractional composition, avoids the onerous and dif-
ficult procedure of controlling the thrée separate flows at
constant total pressure to keep the diffusional loss term con-
stant, which is small, and at a constant low concentration of
Ge(CH,), with varying reactant concentration.

Fig. t gives examples of first-order decay profiles for
Ge(4'S,) taken for two different total pressures for amixture
of Ge(CH;), of f=4.0X10* in He by time-resonance
absorption in the ultraviolet at A=27404 nm
{Ge[4d('P°,) < 4p*('S,) ] ) with signal averaging. We may
note immediately that the decay profiles, indicating initial
resonance absorption of ca. 10%, may be monitored over
time scales a factor of ca. three greater than those employed
at high energy in the single-shot mode { 17]. The slopes of
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these plets thas yield the ficst-order decay coefficients for the
removal of U2(4'Ss). The orerall first-order decay coeffi-
cient for the removal of Ge(4'S,) in this case can be
expressed as the sum of two terms, namely that due to dif-
fusion and chemical reaction. In the units of pressure, this
can be expressed as:

k' =Blpr+kefor {2)
which can be recast as:
Kpr=B+kpfpt (3)

where kg ( =k, se¢ later) is the absoiute sccond-order rale
constant for the collisional removal of Ge(4'S,) by
Ge(CH,),. In theory, the diffusional loss term, B/pr. could
be expressed in terms of the ‘long-time solution” of the dif-
fusion equation for a cylinder (length 1, radius r, where
1% r=1cm) {27,28]. In practice this term is very small
compared with collisional loss and the diffusion coefficiens
of Ge(4'S,) in He, D,,, cannot be quantified with any accu-
racy from the relevant Kinetic plots (see later). Fig. 2(a)
shows the plot for the removal of Ge(4'Sp) by Ge{CHa),
based on Eq. (3) which, from the slope of &zf (correlation
coefficient=0.9919) and the appropriate value of £, yiclds
ke=52402x10""" cm® molecule ™! 5! (300 K). Fig.
2(b) shows an analogous plot (comelation coefficient
=(.9985) to that given in Fig. 2(a) (for f=2.0X107%)
yielding kg =5.6 £0.2X 107" cm® molecule ~* s ™' (308K)
from which we take the average value of 5.4+02x 167"
cm® molecule "' s (300 K). As can be seen from Table 1,
the previous value for the second-rate coastant for the
removal of Ge(4!S;) by Ge(CH,) , from measurements with
the single-shot mode was found 1o be very large, namely
ke =8.0%10""cm® molecule ™' s~ [§7].

In the presence of an added gas, such as Oy, the overall
first-order decay coefficient for the removal of Ge(4'S,) can
be expressed as the sum of three terms, namely that due to
diffusion and to collisional quenching by the precussor,

-2.2
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1
@

Time/ps

Fig. 1. Examples of computerised firting indicating the first-order kinetic decay of Ge[4p*('S;)] obtained by time-resolved atomic resopance absorption
spectroscopy in the ultraviolet {A =274.04 nm, Ge[4d('P,°) « 4p*('S,)] } following the repetitively pulsed irradiation of Ge(CH,), in the presence of excess
helium buffer gas. f= [Ge(CH;)41/{([Ge(CH,) ] + [He])=4.0X 10 E=88 J; repetition rate =0.1 Hz; No. of experiments for averaging= 16; proa:

(Torr): (a) 6.0; (b) 18.0.
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Fig. 2. Variation of the pseudo-first-erder ratc coefficiem (k') for the decay of Ge(4'S,) obtained by time-resolved atomic resonance absorption speciroscopy
in the ultraviolet {A = 274.04 nm. Ge(4d{'P\*) + 4p°('S,) | } following the repetitively pulsed inadiation of Ge{ CH, ), in the presence of excess helium bufter
gas. k'py versus pr7s T= 300 K: f= [Ge(CH,),1/({Ge(CH,),] + [He]): (a) f=40X 107 (b) f=2.0x 107",

Ge(CH,) 4, and the added reactant. Thus the characterisation
of the absclute second-order rate constant for the collisional
quenching of Ge(4'S;) with oxygen, for example, involved
the preparation of a mixture of fixed composition of the
form  f,=[Ge(CH;),1/(1Ge(CH,)s] + [0y} + [Hel),
F=10:1/(1Ge(CH,) 4] +[0:] +[He}). Hence, in this
case, the measured first-order rate coefficient (k') can then
be wrilten as:

K =@ipy+k fips+kafipr 4

where k, and k, represent the absolute second-order rate con-
stants for the collisional removal of Ge(4'S,} by Ge(CH,),
and O, respectively, in appropriate units involving pressure.
k' is measured from slopes of first-order plots of the type
given in Fig. 3 with O, as the added quenching gas for
£i=40%10"* and f,=5.0%10"7 for two different 10tal
pressures, pr. Eq. (4) can thus be recast in the form:

kKpr=B+(k fi+k: £)Pi {5)
in the special case, of f; =f>=F, Eq. (5) becomes

Table 1

k'pye=B+(k +k2)fp3 (6)

Fig. 4(c) shows the plots for the decay of Ge(4'S,) in the
presence of O, based on Eq. (5}, the slope of which, coupled
with the values of k, (above), f, and f, vields k,{300
K)=3.6109x10"" cm® molecule "' s~ '. Fig. 4(a), 4(b)
and 4(d) givc the analogous plots based on Eq. (5) for the
removal of Ge(4'S,) with N, Xe and NO. Correlation coef-
ficients for Fig. 4(a)-4(d) were found to be 0.9856, 0.9947,
0.9912 and 0.9909, respectively. The resulting rate constants
for quenching of Ge(4'S,) by N,. Xe, O, and NO are given
in Table 1.

One may also see that the intercepts {8) based on Eq. (5)
are small in comparison to the magnitudes of the ordinates of
such plots (Fig. 4) and that diffusional loss is small in this
type of system, dominated by collisional quenching. This can
be sezn by estimates of 8 through the long-time solution for
the diffusion equation for a cylinder based on the geometry
of the reactor and a sensible estimate of D}, (Ge(4'S,)-He).
Following the earlier analogous procedure for C(2°P,) (29]

Absolute second-order rate constants (kg( 300 K} incm’ molecule ~* 577} for the collisional quenching of Ge[4p®( 'Sy} ] (2.029 ¢V ) by small smolecules (R}
determined by pulsed irmadiation coupled with time-resolved alomic rasonance absorption spectroscopy using signal averaging methods and the “single-shot
maode’ and comparison with analogous data quenching of Ge[4p*('D,)] (0.883 V)

R Ge('Sy) Ge('Sy) Get'D.}

Xe {7.1£04) %1022 LEX 107" [17] (201011 %1072 [13)]
N; (47£06)x 10 12* 18107117 (59103)x10 " [14)
O, (36£09)x10° "2 42x107' [17) (25+0.1)x 107" [14)
NO (15£03x10°" 20x10° " [17] (9.0+05)x 107" [14]
[s] (34 :05)x 10" 12" 1.8x10°'1[17) (L8+0.1)x 107" [14]
N.O (4.510.5)x1p7122 31x10 27 (23£0.) %107 {14}
€O, (1L1ze3)xio-te 39%107 7 17} (7.0£04) %10 [14]
CH, (17x02)x10°"* 1.3x10°1[17) (5.7203)%107 " [14)
CF, (4.8+0.3)x 1072 16107217} (43£02) X107 114}
SF, (95£1.0)x 10V BSXI10°M[I7) (10£0.0) X10- % [14)
CH, (3301 x 107102 23x107'°[17) (36+£0.2) X107 [15]
CH, (29402) x 10702 11X 1071 (17) (2440.1y X109 [16}
Ge(CH;), (54402)x {012 BOX 07 (17] {42402y x10 " [13]

" This work (signal averaging. errors 207); [17] single-shot mode (ervors ca. 30%); [13-16], signal averaging.
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Fig. 3. Examples of compuierised fiting indicating the first-order kinetic decay of Gel4p®('Sy) | obiained by time-resoived atomic resonancs absorption
spectroscopy in the ultravioket { A =274.04 am, Ge[4d! 'P,%) & 4p*( 'Sy} |} following the repetitively pulsed irradiation of Ge(CH,), in the presence of oxygen
and excess helivm buffer gas. f, = [Ge(CH,) J/([Ge(CH,) 1 + [O;] + [He]) =4.0X107% fo=[0.]/([Ge{CH,),] +[Q:] +[He])=50x 10" % E=
88 J; repetition rate = 0.1 Hz: No. of experiments for averaging = 16; py,.., (Tom): (a) 14.0; {b) 22,0,

70.0 .
()
_lﬂ
§
& 9.0 t I
2
3
o'ooo ¢b a.0
P, 10 Torr"
53.0
(«)
7"
w 25}
“a
B
-
*%0 a5 70
pi/18° Torr

§7.0
(b
'-'“ E
8
% sk
2
-2
%8 75 7.0
B 10° Torr®
sa0
(d)
Th
5
% 2.0}
*
0% 5 7.0
pi/10" Tord®

Fig. 4. Variaiion of the pseudo-first-order rate coefficient (k') for the decay of Ge(4'Sy) obained by time-resolved atomic resonance absorption spectroscopy
in the ultraviolet { A =274.04 nm, Ge[4d{'P,") —dp*('S,) |} following the repetitively pulsed ircadiation of Ge(CH, ), in the presence of excess heliam buffer
gas. K'py versus pr?s T= 300K f, = [Ge(CHa), 1 /([Ge(CH, )] + [R] + [He]) =4.0X 107 fo= [R = Ny, Xe, 0., NO)/( [Ge(CH;),] + [R1+{He]): (a)
Np o=20X107% (b) Xe. f= LOX 1072 (€) O, f2=5.0X 1077 (d) NO.£2=20x10"%

and Ge(4'D,) in He [15], the magnitude of 8 can be esti-
mated from the simplified form of long-term solution of the
diffusion equation for a long cylinder (k= B/pr = 581D,
where D)y, =D,,"/p; and where r=1 cm) using the reported
estimate for D,,(Si(3°P,)-He))=0.48+0.04 cm® s~ ! at
I atm (300 K) [30]. Assuming that the diffusion coefficients
of Ge(4'S,) and $i{3°P)) in He are similar, the intercepts 8
in plots of the type given in Fig. 4 should be the order of

2.1 10° Torr s~ This can be compared with the range in
the ordinate of (0-5.3) X 10° Torr s~ * for Fig. 4(a). Similar
considerations aply to other plots base”! on Eq. (5) where
such plots effectively pass through the origin, within exper-
imental ecror, and the removal of Ge(4'S,) is dominated by
collisional removal.

Fig. 5 shows plots based on Eq. (5) for the collisional
quenching of Ge(4'S,) by the simple gases CO, N,0, CO,
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Fig. 5. Variation of the pseudo-first-order rate coefficient (k") for the decay of Ge(4'S;) obtained by time-resolved atomic resonance absorpiion spectroscopy
in the ultraviolet A =274.04 nm, Ge[4d('P\°) —4p*( 'Sy} 1} following the repetitively pulsed irradiation of Ge(CH;), in the presence of excess helium buffer
gas. &'py versus pr% T=300K; f, = [Ge(CH,),1/{ [Ge(CH;),] + [R] + [He] ) =4.0X 1074, f,=[R=CQ, N,0,C0,,CH, ]/ ([Ge{CH,),} + [R] + [He]):
(2) CO, f,=20x 10" (b) N;O, £,=10X 107 % () CO,, f>=2.0X 107% (d) CH,. f,=3.0X 107*.

and CH,. The slopes of these plots (correlation coeffi-
cients =0.9840, 0.9937, 0.9907 and 0.9914, respectively)
together with the above value of &, and the values of f, and
/> given in the figure caption, yield the absolute second-order
quenching rate constants (Table 1). The slopes of the anal-
ogous prots (Fig. 6) for the large spherical molecules CF,
and SF, based on Eq. (5) (comelation cocfficients =0.9943
and 0.9858, respectively) and the values of k,, f; and f; yield

&7.0

0.0 A=

K 7o

o’ /168 Tord®

the appropriate absolute second-order quenching constants
given in Table 1. Finally, Fig. 7 shows the plots (Eq. (5))
for the quenching of Ge(4'Sy) by the simple unsaturated
hydrocarbons C,fl, an¢ C,H, (correlation coefficients
=0.9919 and 0.9849) with the resulting rate data given
in Table 1. Errors are quoted as 2¢. The present rate data are
compared with analogous rate data derived from kinetic
measurements made at high energy on Ge(4'S,) inthe single-

72.0
2 (b} 1
T
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5
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S
£
*
0'00.0 e “3.5 ' 7.0
pr‘/ﬂf TO‘I'I“

Fig. 6. Variation of the pseudo-first-order rate cosfficient (k') for the decay of Ge(4'S,) obtained by time-resolved atomic resonance absorption speciroscopy
in the ultraviclet { A =274.04 nm, Ge[4d{'P,) «— 4p*('S,) 1} following the repetitively pulsed irradiation of Ge (CH, ), in the presence of excess helium buffer
gas. k'py versus py; T=300 K; fi = [Ge(CHa )41/ ( [Ge(CH,)al + [R] + [He] ) =4.0X 1074, fo = [R =CF,, SF,1/([Ge(CH,),] + [R] + [Hel); (a) CF,,
£=20%107%; (b) SF, fo=10%10"2
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Fig. 7. Variation of the pseudo-first-order rate coefficient (k') for the decay of Ge(4'Sy) obtained by lime-resolved atomic resonance absorption spectioscopy
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gas. k'py versus pys T=300 K: f,=[Ge(CH,)]/({[Ge(CH,),] +[R] + [He]} =4.0x 107" fi=[R=CH, C:H.J/([Ge(CH,), ] + [R] +[Hel) =

4.0x107% (a) C,H,; (b) C;H,.

shot mode [ 17], where the errors are quoted generally as ca.
30%, and with analogous data for the quenching of
Ge[4p>('D,) ] (0.883 eV [3]) also characterised by signal
averaging methods analogous to those employed here.

Inspection of the absolute rate data for the collisional
quenching of Ge(4'Sy) by the present method using repeti-
tive pulsed irradiation at low erergy with signal averaging
and that of Chowdhury and Husain [17] employing high
cnergy with menitoring at short times in the single-shot mode,
shows sensible accord for most collision partners. Those
authors quote errors in the rate data of ca. 30%. CO, and SF;
are the only two gases for which the absolute second-order
rate constants have found to be significantly more rapid and
these were repeated a number of times. In both cases, chem-
ical reaction with Ge(4'S,) is highly exothermic:

Ge(4'S,)+C0,3GeO+CO AH=—-336¢V
[3,31,32]
Ge(4'S,) +8F,—GeF+8F; AH=-368¢V

[3,32-34]though, for the reaction between Ge(4'S,+CO,,
the 'A’ surface arising from these species does not comelate
with ground state products on the basis of C; symmetry in the
‘least symmetrical complex’ or on the basis of the weak spin-
orbit coupling approximation, nor does this correlate with
ground state praducts using (4,42) coupling. Surface cross-
ings and non-adiabatic transitions ar¢ again required for
chemical reaction or physical quenching [ 17]. In general,
the greater accuracy with the present kinetic method arising
from the use of low energies and of a signal averaging
method, now extended from kinetic studies on C(2°P;)
[18,19] and Ge(4'D,) [15,16] to Ge(4'S,), favours the
present results. Similar quenching rates are observed with
those for the lower lying Ge('D,) in many cases (Table 1)
notwithstanding the smaller energy to be transferred for the
latter,
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