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The cross sections for quenching the lowest n2p states of the alkali atoms Li, Na, K, 
and Rb by the inert gases He, Ne, Ar, Kr, and Xe are presented for 5 e V < E  ... .  < 100 eV. 
These cross sections are derived from the corresponding cross sections for collisional 
excitation by applying the principle of microreversibility. Upper estimates for the quenching 
cross sections at thermal energies are given; in all studied cases the quenching cross 
sections are < 8 .10-3 /~  2. These new upper limits are in most cases much lower than 
those obtained from other methods previously. 

1. Introduction 

For  many years people have tried unsuccessfully to 
determine the cross sections for quenching of the 
resonance fluorescence of the alkali atoms (M) collid- 
ing with inert gas atoms (R) at thermal energies [ l -3] .  
Even the most refined experiments were only able to 
set upper limits for the cross sections of these processes; 
these are of the order of or lower than 10-1,~ 2 at 
thermal energies (see Table l(a)). This failure to detect 
the cross section for quenching can easily be explained 
in the molecular description of the collision process 
[3] : large cross sections for inelastic processes at low 
collision energies are only expected when the quasi- 
molecular state formed by the colliding atoms in the 
course of the collision becomes nearly degenerate with 
other quasimolecular states at some value of the inter- 
nuclear distance. There the adiabatic description of 
the collision would break down and quenching pro- 
cesses would become possible by transitions to other 
quasimolecular states. This effective way to convert 
electronic into kinetic energy of the colliding atoms 
is not available for the alkali-inert gas systems since 
all more recent calculations of the relevant molecular 
states, namely those correlating with M(ZP)+R and 
M(2S) + R, have shown no indications for regions with 
strong non-adiabatic behavior [4, 5]; the potentials 
of the molecular states resulting from M(2S)+ R and 
M(zP) + R are running more or less parallel down to 
less than 3 atomic units having an energy separation 
of the order 1 eV. The Massey criterion [33] predicts 

for such cases that quenching processes at such low 
energies have to be very improbable. 
Evidence for the nature of the possible quenching 
mechanisms has come from the study of the inverse 
process, the collisional excitation in alkali-inert gas 
collisions, at moderate collision energies [6-8]:  by 
studying the threshold behavior of these cross sections 
one is in principle able to get information on the 
various mechanisms which can lead to quenching 
processes. 
The aim of this paper is therefore as follows: (i) By 
applying the principle of microreversibility to mea- 
sured excitation cross sections in the threshold region, 
the quenching cross sections as a function of collision 
energy are obtained for 5 < E .. . .  < 80 eV. Upper limits 
are derived for the quenching cross sections at thermal 
energies. (ii) From a comparison of the experimental 
results with available model calculations for the col- 
lisional excitation process we can establish the mech- 
anisms for the quenching processes in the energy range 
given above. 

2. Determination of Quenching Cross Sections 

2.1. Relation Between the Cross Sections 
.for Quenching and Collisional Excitation 

The starting point for all further considerations is 
the Eq. (1) 
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E.  (2J 1 + 1) Q1.2(E)=(E-Eo)(2J 2 + 1) Q2_I(E-Eo) 
(1) 

which relates the cross section for the process 1 - . 2  
to that for the inverse process 2--* 1 [9, 10]. Both the 
initial and final state are characterized by definite 
values Jx, J2 of the angular momentum.  Both cross 
sections are summed over the contributions from all 
magnetic substates M1, M 2 of the states J1, ,/2- Eq. (1) 
relates Q1~2 at an energy E to Q2~l at an energy 
E - E o ;  E o is the endoergicity of  the process 1-* 2. 
When the experiment resolves both fine structure com- 
ponents 2P3/2--~ 2Sa/2 and 2P1/2.---~2S1/2, we present the 
cross section Q~3/2 for quenching 2P3/2 tO the ground 
state 2S~/2 and obtain from (1) 

E 
Q~/2 (E - eo) = (E - Eo--~--))" �89 Qea/2 (E) (2) 

Qe3/2 is the cross section for exciting 21193/2 . B e c a u s e  

we have measured the ratio of  the cross sections for 
exciting the two fine structure components ,  Q;/2/Q~/2, 
over a wide energy range, we can also obtain 

E Q~/2(E) Qea/z(E). (3) 
Q ~ / E ( E - E ~  Qea/z(E ) 

For Li we can only determine Qel/2, 3/2 because the 
fine structure components  cannot be separated. From 
Eqs. (1) and (3) we obtain 

2 E 
Q ~ / 2 ,  3 / 2  ( E  - -  E o )  = 3 E - E o Q~/2, 3 / 2  ( E ) .  ( 4 )  

e __ e Here we have assumed that Q3/2- 2 Q1/2, equal to the 
statistical ratio, which is a reasonable approximation 
for all studied combinations at most  energies. 
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Fig. 2. Quenching cross s e c t i o n  Q~/2 versus E . . . .  for the Rb-inert gases 

The Eqs. (2), (3), and (4) have been applied to derive 
the quenching cross sections Qq from the measured 
excitation cross sections Qe. 

2.2. Apparatus 

Detailed descriptions of the apparatus employed to 
measure the cross sections for collisional excitation 
required for Eqs. (2) through (4) do exist [11, 12] and 
are available on request; a short version can be found 
in [7] together with the results for the sodium-inert 
gases. In the following a comprehensive description 
of the apparatus is presented in order to demonstrate 
the capability to measure absolute values of the integral 
excitation cross sections. 
The alkali beams were produced by neutralising alkali 
ions obtained by surface ionisation. The energy spread 
of the alkali atoms and the nominal beam energy were 
determined by a time-of-flight-analysis. The energy 
spread was of the order of 1 eV at collision energies 
below about 100 eV. 

The alkali resonance lines were isolated by appropriate 
interference filters and the light was viewed by a cooled 
photomultiplier perpendicular to the beam direction. 
The absolute sensitivity of the optical detection system 
was determined using a tungsten radiation standard. 
Collisionally excited alkali atoms were produced in a 
scattering chamber. Photons escape perpendicular to 
the beam axis into the optical system through a quartz 
window in one of the scattering chamber walls. The 
gas pressure in the chamber was measured with a 
capacitance manometer;  it was kept well within the 
range where the photon count rate showed linear pres- 
sure dependence and was typically 3 .10  -3 Tort.  
For  Na, K, and Rb the beam intensity was measured 
with a surface ionisation detector. The coefficient for 
reflection of the impinging atoms as ions is rather 
well known for K as a function of the beam energy 
[13]. The same energy dependence of the reflection 
coefficient was assumed to hold for Na and Rb. 
The excitation cross sections for N a -  He, Ne obtained 
in this manner [7] agree within 10 % in their absolute 
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values with the results of [-8] in the region of mutual 
overlap. In [-8] the beam intensity was determined 
with an absolute detector. 
For  unknown reasons the absolute cross sections for 
K-collisions obtained by the same group [14] are 
about a factor three lower than ours in the region of 
overlap [6, 11]. We judge their absolute values as 
more accurate since their determination of the neutral 
beam flux is more reliable; the values employed in 
Eq. (2) have been normalized to their results. 
For  Rb no high energy results do exist; we estimate 
that the absolute values should be of the same quality 
as the Na results [12]. 
For  Li the beam intensity at energies above 100 eV 
was determined both with a surface ionization detector 
and by using an absolute bolometer detector [15]. 
For  L i - H e ,  Ne the absolute cross sections at high 
energies agree within 30 % with those in [8] in the 
region of overlap. In the region 102 to 103 eV the 
reflection coefficient for Li was found to be very weakly 
depending on the energy. It was assumed that the 
same reflection coefficient (0.1) also applies to lower 
energies where only the surface ionization detector 
could be used. 
The excitation cross sections have been calculated in 
the same manner as in [7] for the Na-inert gases. 
Cascade contributions and polarization effects have 
been neglected when calculating the excitation cross 

sections. The information on the excitation of higher 
states indicates that the population of the studied 
lowest excited states dominates by at least one order 
of magnitude in the studied energy range [8, 16, 17]. 
The linear polarisation of the 2P3/2 ---+231/2 t r a n s i t i o n  

is generally small (see Fig. 1 and [7, 18, 15]) and the 
polarization correction to the cross sections is neg- 
ligible. 

3. Results 

As an example we show in Fig. 1 the excitation cross 
sections for the Rb-inert gas systems [12]. In Fig. 1 a 
Q'3/2, the cross section for exciting Rb 5 2P3/2, is 
presented as a function of the c.m. energy; for 
E . . . .  <80 eV Q~/2 should better be taken from Qq3,2 
in Fig. 2 via Eq. (2). Aside from R b -  Ne the polarisa- 
tion fractions in Fig. l b are < 3 %, but nevertheless 
show a strong energy dependence. A qualitative ex- 
planation for such a kind of structure has been tried 
in [18]. Fig. l c shows the ratio Qe3/z/QeL, 2 of the cross 
sections for populating Rb 52P3/2 and Rb 52P1/2 . 
Even at 500eV this ratio has not reached yet the 
statistical value 2.0 in all cases. At the lowest energies 
accessible the ratios are however close to two. A 
qualitative explanation for the structure observed at 
intermediate energies has been offered in [19]; more 
detailed considerations can be found in [12]. 



316 E. Speller  et al.: Quench ing  Cross  Sect ions for Alka l i - Iner t  Gas  Col l i s ions  

c',,I 
03 
c,/ 
-..... 

{3",'- 
0 

,16-~ tA2i 
2 Li - He 

1 
tt  tt ! 

, . [ "  

2b 

. . t  . . t  

, I i 

30Ec~le' 

Z 
o 
I - -  
tO 
LU 
(/3 

U3 
CO 
0 
n," 

tD 
Z 
" l -  

Z 
I I I  
=3 

, , , , , , i , , 

.102t~21 
L i -  Ne 

. i i  ..'I 

II, lh,zlb "~ "'T'" , l 

It L-'L ~ ~ ' sb Ec~t,v 

, t i i i i i i i 

.10-21A2 I 

Li - Kr 

[ . . . t  . {  
. {  . . . .  [ 

x[tt, t" 
I 

' ~  20 Z0 ' ~0 ' d0E~,4e~ 

,( 10"21A 2] 

Li - Ar 

. [ . . . !  

z.O 60 80 Ec MleVl 

�9 , , , , i , , , 

.10 -2 [A 2] 
Li - Xe 

[ 

{ 

" t "20 ~0 60 80 Ec Mte~ 

Fig. 5. Quench ing  cross sect ion Q~/2, 3/2 versus E . . . .  for the Li- iner t  gases 

Figures 2 to 4 show the cross sections Qq3/2 for quench- 
ing 2P3/2 to the ground state 2S1/2 for collisions of 
Rb, K, and Na with the inert gases. The error bars 
solely give the uncertainty due to counting statistics; 
in all three cases we estimate that the absolute scale 
should be accurate within 30% (see also 2.2). For  
very low energies (E . . . .  < 20 eV) the systematic error 
may be larger because the background correction to 
the photon count rate is more difficult to apply. This 
is illustrated for R b - H e :  we obtain a finite Qq3/2 = 
1 . 0 '  1 0  - 3  ~ 2  for E ~ 0 .  However, the pseudopotential 
calculations [5] give no indication for a curve crossing 
at very low energies which would explain the finite 
value of Q~/2 for E = 0 (see also Sect. 4). 
The cross sections for quenching 2el/2 can be obtained 
from Eq. (3) at energies where the ratios Q~3/2/Q~/2 are 
known. The data for the K-inert gases can be found 
in 1-11, 20, 19], those for the Na-inert gases in [7], 
and for the Rb-inert gases in Fig. lc. 
For  the Li-inert gas collisions Fig. 5 displays merely 

Qq3/2, t/2 since the fine structure components cannot 
be separated. Data were obtained from Eq. (4) employ- 
ing the excitation cross sections of [15] and assuming 

e 8 - -  that Q3/z/Q1/2 - 2. The error bars are due to the count- 
ing statistics; the absolute scale is again estimated to 
be accurate within 30 % (see 2.2). 
Table 1 lists upper limits for the quenching cross sec- 
tions <Qql/2, 3/25 at thermal energies (column (b)). The 
justification for these values is given in Sect. 4 after 
discussing the quenching mechanism. Table 1 also 
gives previous upper limits for (Q~/2, 3/25 (column (a)); 
the brackets indicate that these values are averaged 
over the maxwellian distribution of the velocities at 
the reported temperature. 

4. D i scuss ion  

Since the first efforts to explain excitation mechanisms 
for alkali-inert gas collisions r6], the following picture 
has emerged: 
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T a b l e  1. U p p e r  l imi t s  for  (Q~/2, 3 / 2 )  a t  t h e r m a l  ene rg i e s  

(a) U p p e r  l imi t s  a t  t h e r m a l  e n e r g i e s  f r o m  p r e v i o u s  e x p e r i m e n t s .  

(b) U p p e r  l imi t s  a t  t h e r m a l  e n e r g i e s  d e r i v e d  f r o m  the  t h r e s h o l d  

b e h a v i o r  o f  Q~/2, 3/2. 
(c) E s t i m a t e s  for  (Qg/2 ,3 /2)  u n d e r  t h e r m a l  c o n d i t i o n s  at  a t e m -  

p e r a t u r e  c o r r e s p o n d i n g  to  0.05 eV v ia  Eq .  (5). 

(a) (b) (c) 

L i - H e  < 0 . 0 5  [ 3 8 ]  < 1 . 5 . 1 0  3 2 . 1 0  -7  
- N e  - < 6 -  t0  -3  2 - 1 0  18 

A r  < 0 . 0 5  [ 3 8 ]  < 2 . 1 0  3 2 .  10 - 9  

- K r  - < 8 . 1 0  3 _ 

Xe  < 4 -  10 3 _ 

N a - H e  < 1 0 - 2 1 3 6 ]  < 1 . 5 . 1 0  3 2 . 1 0  6 

- N e  < 1 0  -2  [ 3 6 ]  < 1 . 5 -  10 -3 3 . 1 0  - 7  

- A r  < 1 0  3 [ 3 5 ]  < 2 . 5 - 1 0  3 2 . 1 0 . - 8  

K r  < 10 - 2  [36 ]  < 1 . 5 . 1 0  3 _ _  

- X e  < 1 0  2 [36 ]  < 3 . 1 0  -3 - 

K - H e  < 0 . 0 4  [ 3 4 ]  < 3 . 1 0  3 _ 
- N e  - < 2 . 5 -  10 3 _ _  

- A r  < 0 . 0 7  [34 ]  < 3 . 1 0  3 _ 
- K r  < 2 . 5 - 1 0  3 4 . t 0  lo 

- X e  - < 2 . 1 0  3 _ 

R b - H e  < 0 . I 1  [28 ]  < 1 . 5 -  10 -~3 l �9 10 6 

- N e  < 1 . 0  [37 ]  < l . 0 . 1 0  3 1 . 1 0  5 

A r  < 0 . 1 4  [34 ]  < 1 . 5 . 1 0  3 _ 

K r  - < 2 . 2 . 1 0  3 _ 

- X e  <0 .21  [34 ]  < 1 . 5 . 1 0  3 _ 

All  v a l u e s  in A 2 

At energies below a few keV the alkali atom excitation 
is dominated by electron promotion if curve crossings 
of the molecular orbital emerging from the ns-atomic 
orbital (n=2,  3 . . . .  for Li, Na, ...) do occur during 
the collision. This mechanism predicts differential 
cross sections which show a very pronounced angular 
threshold [21, 22]. In the integral excitation cross 
section a sudden rise appears at the energy where these 
crossings become accessible energetically. R b - K r  
(see Fig. 1) shows this behavior clearly: the strong 
rise of Qe3/2 near E . . . .  = 60 eV is due to excitation via 
a curve crossing mechanism. The other systems where 
electron promotion is mainly responsible for the ex- 
citation process between about 50 and 1,000 eV are 
R b - A r ,  Xe (see Fig. 1), K - A r ,  Kr, Xe [6], N a -  Ne, 
Ar, Kr, and Xe [7], and L i - N e ,  Ar, Kr [15]; the 
relevant molecular orbital crossings can readily be 
found from diabatic orbital correlation diagrams [6, 7]. 
In this electron promotion process the inert gas elec- 
trons play an important role; usually it is found that 
close to the energy where promotion becomes possible 
aside from alkali atom excitation also excitation of 
the inert gas atom becomes important [6, 7, 15]. 
Calculations for N a - N e  based on this mechanism 
[21, 23] were able to reproduce both the differential 
cross section for Na excitation [21] and the integral 
cross sections for Na and Ne excitation [7]. 

At energies above a few keV direct transitions between 
the molecular orbitals correlating with the valence 
orbital of the ground and excited state of the alkali 
atom take place with increasing probability [24]. This 
mechanism is effective at larger internuclear distances 
than the promotion process, and the differential ex- 
citation cross section does not show a pronounced 
angular threshold at higher energies anymore [21]. 
For  systems where electron promotion is improbable 
due to the lack of molecular orbital crossings this 
direct interaction is the only mechanism also at low 
energies. From the systems shown in Fig. 1 R b - H e  
and Ne are examples for this category: the excitation 
cross section shows an ill-defined threshold and con- 
tinues to rise smoothly towards higher energies. The 
other systems of this class are K - H e  [11], L i - H e ,  
and Xe [15], and N a - H e  [7]. 
Even for systems with curve crossings direct transitions 
are responsible for the tails of the excitation cross 
sections at very low energies (< 40 eV) which are found 
for all studied systems. This was first suggested in [6] 
for the K-inert gases and is now being put on solid 
ground by the calculations performed for N a - N e  
[23] : for this system the weak tail below E .. . .  = 60 eV 
is due to direct transitions between the ~rNa3s and 
both the a and 7rNa3p orbitals at relatively large 
internuclear distances. 
For  this mechanism the excitation and therefore also 
the quenching cross sections should decrease mono- 
tonously with decreasing energy: at low energies which 
are not influenced by curve crossing phenomena the 
cross sections should behave like [10, 31-33]. 

Qq = B e x p ( -  2 AE . a/(vi + @ h) (5) 

where v~, t). are the initial and final velocities of the 
colliding atoms; a is of the order of the spatial extent 
of the interaction between the molecular states and 
may itself be weakly energy dependent [41]. 

q The upper limits for Q1/2, 3/2 appearing in column (b) 
of Table l were obtained under the assumption based 
on Eq. (5) that Qq will continue to fall off even at 
energies which are not yet accessible experimentally. 
Our upper limits are equal to the upper end of the 
error bar at the smallest measured cross section value. 
The calculations of [23] give Q~/2, 3/2 = 1.3 �9 1 0  - 1 9  c m  2 

for N a - N e  at E .. . .  =40eV.  
It is likely that (Qq) at thermal energies will still be 
several orders of magnitude lower than our upper 
limits in column (b). A rough estimate for (Qq> can 
be obtained in the following way: For  L i - H e ,  Ne, 
Ar, for N a - H e ,  Ne, Ar, K - K r ,  and R b - H e ,  Ne 
the low energy tail seems not to be influenced much 
by contributions from electron promotion because Qq 
can reasonably well be fitted by (5). For R b - H e  the 
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zero of the Qq-scale has been shifted up by an amount 
of 1 . 3 . 1 0 - 3 A  2 before applying (5). Thus (AE.a)/h 
can be determined from the data of Figs. 2 to 5 yielding 
values of the order of 2.5- 10 6 c m / s .  In these cases 
an extrapolation of Qq has been attempted towards 
lower energies. (Qq) is finally obtained after averaging 
over a Maxwellian distribution of the relative velocities 
of the colliding atoms (see the procedure described 
in [32]). The values for (Qql/2, 3/2) in column (c) cor- 
respond to thermal collisions at a temperature equiv- 
alent to 0.05 eV. 
The above conclusions for the alkali-inert gas systems 
cannot be generalized to collisions of alkali atoms 
with other atoms: The size of the quenching cross 
sections depends critically on the coupling and the 
energetic separation between the involved molecular 
states and on the location of the relevant curve cross- 
ings. Likely candidates which presumably have much 
larger quenching cross sections at thermal energies 
are the alkali-alkali-systems. Both experiments on 
collisional excitation [25, 29] and recent pseudo- 
potential calculations [26, 30] have shown the exis- 
tence of a 3 z - a l l  curve crossing which could be 
effective even at thermal energies. Efficient quenching 
in these systems is due to rotational coupling between 
these states [40]. Qq for K - K  and K - N a  may be 
estimated by applying (2) to the data of [25]. 
Quenching in thermal collisions between atoms has 
recently been reported for collisions of B with Kr 
and Xe atoms [27]. The unexpectedly large cross 
sections were tentatively attributed to a curve crossing 
between the involved molecular states which is ac- 
cessible at thermal energies [39]. 

5. Summary 

The cross sections for quenching of the lowest nED _ 
alkali states by inert gases are presented as a function 
of the collision energy. In most studied cases improved 
upper estimates for the size of the quenching cross 
sections at thermal energies could be given. Mech- 
anisms for quenching in alkali-inert gas collisions are 
discussed. 
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