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Abstract.  We have used the absorption probe method to study the 
processes of collisional quenching of the metastable 5s [3/2]o2(3P2) 
state of the krypton atom in electron-beam-excited high-pressure 
He – Kr mixtures with a low content of krypton. The rate constants 
of plasma-chemical reactions Kr* + Kr + He ® Kr*

2+He [(2.88 ± 
0.29) ́  10–33 cm6 s–1], Kr* + 2He ® HeKr* + He [(4.6 ± 1.3) ́  10 –36 cm6 s–1] 
and Kr* + He ® products + He [(1.51 ± 0.15) ́  10 –15 cm3 s–1] are 
measured for the first time. The rate constants of similar reactions 
in the Ar – Kr mixture are refined. 

Keywords: inert gases, krypton, helium, argon, plasma chemistry, 
quenching of atoms, absorption spectroscopy. 

1. Introduction 

In this paper, we study experimentally plasma-chemical reac-
tions of collisional quenching of excited 5s states of krypton 
atoms in high-pressure He – Kr mixtures. These experiments, 
in turn, are a continuation of our research on quenching pro-
cesses of lower s states of heavy inert gases – xenon, neon and 
krypton –  in  their high-pressure mixtures  (p >  1  atm) with 
lighter  inert  buffer  gases  (see  reviews  [1,  2]  and  references 
therein, and more recent publications [3 – 5]). 

The present paper is devoted to measurement of quench-
ing  rate  constants  of Kr  atoms  in  the  lowest  of  the  excited 
states – metastable 5s [3/2]о2 (3P2) state (see Fig. 1) – in dense 
mixtures of Kr with the buffer gas He. We have studied the 
practically  important high-pressure He – Kr mixtures with a 
small relative content of Kr, excited by a beam of fast elec-
trons. 

Currently  in  the  literature  the quantitative data on such 
processes  are  completely  absent,  despite  the  fact  that  they 
play an important role in forming the population inversion in 
high-pressure lasers on atomic transitions in inert gases [6, 7] 
and krypton dimer lasers [8]. 

At high pressures (p = 1 – 4 atm), atoms in the studied low-
lying states are quenched in reactions involving collisions of 
three and two particles:

Kr Kr He Kr He* *
2"+ + + ,  (1)

2Kr He HeKr He* *
"+ + ,  (2)

Kr He*
"+  products  He+ .  (3)

In determining  the  rate  constant of  reaction  (3), we  should 
bear in mind that the value obtained in the experiment is an 
upper bound, because it  is also needed to take into account 
the reactions of excited krypton with atoms and molecules of 
impurities M in the gas mixture in question (mainly in He):

Kr M*
"+  products.  (4)

The relative concentrations m of different impurities in puri-
fied He are low (see below), but due to the large cross sections, 
the contribution of such reactions can be considerable. 

For comparison, in this series of experiments we have also 
measured  the  rate  constants  of  similar  reactions  in Ar – Kr 
mixtures studied in our previous works [3, 4] 

Kr Kr Ar Kr Ar* *
2"+ + + ,  (5)

Kr Ar ArKr Ar2* *
"+ + ,  (6)
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Figure 1. Diagram of the excited levels of a krypton atom. 
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Kr Ar*
"+  products Ar+ .  (7)

The rate constants have been measured by the absorption 
probe method [1, 2] from the dependence of the decay time of 
the states under study on the pressure and concentration ratio 
of the components of the working and buffer gases. To this 
end, in the afterglow of a high-power beam of fast electrons 
we have investigated the dynamics of absorption of a trans-
mitting light pulse at a wavelength of 0.8929 mm, correspond-
ing  to  a  high-oscillator  strength  optical  transition  between 
one of  the upper  (5p [1/2]1)  levels of krypton and  the meta-
stable 5s [3/2]о2 level in question (see Fig. 1). 

2. Experimental setup 

The  experiments  were  performed  by  using  a  cold-cathode 
laser from an electron gun of a Tandem pulsed laser system 
[9].  The  250-keV  pulsed  electron  beam  of  cross  section 
5 ́  100 cm with a bell-shaped current pulse of base duration 
2.5 ms was directed into a measuring chamber perpendicular 
to  its optical  axis  through a 20-mm-thick  titanium  foil. The 
electron current density was 1.5 A cm–2. The measuring cham-
ber with an active volume of 5 L was made of stainless steel. 
Before  filling with  the  gases  under  study,  the  chamber was 
evacuated via a nitrogen trap down to a residue pressure of 
~10–5 Torr; the gas leaking into the chamber did not exceed 
10–3  Torr  h–1.  The  mixtures  of  high-purity  helium  (purity 
99.995 %)  and  high-purity  krypton  (purity  99.9992 %)  with 
component ratios He : Kr = 50 : 1, 40 : 1 and 25 : 1 at pressures 
1.75 – 4.0  atm  were  investigated.  For  comparison  we  also 
studied  the  mixture  Ar : Kr  =  200 : 1,  100 : 1  and  50 : 1  (see 
details in [3, 4]). 

The  optical  scheme  of  absorption measurements  is  pre-
sented in Fig. 2. A broadband ISI-1 pulsed light source ( 1 ) 
emitting  ~30-ms  pulses  [Fig.  3,  curve  ( 2 )]  produced  probe 
radiation. At  the  source  output,  probe  radiation was  colli-
mated  into  a  beam  of  diameter  5  cm  and,  after  passing 
through the measuring chamber ( 5 ) with the mixture under 
study,  was  focused  on  the  entrance  slit  of  a  high-aperture 
ratio  MDR-2  monochromator  ( 8 )  with  a  600-lines  mm–1 
grating acting as a dispersive element. The radiation transmit-
ted  through  the  monochromator  set  to  the  wavelength  in 
question was focused on a photodetector ( 10 ) consisting of a 
fast  BPW34  pin  photodiode  (Infinion)  and  a  broadband 
AD8055 operational amplifier (Analog Devices) placed inside 
a doubly screened metal housing. Radiation in the second dif-
fraction order was suppressed with a KS-10 optical filter ( 3 ) 
mounted at the output of the ISI-1 radiation source. Part of 

the  radiation  reflected  from a plane-parallel  glass  plate  ( 4 ) 
mounted in front of the measuring chamber was fed (bypass-
ing the measuring chamber) to the entrance slit of an DMR-4 
monochromator  ( 9 )  and  to  the  second photodetector  ( 11 ). 
The output signals of the photodetectors were recorded with 
a  two-channel  digital  DSO-2010  oscilloscope  (Link  Instru-
ments) connected with a computer. 

Thus,  the  measuring  scheme  allowed  us  to  record  the 
shape  and  amplitude  of  the  probe  pulse  simultaneously  in 
front and behind an absorbing medium with the time resolu-
tion no worse than 100 ns. 

3. Experiment and discussion 

Excitation of the He – Kr mixtures by a beam of fast electrons 
leads to ionisation and excitation of atoms (mainly buffer gas 
He). At high pressures in the chains of plasma-chemical reac-
tions of types 

2He He He He2"+ ++ + ,  (8)

2He Kr Kr He2 "+ ++ + ,  (9)

Kr Kr He Kr He2"+ + ++ +   (10)

excitation  is  transferred  to molecular  ions  of  krypton.  The 
dissociative recombination of these ions with electrons 

Kr Kr Kre **
2 "+ ++   (11)

results in the formation of krypton atoms in different highly 
excited  states,  which  then  rapidly  relax  in  collisions  with 
heavy particles and secondary electrons, and in the radiative 
decay to the lower excited 5s states of the Kr atom. 

In  the  afterglow  of  the  electron  beam pulse,  during  the 
completion  of  recombination  and  relaxation  processes  the 
concentration of Kr*  in the state  investigated  in the present 
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Figure 2. Optical  scheme  of  absorption  measurements :   ( 1 )  ISI-1 
pulsed  light source;  ( 2 ) collimating  lens;  ( 3 ) KS-10 optical  filter;  ( 4 ) 
beamsplitter;  ( 5 )  measuring  chamber;  ( 6 )  fold  mirror;  ( 7 )  focusing 
lenses;  ( 8 ) high-aperture  ratio MDR-2 monochromator;  ( 9 ) DMR-4 
monochromator; ( 10, 11 ) photodetectors. 
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Figure 3. Time dependence of the intensity of the 0.893-mm ISI-1 radia-
tion source,  transmitted  through ( 1 )  the measuring chamber and ( 2 )
around it, for the He : Kr = 50 : 1 mixture at a pressure of 2.5 atm. 
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work should be determined primarily by the processes of its 
decay in reactions (1) – (4): 

[ ]
[ ] [ ] [ ] [ ] [ ]

d
d Kr

Kr He Kr He Kr
t

k k
*

* *
1 2

2
=- -

  ( ) [ ] [ ]He Krk k m *
3 4- + .  (12)

This time dependence of the concentration of Kr* can be 
represented as an exponential 

[ ] ( ) (– )expKr t N k t*
d0=   (13)

with a decay rate

[ ] [ ] [ ] ( ) [ ]Kr He He Hek k k k k md 1 2
2

3 4= + + + .  (14)

When  the  excited medium  is probed by monochromatic 
radiation  at  the wavelength of  the  transition  from a highly 
excited  state  to  the  state  in question,  the absorption  coeffi-
cient k should be proportional to the concentration of atoms 
in this state: 

( ) [ ] ( )Krk t t*+ .  (15)

In our case, with the size of the input and output slits of the 
MDR-2 monochromator equal to ~0.2 mm, providing a sat-
isfactory  signal-to-noise  ratio  in  the measurement path,  the 
width of  the  instrument  function of  the monochromator  in 
the pressure range 1.75  to 4.0 atm considerably exceeds  the 
linewidth of the observed optical transition. In this situation, 
the Bouguer – Lambert – Beer  law, generally speaking,  is not 
valid, and one needs to use the empirical, or so-called modi-
fied, form of the Bouguer – Lambert – Beer law [10, 11], relat-
ing the measured transmittance T with the absorption coeffi-
cient k by the expression 

ln(1/T) = (kL)g.  (16)

Here, L is the length of the absorbing medium excited by the 
electron beam and g is a dimensionless factor that depends on 
the ratio of the widths of the absorption line and the instru-
mental  function  of  the  monochromator.  The  study  of  the 
experimental dependences 

ln ln[1/T(L)] = const + glnL  (17)

confirmed  the  applicability  of  the  modified  Bouguer–
Lambert–Beer law and allowed one to determine the dimen-
sionless factor g, equal to 0.5, in our experimental conditions 
(see [12]). 

It follows from expression (16) taking into account rela-
tions (15) and from the expected time dependence [Kr*](t) (13) 
that the trailing edge of the ‘absorption pulse’ ln(1/T) should 
be purely exponential: 

ln[1/T(t)] ~ exp(– gkdt).  (18)

Taking the logarithm of expression (18) leads to the following 
time dependence of transmittance T in the afterglow: 

ln ln[1/T(t)] = const – gkdt.  (19)

Figure  3  shows  typical  pulse  oscillograms  of  the  ISI-1 
source at the wavelength of the 5p [1/2]1 – 5s [3/2]

о
2 transition at 

the input and output of the measuring chamber filled with a 
He : Kr = 50 : 1 mixture at a pressure of 2.5 atm. By comparing 
the amplitudes of the signals at the input and output of the 
excited active medium, we can determine at  each  instant of 
time the transmittance T of the medium at the wavelength to 
which  the  monochromator  is  tuned.  Figure  4  presents  the 
time dependence of the absorption pulse ln(1/T) in the excited 
He – Kr  mixture  obtained  from  the  oscillograms  in  Fig.  3 
[curve  ( 1 )].  For  comparison,  Fig.  4  also  shows  the  pulse 
ln(1/T) [curve (2)] obtained under similar experimental condi-
tions for the Ar – Kr mixture. Noteworthy is the lengthening 
of the trailing edge of the pulse absorption ( 1 ), indicating a 
significant slowdown of abnormally slow processes of colli-
sional quenching when the He – Kr mixture is used instead of 
the Ar – Kr mixture [3, 4]. 

Figure  5  shows  for  the  oscillograms  of  Fig.  3  the  time 
dependence of the function ln ln(1/T) for the trailing edge of 
the absorption pulse. One can see that the approximation of 
the dependence of the linear function of type 

ln ln(1/T ) = p – gkdt  (20)

[curve  ( 1 )]  does  not  lead  to  satisfactory  results.  This  is 
explained by  the  fact  [3, 4]  that due  to  the  small  collisional 
quenching rates of Kr* (6s) levels, it is necessary to take into 
account  the  influence  of  even  weak  recombination  fluxes, 
which continue to populate the level in question in the after-
glow after the end of the electron pump pulse, on their popu-
lations. In the experiment, the influence of the recombination 
effect  noticeably  differs  from  the  exponential  time  depen-
dence  of  the  trailing  edges  of  the  absorption  pulse  ln(1/T) 
(Fig.  4)  and,  therefore,  demonstrates  the  nonlinear  time 
dependence of ln ln(1/T) (Fig. 5), which is different from (20). 

To find the exponential component of the trailing edge of 
the  absorption  pulse,  the  time  dependences were  processed 

0
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Figure 4. Time  dependences  of  the  absorption  pulses  ln(1/T)  for  ( 1 ) 
He : Kr = 50 : 1 and ( 2 ) Ar : Kr = 50 : 1 mixtures at a pressure of 2.5 atm. 
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numerically using  their approximation by a quadratic poly-
nomial 

ln ln(1/T ) = p – (gg)2(t – t0)2 – gkdt(t – t0)  (21)

(p, g and kd are the approximation parameters; the time t0 is 
measured from the end of the pump pulse), in which the linear 
part  determines  the  required  collisional  quenching  rate  kd, 
while the small quadratic correction is related to the popula-
tion dynamics of the level. 

The quenching  rates  from  the  experimental  time depen-
dences  ln ln(1/T)  were  calculated  with  the  help  of  the  least 
squares method with varying coefficients p, g and kd by using 
the Levenberg – Marquardt algorithm [13]. A set of the exper-
imental data for the mixtures He : Kr = 25 : 1, 40 : 1, 50 : 1 and 
Ar : Kr = 50 : 1, 100 : 1, 200 : 1 was processed at pressures from 
1.75 to 4.0 atm with a step of 0.25 atm.

In the coordinates of Fig. 4 function (21) corresponds to 
the function 

ln ln(1/T ) = exp(p) exp[– (gg)2(t – t0)2] exp[– gkd (t – t0)],  (22)

which is a superposition of the exponential, which describes 
the collisional quenching, and the Gaussian pre-exponential, 
which  gives  a  correction  for  recombination  and  relaxation 
processes. Determination of the real form of the pre-exponen-
tial  in  the  analytical  form  is  hardly possible  because of  the 
variety and complexity of its reactions, depending, in particu-
lar, on the time-varying temperature and density of the sec-
ondary  electrons.  However,  in  practice  such  a  ‘mnemonic’ 
description in the dynamic range of variations in the transmit-
tance T = 0.1 – 0.9 (see Fig. 3) gives satisfactory results. For 
example, for each He–Kr mixture Fig. 6 presents the depen-
dences of kd [He]–1, i.e., the quenching rate reduced to the con-
centration of He, on the concentration of this buffer gas. In 
this case, according to the linear dependences 

kd [He]–1 = (dk1 + k2)[He] + (k3 + k4m)  (23)

which follows from (14) (d = [Kr]/[He] is the relative content 
of krypton in the mixture), the experimental points with good 
accuracy lie on the straight lines originating from a common 
point on the ordinate axis, which  indicates  the adequacy of 
representation  (22)  and  the  correctness  of  the  procedure  of 
experimental data processing.

The thus obtained set of experimental values of kd
i ([Kr], 

[He (Ar)]) was used to determine the rate constants of plasma-
chemical reactions (1), (2), (5), (6) and the upper bound (up to 
an unknown value k4m) of the rates of reactions (3) and (7). 
The values of the rate constants k1, k2, k3 and k5, k6, k7, pre-
sented in Tables 1 and 2 were calculated by the least-squares 
method with the use of the Levenberg – Marquardt algorithm 
by varying the sought-for constants in relations 

kd
i  = k1(5)[Kr][He (Ar)] + k2(6)[He (Ar)]2 + k3(7)[He (Ar)]  (24)

simultaneously for the entire set (for a given buffer gas) of the 
experimental values of kd

i . The essence of the procedure was 
to construct in the coordinates ([Kr], [He (Ar)]) a curved sur-
face 

S([Kr], [He (Ar)]) = k1(5)[Kr][He (Ar)] + k2(6)[He (Ar)]2 

  + k3(7)[He (Ar)],  (25)

having the smallest deviation,  in terms of the method, from 
the set of the experimental points (see details in [5]). 

Note that the processing of the experimental dependence 
of ln ln[1/T(t)] with the use of a simple linear approximation 
(20)  shows  that  this  representation  is  badly  suited  for  the 
experimental situation. Calculations performed with the use 
of (20) allowed us to determine the rate constants of reactions 
(1), (5) and (3), (7) with very limited accuracy, which means 
that they can be considered only as an upper bound k ( )

upp
1 5  and 

k ( )
upp
3 7   (Tables 1 and 2). However,  these  calculations make  it 

impossible to find quantitative values for the rate constants of 
reactions (2) and (6). 

The results obtained in the present study show that under 
these  experimental  conditions,  as  in  [3,  4],  the  collisional 
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Figure 5. Time dependence of the function ln ln(1/T), corresponding to 
the signals in Fig. 3, approximated by ( 1 ) (thick lines) the straight line 
and ( 2 ) the second-order curve. 
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quenching of 5s states of the Kr atom in He – Kr and Ar – Kr 
mixtures occurs during tree-particle reactions with the forma-
tion of a homonuclear dimer Kr*2 (1) and during two-particle 
reactions (3) and (4). At the same time, the three-particle reac-
tion (2) with the formation of a heteronuclear dimer HeKr* is 
not  involved  in  the  collisional quenching of Kr*. The  latter 
may  be  explained  by  the  fact  that  the  heteronuclear  dimer 
obtained  in  reaction  (2)  is  unstable  due  to  its  low  binding 
energy [16], and rapidly decays into the initial components in 
inverse collision reactions. In this case, the measured effective 
rate constant of the HeKr* dimer formation is close to zero. 

4. Conclusions 

We have studied for the first time the processes of deactiva-
tion of the metastable Kr*(5s [3/2]о2) state in He – Kr-mixtures, 
which are similar in composition and pressure to the mixtures 
used  in  excimer  lasers  and  high-pressure  lasers  on  atomic 
transitions  in  inert  gases.  It  has  been  shown  that  the main 
channels  of  deactivation  of  this  state  are  the  processes  of 
excimerisation with the formation of a Kr*2 dimer with a rate 
constant of 2.88 ́  10–33 cm6 s–1 and buffer gas quenching with 
a rate constant of 1.51 ́  10–15 cm3 s–1. At the same time, reac-
tions  with  the  formation  of  heteronuclear  dimers  virtually 
play no noticeable role. 

By  increasing  the  amount  of  statistical  data  we  have 
refined the rate constants of similar reactions for Ar – Kr mix-
tures, which within the measurement accuracy correspond to 
the values obtained by us for the first time in papers [3, 4]. 
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Table 1. Upper bounds (ki
upp) and average reaction rate constants (ki) 

of the collisional quenching of the Kr atom in the 5s[3/2]o2 state for the 
He – Kr mixture.

Reaction  ki
upp ki Reaction

(1) 3.1 ́  10–33 cm6 s–1 (2.88 ± 0.29) ́  10–33 cm6 s–1 this paper

(2) – (4.6 ± 1.3) ́  10–36 cm6 s–1 this paper

(3) 4.7 ́  10–15 cm3 s–1 (1.51 ± 0.15) ́  10–15 cm3 s–1 this paper

Table 2.  Same as in Table 1 for the Ar – Kr mixture.

Reaction  ki
upp ki References

(5)

(4.10 ± 0.25) ́  10–33 cm6 s–1 [3]

(3.56 ± 0.36) ́  10–33 cm6 s–1 [4]

4.0 ́  10–33 cm6 s–1 (3.48 ± 0.35) ́  10–33 cm6 s–1 this paper

(6)

(1.0 ± 0.04) ́  10–33 cm6 s–1 [14]

<10–35 см6/с [3]
–

(5.9 ± 0.8) ́  10–36 cm6 s–1 [4]

(5.7 ± 0.9) ́  10–36 cm6 s–1  this paper

(7)

(0.69 ± 0.06) ́  10–15 cm3 s–1 [14]

(1.1 ± 0.1) ́  10–15 cm3 s–1 [15]

(3.78 ± 0.23) ́  10–15 cm3 s–1 [3]

(3.26  ± 0.33) ́  10–15 cm3 s–1 [4]

6.7 ́  10–15 cm3 s–1 (3.17 ± 0.32) ́  10–15 cm3 s–1 this paper


