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Mass-identified measurements of the time dependence of the density of krypton ions in de-
caying plasmas are reported. The measurements show that the conversion of atomic into
molecular krypton ions occurs by the three-body reaction Kr'+ 2 Kr —Kr2'+ Kr with a con-
version rate of 2.3&&10 cm sec at a gas temperature of 300'K. The measured value of
the mobility of atomic krypton ions in krypton is in agreement with the previously published
values.

INTRODUCTION

In recent years, there has been considerable in-
terest in the study of the rate of formation of dia-
tomic molecular ions in rare-gas discharges. It
is generally accepted that the conversion of atomic
to molecular ions in rare-gas afterglow plasmas
occurs by a,three-body reaction of the form

X'+X+X Xg+X

The results of measurements of the rate of for-
mation of molecular ions in He, Ne, and Ar are
available in the literature. These rates have been
also theoretically calculated by a number of work-
ers. However, to the knowledge of this author
no such experimental studies of krypton discharge
have been reported in the literature. In contrast,
the mobilities of krypton ions in krypton have been
accurately determined by a number of workers
utilizing different techniques.

The results of mass-identified measurements of
the rate of conversion of atomic krypton ions into
molecular ions and the mobility of Kr' ions in kryp-
ton afterglow plasmas are reported here. The
mell-known afterglow measurement technique has
been used to study decaying krypton plasmas in the
pressure range of 1—4 Torr.

APPARATUS AND METHOD OF MEASUREMENTS

A block diagram of the equipment used to mea-
sure the time dependence of the number density of
the ions in the afterglow of a pulsed discharge is
shown in Fig. 1. The ion-signal measuring tech-
nique was analogous to that used by Sauter et al'. '
The bakable quadrupole mass spectrometer had a
mass-analyzing field length of 20 cm and a field
radius of 0. 5 cm. The mass spectrometer was of
a design similar to that of Sauter et a/. A U. S.

Government surplus BC-191 transmitter was used
as the rf power supply for the mass spectrometer.
The dc voltage was obtained by rectifying part of
the rf voltage. The mass spectrometer was oper-
ated in the constant (m/hm) mode. For the re-
sults reported here, it was operated at a frequency
of about 0. 5 MHz. The ionic mass spectrum was
obtained by varying the plate voltage of the BC-191
transmitter.

Figure 2 shows schematically the mass spectrom-
eter and the discharge-tube assembly. The plasma
was produced in a 3. 2-cm long cylindrical Pyrex
glass tube with a 2. 2-cm i. d. A 60-W 110-MHz
pulse of 2-5-msec duration was applied at in-
tervals of 60 msec to produce the discharge. The
high-frequency pulse was capacitively coupled to
the discharge tube. The ions from the plasma ef-
fused through a small sampling aperture (- 50 p, )
in a flange at one end of the tube and into the mass
spectrometer, where their mass and relative inten-
sities were determined. Ion signals from the
quadrupole were amplified by a 14-stage RCA
C7187Kelectron multiplier with oxidized Cu-Be
dynodes.

The time-sampling technique was used to mea-
sure the time dependence of the ion densities dur-
ing the plasma-decay period. ' ' This involved
sensitizing the ion multiplier for a short time
(40-80 @sec) at a fixed time in the afterglow. The
current signals from the ion multiplier were aver-
aged by aRC network, measured by an electrom-
eter and displayed on a chart recorder. By sam-
pling the ion signals at different times in the after-
glow the time history of the ions was obtained.

The gas-handling system was analogous to that
developed by Alpert. A 2-in. oil diffusion pump
with Sorbent-A oil trap was connected to the quad-
rupole mass spectrometer by means of 2-in, -
diam stainless -steel tubing. The effective pumping
speed at the mass spectrometer was estimated to
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be about 10 liters/sec. A variable leak valve in
conjunction with an automatic pressure controller
was employed to maintain a constant pressure in
the discharge region. A capacitance manometer
was used to measure the gas pressure. The vac-
uum system together with the mass spectrometer
was baked out at 300 'C for several days. The ul-
timate pressure obtained was 4x10 Torr, and the
rate of rise of contamination pressure was less
than 5&10 ' Torr per hour. The high-purity gas
supplied in a 2-liter glass flask by General Electric
contained the following major impurities: c 0. 01%
of Xe, &0. 01% of Ar, and &0.002% of N2 according
to the manufacturer's specifications. All other im-
purities were less than 0. 0005%.

The use of the mass spectrometer for the study
of ionic processes in plasmas was based on the as-
sumption that the measured ion current was deter-
mined by the microscopic properties of the plasma.
The ion current measured by the mass spectrom-
eter was obtained by sampling the ions through an
orifice in the flange at one end of the discharge
tube. In the measurements reported here this
flange, which was grounded, was externally con-
nected to the other internal electrode (Fig. 2).
Therefore, no external electric field is applied to
the plasma during the decay period. The ion cur-
rent effusing through the orifice was determined by
the undisturbed ambipolar flow of the ions to the
wall. For the fundamental diffusion mode, assum-
ing 100% ion transmission efficiency for the mass
spectrometer, this ion current i(t) is given by the
relation

(2)

Gas

Entrance Grid

To Vacuum
Pump

Electron Multiplier

where n(0, 0, t) is the instantaneous ion density at
the center of the discharge tube, A is the area of
the ion sampling orifice, D, is the ambipolar dif-
fusion constant, and II is the length of the plasma
container. The above relation (2) is valid only
when the spatial distribution of the ion number
density is independent of time.

The rate of change of atomic and molecular ion
densities is given by

FIG. 2. Schematic of the discharge tube and the mass
spectrometer. —n, (r, t) = —urn, (r, t)n, (r, t)
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-KN nq(r, t)+D„&nq(r, t) (3) Kr~ number density with time nz (t) will not be ex-
ponential, except at low-charged-particle density,
i.e. , at very late times in the afterglow period.

+D,2V nz(r, t) (4)

(5)

where n» is the initial Kr'-ion density. The time
constant r for the decay of Kr'-ion number density
is given by the relation

P / 071.25xl0 KPO+D„PO/A (6)

Here, A. is the characteristic diffusion length of
the plasma container and I'0 is the krypton pres-
sure (in Torr) reduced to 273'K. For the dis-
charge tube used in the present studies A = 0. 174
cm.

If the conversion of Kr' into Kr& occurs by a
three-body collision, a plot of Po/r versus Po
should be a straight line. The slope of this line
gives the conversion-rate constant K, while the
intercept at Po= 0 yields D,yPO/A . The mobility
value of Kr' in krypton is obtained from the rela-
tion

where nj, n2, n„and N are the number densities
of Kr', Krz, electrons, and neutral atoms, respec-
tively. D, is the ambipolar diffusion coeffi-
cient, ' '6 K is the rate constant for the conversion
of Kr' into Kr2 by process (1), and n is the elec-
tron-ion recombination coefficient. It is assumed
that the production of Kr'during the decay period
by mutual collision between metastable krypton
atoms can be neglected.

During the late afterglow period, the loss of Kr'
by recombination with electrons can be neglected.
The time dependence of the fundamental mode so-
lution of (3) is given by

RESULTS AND DISCUSSION

KryPtpn

IO4 K

The ionic mass analysis of plasmas produced in
commercially available krypton showed the pres-
ence of Kr', Kr~, Xe', Xez, and (XeKr)' ions as
the major constituents. The presence of a small
amount of xenon is manifested by a rapid exponen-
tial decay of Krz ions, since it was found that the
cross section for the reaction Kra+Xe- Xe'+ 2Kr
is large (2. 5x10 ' cm sec '). It was found that
the xenon impurities could be removed by the cata-
phoretic segregation process. ' Therefore, the
gas admitted to the discharge tube was purified by
using a cataphoresis discharge at a pressure of
20-40 Torr in a 1-m-long, 1.0-cm-i. d. Pyrex
discharge tube (discharge current = 60 mA). The
mass analysis of such cataphoretically cleaned
krypton discharges showed only the presence of
Kr' and Kr& ions. The density of impurity ions was
at least two orders of magnitude smaller. Figure
3 shows the time dependence of the number density
of atomic krypton ions at different gas pressures.
The time dependence of the ion density is exponen-
tial over two orders of magnitude. The decay time
constants 7' were measured over a pressure range
of 1-4 Torr. The measured values of Po/v against
Po are plotted in Fig. 4. The data show that the
conversion of Kr' into Kr2 proceeds according to
the three-body reaction

go= V. 63(D,~PO/T~) cm V 'sec

where T, is the Maxwellian temperature of the
ions, which is assumed to be equal to the gas
temperature.

During the decay period of the afterglow plasma,
molecular ions are continuously produced by con-
version of Kr'into Kr2, and are lost by recombi-
nation with electrons within the volume of the
plasma and by ambipolar diffusion to the walls of
the discharge tube. Because of the large value
for the electron-molecular ion recombination co-
efficient n2 coupled with the small value of the
ambipolar diffusion constant, "the decay of the
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FIG. 3. Time dependence of atomic krypton ion signals
in the afterglows of pulsed discharges in krypton.
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FIG. 4. A plot of Pp/7 as a function of Po.3

Kr'+ 2KR- Kr2 + Kr.

lack of knowledge of the accurate values for a num-
ber of parameters involved in their calculation.

The substitution of the value for the polarizability
and the mass of krypton-gas atom into the theoret-
ical expression for the conversion coefficient
proposed by Smirnov, ' yields a value of 6. 3~10
cm sec-' for K. This is appreciably higher than
the present experimental value. Mahan's formu-
lation for the rate of formation of diatomic mole-
cule incorporates the polarizability of the gas
atoms and the resonant charge-transfer rate. The
charge-transfer-rate constant was obtained by mul-
tiplying the cross section tabulated by Dalgarno
by the average relative velocity of the colliding
particles. Using this computed charge-transfer-
rate constant and the polarizability taken from
Pitzer we obtain from Mahan's formula a value of
2. 57&&10 cm sec fpr the rate pf formatipn pf

Krz. This is in very good agreement with the ex-
perimental value of 2. 3x10 ' cm sec '.

For this reaction, the slope of the line yields for
the rate constant the value E= 2. 3x10 " cm
sec-'. The intercept at PO=0 corresponds to a
value of D„PO=(41+4) cm Torrsec ' at a gas
temperature of 300'K. From (6), this value of the
ambipolar diffusion coefficient yields for the
mobility value of atomic krypton ions in krypton
p, o(Kr ') = 1.0+ 0. 1 cm V ' sec '. This value of the
mobility is in agreement with values reported by
other authors. 6

The accuracy of the determination of D Po is not
very good in the present measurements because of
the small value of D,PJA compared to the large
rate constant for conversion of atomic into molec-
ular ions. However, the accuracy for the deter-
mination of the rate of conversion is good.

Figure 5 is a typical plot of the time dependence
of Kr' and Kr2 ions in the afterglow. As a conse-
quence of the large value for the electron-ion re-
combination coefficient of Kr2 coupled with its
small value of the ambipolar diffusion constant,
the time dependence of the Kr& ions is not exponen-
tial over the density range covered in these mea-
surements. Consequently, it was not possible to
determine the mobility value of Kr2 ions in krypton.

It is of interest to compare the measured conver-
sion rate with the theoretical calculations of Niles
and Robertson, Mahan, and Smirnov. Although
the theoretical value obtained by Niles and Robert-
son for the conversion rate in helium is in agree. —

ment with experiment, ' their predictionof K= 0. 443
x 10 "cm sec for the conversion rate in krypton
is much too small when compared with the experi-
mental value of 2. 3x10 ' cm sec obtained above.
The same comment holds for the conversion rates
obtained for neon and argon. ' This may be due to

CONCLUSION
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FIG. 5. Time dependence of krypton-ion signals in

the afterglow.

Mass spectrometric studies of decaying krypton
plasma show that the conversion of atomic krypton
ions into molecular krypton ions proceeds through
the three-body reaction Kr++ 2 Kr -Kr2+ Kr. The
experimentally determined value for the rate of
conversion is 2. 3X 10 "cm sec ' and is in very
good agreement with the theoretical value obtained
from Mahan formula. The mobility of atomic
krypton ions in krypton was found to be p, o(Kr')
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=1+0.1 cm V ' sec ', which is in agreement with
the values reported previously.
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