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Branching ratios among three product channels of the dissociative recombination reaction
in Ar 2

1
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Measurements of the pressure dependence of the dissociative recombination~DR! reaction transition of Ar2
1

(v50) to the 3d8@ 3
2 # J51, the 4p@

1
2 # J51, and the 4p8@ 1

2 # J50 final product states of the argon atom have
been done in an argon glow discharge using time-of-flight spectroscopy. The velocity of these final-product-
state atoms is close to the most probable velocity~'750 m/sec! of the argon atoms in the discharge, so that
their distributions appear as spikes within the Boltzman distribution. The narrow velocity distributions of these
DR product atoms suggests that the velocity of the Ar2

1 ion parents, which are created by associative ioniza-
tion reactions, were very subthermal and nearly zero. One collision with an Ar atom would cause the Ar2

1 ion
to gain, on the average, 47% of the velocity of that Ar atom, which would broaden the DR product distribution
so that the peak would not be observable. However, if the ion parent dissociates before any collision, the DR
distribution will be narrow and thus observable. Determining, experimentally, the pressure at which the narrow
peaks broaden and by calculating the collision time corresponding to that pressure, the lifetimes of the DR
transitions have been estimated.@S1050-2947~99!01007-0#

PACS number~s!: 34.80.Ht
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I. INTRODUCTION

The dissociative recombination~DR! reaction in a rare
gas involves the capture of a low-energy electron by a r
gas molecular ion, initially produced by associative ioniz
tion, the formation of a compound state, and the subseq
dissociation either directly@1# or indirectly @2# into frag-
ments. The typical process for the direct reaction is

Ar2
11e2⇒Ar2** ⇒Ar1Ar~* !1Eke. ~1!

Here Ar2** represents the dissociative state and theEKe is the
kinetic energy that is released by the reaction. The equa
for the indirect reaction is

Ar2
11e2⇒Ar2~n,v !

] ⇒Ar2** ⇒Ar1Ar~* !1Eke. ~2!

In the intermediate stage of the indirect reaction,Ar2(n,v)
]

signifies electron capture into compound resonant Rydb
states, then represents the different quantum numbers a
thev signifies the vibrational level. The Ar~* ! product can be
in any energy level lower than that of the ion, including t
ground state. The other argon atom is normally in its grou
state.

In the DR reaction the energy of the final stateEfs can be
calculated using@3#

Eke5Ei2D02Efs , ~3!

whereEi is the ionization energy of the rare-gas atom,D0 is
the binding energy of the molecular ion, andEke is the dis-
sociative kinetic energy of the product atoms. Time-of-flig
TOF spectroscopy@4# can directly measure the kinetic en
ergy released by the DR reaction of heavy molecular i
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such as Ne2
1 and Ar2

1, and, therefore, identify the energ
state of the final-product atoms. Recent TOF measurem
@3# of the DR reaction of Ar2

1 have revealed very narrow
line widths~525 m/s! for some final-product states from th
reaction. In our source, these peaks appear when an ext
magnetic field is applied to the source. This field also co
fines the electrons and ions to a narrow region around
axis of the source@5# enhancing reactions such as associat
ionization and dissociative recombination in this region.

The width of the velocity distribution of a DR final
product-state atom is broadened by the motion of the pa
ionic molecule Ar2

1, the TOF distribution of the DR atom
flux being given by@6#

dJ~ t !5
c

t4 expH F S L

t
D 2VdrG2

Vp
2

J dt. ~4!

HeredJ is the DR atom flux,C is an arbitrary constant,L is
the length of the flight path,Vp is the most probable velocity
of the Ar2

1 ion parents,Vdr is the velocity of the DR produc
in the laboratory system, andt is the TOF. The narrow width
of the velocity distributions of some of these DR pea
~which sit atop the broad Boltzmann distribution! indicates
that the velocity of the ion parents is subthermal or nea
zero@7#. After only one collision with an Ar atom that has
Maxwellian thermal velocity distribution, the Ar2

1 ion
would gain, on the average, 47% of the velocity of that
atom @8#. If this happens, in the case of DR product atom
having velocities (Vdr) close to or less thanVp , the most
probable velocity of the Maxwellian distribution of the met
stable Ar atoms, the DR product distribution will broade
and will not be observable. However, if the parent molec
306 ©1999 The American Physical Society
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is very subthermal and dissociates before any collision,
DR distribution will be narrow and thus observable as in F
1~a!. Changing the pressure of the discharge varies the t
between collisions. Determining, experimentally, the pr
sure at which the narrow peaks broaden and calculating
collision time corresponding to that pressure, we are abl
estimate the lifetime of these DR transitions. This lifetime
the time between the formation of the Ar2

1 parent molecule
and the time of the dissociative reaction. Since the transi
rate is the inverse of the lifetime of the transition, and sin
the branching ratios are the ratios of the transition rates,
lifetime may be used to calculate the relative branching ra
between transitions whose lifetime has been measured.

II. SPECTRAL WIDTH OF THE DR FINAL-PRODUCT-
STATE LINES

Equation~4! gives the DR atom fluxdJ from the source
@6# seen by the detector, whereVdr the velocity of the DR
product in the laboratory system, can be calculated from
~3! for each final state in the product atom. Therefore,
DR peak corresponding to a final-product-state atom
broadened by the velocity distribution of the molecular io
that undergo DR. This distribution is characterized by a m
probable velocityVp of the parent molecule before the rea
tion. The most probable velocity of the Maxwellian distrib
tion Vp , in the case of argon atoms is'750 m/s. The veloc-
ity widths of the ground state and 4s DR lines, which
predominate the TOF spectrum when no magnetic field
present, were found@6#, by fitting the function of the above
equation to be 6756125 and 8006200 m/s, respectively
These values agree with the width predicted by Eq.~4! as-
suming that the parent molecules had Maxwellian veloc
distributions characterized by a most probable velocityvp
'750 m/s. In recent@6# TOF experiments some DR produ
atoms in the Boltzmann tail have been observed under v
ous ambient field conditions with widths much narrower th
thermal, causing peaks that stand out within the tail, such
those reported here.

K. A. Hardy @7# gives an explanation of the narrow~sub-
thermal! line widths of the slower DR product lines. In a ra
gas discharge operating at pressures of several tens of m
the molecular ions that subsequently undergo the DR re
tion are formed by the associative ionization reaction.
these reactions, the electron carries off a very small mom
tum, due to the large mass difference between the atoms
the electron. When the momentum of the ejected electro
ignored and the systems are homonuclear, the conserv
of momentum equations can be written in the laboratory
erence frame as@Fig. 2~a!#

V1 sin~u!5V2 sin~f! ~5!

and

2Vf a5V1 cos~u!1V2 cos~f!, ~6!

which leads to

Vf a5
V2 cosf6AV2

2 cos2 f2~V2
22V1

2!

2
. ~7!
e
.
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FIG. 1. ~a! A time distribution showing the 3d8@ 3
2 # J51 final-

product-state peak at a pressure of 6 mTorr. The function use
subtract the background is shown in the figure as the dashed
The points in the neighborhood of the peak were excluded from
fit for the background function. ~b! The same final-product-stat
peak at a discharge pressure of 10 mTorr.~c! At 12 mTorr the
peak can no longer be reliably fit to determine the area of the p
The width of the time channel was 40msec.
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308 PRA 60M. GUNA, L. SIMONS, K. HARDY, AND J. PETERSON
Due to rotational symmetry around the velocity vector of t
molecular ion,v f a @Fig. 2~a!#, the collision may be treated in
two dimensions. The relative probability,Pr(v1 ,v2), of ob-
serving this final velocity is proportional to the product
the two Maxwellian probability distributions for each inc
dent atom,

Pr~V1 ,V2!}V1
2e2~V1

2/Vp
2
!V2

2e2~V2
2/Vp

2
!. ~8!

The relative probability,Pr(v f a), as a function of final ve-
locity v f a may be determined using Eqs.~7! and ~8!. The
kinematics of the collision are taken into account as ther
no contribution toPr(v f a) when the discriminant in Eq.~7!
is less than zero. The resulting probability is that of obse
ing the velocity of a molecular ion with the final velocit
v f a , along an arbitrary direction~the direction ofv f a!. Be-
cause all directions are equally likely, the component ofv f a
along the TOF axis is computed by

Vf beam5Vf a cosa, ~9!

wherev f beamis the velocity observed along the time-of-flig
axis @Fig. 2~b!#. The relative probability,Pr(v f beam), of ob-
serving a particular velocity along the TOF axis is the sum
the probabilitiesPr(v f a), when the velocities are trans
formed using Eq.~9!.

The numerical modeling of the process revealed that
full width at half maximum of the probability distribution
Pr(v f beam), was in accord with the observed narrow width
the subthermal DR peaks. Moreover, the relative probab
of observing the velocity of the molecular ion was found
have a sharp maximum at zero velocity along the TOF a
The results of these calculations forVf a in the case of no
velocity dependence in the associative ionization cross
tion are shown in Fig. 3~a! and for the case of an associativ
ionization cross section proportional to 1/V in Fig. 3~b!.
These functions are used in the numerical calculation of
time between collisions.

III. TIME BETWEEN COLLISIONS

A. Analytical calculation

A good approximation to the collision time between
molecular ion Ar2

1 and an Ar atom can be calculated an

FIG. 2. The kinematics of a collision of two atoms that form
molecular ion Ar2

1. See Eq.~5! through Eq.~9! in text.
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lytically using the hard-sphere model by considering that
the discharge the two kinds of particles have Maxwelli
velocity distributions. In the following expressions, the su
script ‘‘i’’ refers to the Ar2

1 ions and the subscript ‘‘a’’
refers to the Ar atoms, unless otherwise noted.

The number of the argon ions, Ar2
1, which have a speed

betweenv andv1dv, is

n85N8
4

b3Ap
V2e2V2/b2

dV, ~10!

where N8 is the total number of argon ions, Ar2
1 in the

mixture of gases, andb is the most probable speed given b

b5A2kTi

mi
. ~11!

FIG. 3. The numerical functions that show the probability d
tributions as a function of velocity along the arbitrary axis. The
functions are used in the numerical calculation of the time betw
collisions. ~a! shows the distribution assuming no velocity depe
dence in the associative ionization cross section and~b! shows the
distribution assuming a 1/V dependence.
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The number of argon atoms whose speed relative to the A2
1

ions is betweenVr andVr1dVr is

n5N
Vr

aVAp
@e2~Vr2V!2/a2

2e2~Vr1V2!2/a2
#dVr , ~12!

whereN is the total number of Ar atoms and the most pro
able speeda is

a5A2kTa

ma
. ~13!

The number of pairs, which approach within distances in
unit time, is

nn8pVrs
25NN84s2

Vr
2

ab3 @e2~Vr2V!2/a2

2e2~Vr1V!2/a2
#e2V2/b2

dVrdV. ~14!

Integrating with respect toV,

F E
0

`

NN84s2
Vr

2

ab2 ~e2~Vr2V!2/a2

2e~Vr1V!2/a2
!e2V2/b2

dVGdVr ~15!

gives

NN84Aps2
Vr

3

~a21b2!3/2e2Vr
2/~a21b2!dVr . ~16!

Integrating this fromVr50 to Vr5`,

E
0

`

NN84Aps2
Vr

3

~a21b2!
3
2

e2Vr
2/~a21b2!dVr ~17!

gives the number of collisions in unit time that take place
unit volume between particles of different kinds. The res
is

2NN8ApAa21b2sai
2 , ~18!

sai being the distance of centers of collision.
The number of collisions between two Ar atoms is

2~N8!2ApA2a2sa
2 ~19!

and for the Ar2
1 ions it is
-

lt

2N2ApA2b2si
2. ~20!

If l a and l i are the mean distances traveled by the atoms
the ions, respectively, between each collision, then

1

l a
5pN&sa

21pN8A~a21b2!

a2 sai
2 , ~21!

1

l i
5pN8&si

21pNA~a21b2!

b2 sai
2 . ~22!

If Ta5Ti5T, then Eqs.~21! and ~22! reduce to@7#

1

l n
5p(

o
nosno

2 A11
mn

mo
, ~23!

wherel n is the mean-free path of either an ion~i! or an atom
~a! between collisions with the other ‘‘o’’ kind of particle in
a mixture of gases,mo is the mass of the other~‘‘ o’’ ! type
particle, andsno the distance between the centers of co
sions, which is given by

Sno5~dn1do!/2. ~24!

FIG. 4. Results of the analytical calculation of the time betwe
collisions for the Maxwellian distribution is shown as a solid lin
The results of the numerical calculation for the associative ion
tion distribution shown in Fig. 3 are shown as a dotted line. T
solid line is Eq.~27! and the dashed line is Eq.~28! ~see text!.
TABLE I. Velocity calculation for Argon.

Final state 3d8 @3
2# J51 4p8 @1

2# J50 4p @1
2# J51

Ionization energyE 15.76 eV 15.76 eV 15.76 eV
Binding energy, Ar2

1 D0 1.23 eV 1.23 eV 1.23 eV
Energy availableEa5E2D0 14.47 eV 14.47 eV 14.47 eV
Final-state energyEfs 14.31 eV 13.48 eV 12.91 eV
Dissociative KEEKE .16 eV .99 eV 1.56 eV
Velocity V5EKE /M1/2 737 m/s 1587 m/s 1974 m/s
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In Eq. ~24! dn is the diameter of the ion or atom, anddo is
the diameter of the other type of particle. In our sour
NAr21!NAr ; therefore,

ta→ i5
1

pNArAVa
21Vi

2sai
2

, ~25!

whereVi and Va are the mean speeds of Ar2
1 ions and Ar

atoms, respectively. SinceVi!Va the upper limit of the col-
lision time is

ta→ i5
1

pNArVasai
2 , ~26!

which in our experiment leads to the expression

ta→ i5
77.1 msec

p
, ~27!

whereP is the discharge pressure in mtorr. The calculat
above assumes that the atoms and molecular ions had M
wellian velocity distributions. This function is plotted for th
range of pressures used in this measurement in Fig. 4.

B. Numerical calculation

It has been shown@7# that the velocity distribution of the
molecular ions, when formed by associative ionization, is
from a Maxwellian distribution. The probability distribution
along an arbitrary direction in the source are shown in F
3~a! when the associative ionization cross section does
depend on velocity and in Fig. 3~b! when the cross sectio
has a 1/Vrel dependence, which is closer to reality@9#. These
distributions are used in place of the function of Eq.~10!.
The numerical result was used in Eq.~14!. For convenience
the integration in Eq.~17! was done for eachn8, V pair, and
then the integration in Eq.~15! was done numerically. This
numerical result replaces Eq.~18!. The result of the numeri-
cal calculations are shown in Fig. 4. There was no signific
difference in the dependence of the collision time on pr
sure between the two speed distributions used for the

FIG. 5. The area of the 3d8@ 3
2 # J51 final-product-state peak a

a function of pressure.
e

n
x-

r

.
ot

t
-

o-

FIG. 6. The 4p8@ 1
2 # J50 final-product-state peak as a functio

of pressure. The spectra were taken with pressures of~a! 8 mTorr,
~b! 13 mTorr, and~c! 14 mTorr. At 14 mTorr the peak has bee
broadened and is no longer distinguishable from the backgrou
The width of the time channel was 40msec.
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lecular ions. The numerical calculation using the associa
ionization velocity distribution leads to the expression,

ta→ i5
42.0 msec

p
. ~28!

This function is plotted as a dashed line in Fig. 4.

IV. FINAL-PRODUCT-STATE IDENTIFICATION

The DR reaction, such as Eq.~1! or Eq.~2!, can be written
in simplified form as

Ar2
11e2⇒Ar*1Ar1Eke, ~29!

where dissociative kinetic energy,Eke is released. Once th
dissociative kinetic energy of the reaction is obtained exp
mentally, the final state can be identified since the DR
each electronic state releases a known amount of energy
knowing the TOF, the velocity can be obtained. With th
velocity and the mass of the atom~Argon: 39.9 amu!, the
kinetic energy released per atom can be calculated usi1

2

Mv2. With the ionization energy of the rare-gas atomEi , the
dissociation energy of the molecular ionD0 , the energy
available for the dissociative recombination reaction can
determined. Subtracting the energy of the electronic stat
the final product from the energy available will give the d
sociative kinetic energy releasedEke @Eq. ~3!#,

Eke5Ei2D02Efs .

This is the energy for the two particles of the diatomic io
The Ar2

1 ion core is homonuclear so the kinetic is sp
evenly between the two products. Therefore, half of theEke
is the kinetic energy1

2 Mv2 for one of the final-product at
oms. Expected velocities and energies, once calculated,
then be compared with the energies obtained from publis
energy level diagrams@10# to identify the states.

The calculations for the Ar2
1 transitions to the 3d8@ 3

2 #J

51, 4p@ 1
2 #J51, and the 4p8@ 1

2 #J50 states of the final-
product atom are shown in Table I.

FIG. 7. The yield of the 4p8@ 1
2 # J50 final-product-state peak a

a function of pressure.
e
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FIG. 8. The 4p@
1
2 # J51 final-product-state peak at pressures

~a! 7 mTorr and~b! 18 mTorr. The width of the time channel wa
40 msec.

FIG. 9. The yield of the 4p@
1
2 # J51 final-product-state peak a

a function of pressure.
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V. EXPERIMENTAL DATA

In our time-of-flight apparatus the reactions occur in
glow discharge immersed in a uniform but variable magne
field. The reaction products and metastable atoms es
through a pinhole and are detected by measuring Auger e
trons ejected from a gold-plated mirror and collected by
Channeltron electron multiplier. A set of sweep plates
moves all charged particles and Rydberg-state atoms f
the beam. Using 200 channels on a nultichannel scaler w
time per channel of 40msecs and a flight-path length o
1.824 m the velocity resolution at the low-velocity end of t
spectrum is 8 m/s and the energy resolution is
31025 eV. A detailed discussion of the apparatus will
found elsewhere@3–7#.

The dissociative recombination products can be identi
by their characteristic shape, which is Gaussian in velo
space.

dJ~ t !5
C

t4 expH F S L

t D2VDRG2

Vp
2

J dt. ~4!

The data were fitted to the function of Eq.~4! whereVDR is
determined from the known release of dissociative kine
energyEKE , which depends on the final-product state of t
DR reaction. HereL is the length of the flight path andt is
the time of flight. There are two free parameters in the fit,
amplitude, and the width. All the other variables are det
mined by the assumed final-product state. The conclu
identification of the state is made by identifying the state t
gives a minimum in thex2 of the fit.

The thermal Ar* atoms that comprise the Maxwellian di
tribution are formed by the primary fast electrons in t
source. This distribution has been fitted with the followi

formula ~in the case of the 3d8@ 3
2 #J51 state!:

f ~ t !5
C

t5 F2
5

2 S tp

t D 2G , ~30!

wheretp is the most probable time andC is a constant. The
background function used for the 4p8 and 4p final products
was a straight line, parameters of which were determined
the bestx2.

The yield of the 3d8@ 3
2 #J51, the 4p8@ 1

2 #J50, and the

4p@ 1
2 #J51 final product state atoms~shown in Figs. 1, 8,

and 9! from the dissociative recombination of Ar2
1 was mea-

sured as a function of the pressure in an argon glow
charge at pressures between 6 and 20 mTorr. The so
conditions were a discharge voltage of 50 V, a discha
current of 300 mA, and a magnetic field of 70 G. The on
variable parameter was the source pressure. Figure 1~a!, 1~b!,

and 1~c! show the DR reaction products to 3d8@ 3
2 #J51

final-product state at pressures of 6 mTorr@Fig. 1~a!#, 10
mTorr @Fig. 1~b!#, and 12 MTorr@Fig. 1~c!#. As can be seen
in Fig. 1, increasing the pressure in the discharge caus
decrease in the yield of the observable DR final-product-s
atoms. At a pressure of 12 mTorr the DR peak could
longer be clearly distinguished from the background Bo
c
pe
c-

a
-
m
a

6

d
y

c

e
-
e
t

y
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e

a
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man distribution of metastable Ar* atoms. The area of the
DR final-product-state peak shown in Fig. 1 at channel 74
plotted as a function of pressure in Fig. 5.

The yield of the 4p8@ 1
2 #J50 final-product state was mea

sured as a function of pressure at pressures between 8 an
mTorr. This data is shown in Fig. 6. At 14 mTorr the peak
channel 32 was broadened to the extent that it could
longer be observed above the background. The yield a
function of pressure for this DR transition is shown in Fig.

The yield of the 4p@ 1
2 #J51 final-product state is shown in

Fig. 8 at channel 23 at pressures of up to 20 mTorr. The y
as a function of pressure is shown in Fig. 9.

Using a pressure of 12 mTorr and the expression from
~28!, t542.0msec/P, which assumes the calculated veloc
distributions for the molecular ions from associative ioniz
tion and uses the numerical calculation for the time betw
collisions, the time of the DR transition from Ar2

1 to the

3d8@ 3
2 #J51 final-product state in the argon atom ist54

6.2msec. The same analysis is applied to the transition
the 4p8 and 4p final-product-state peaks and we find that t

lifetime of the 4p8@ 1
2 #J50 is t52.26.1msec and for the

DR transition to the 4p@ 1
2 #J51 state the lifetime ist53

6.2msec. The transition rate is inversely proportional to t
lifetime of the transition, so the relative transition rates, a
therefore, the branching ratios may be calculated from th
times. We chose to calculate the branching ratios relative
the slowest of the three transitions and find that the bran
ing ratio ~BR! 3d8/4p is .756.07 and BR 3d8/4p8 is .55
6.07.

VI. CONCLUSION

The yields of the 3d8@ 3
2 #J51, the 4p@ 1

2 #J51, and the

4p8@ 1
2 #J50 final-product-state atoms from the dissociati

recombination of Ar2
1 have been measured as functions

the pressure in an argon glow discharge. The source co
tions were a discharge voltage of 50 V, a discharge curren
300 mA, and a magnetic field of 70 G. The only variab
parameter was the source pressure. Experimental evid
@6# indicates that the velocity distributions of the molecu
ions formed by associative ionization are not Maxwelli
and very narrow until they undergo a collision with the am
bient gas. We have used the pressure dependence of the
of these DR transitions to determine the lifetimes of the tr
sitions. We conclude that the lifetimes of the molecular io
produced from associative ionization when these ions

dergo a DR transition from Ar2
1 to the 3d8@ 3

2 #J51 final-
product state have been determined to bet546.2msec, to

the 4p@ 1
2 #J51 final-product state is 36.2msec, and to the

4p8@ 1
2 #J50 final-product state the time is 2.26.1msec.

These lifetimes can be used to determine the branching ra
to the 4p and 4p8 relative to the 3d8 state. They are~BR!
4p/3d851.336.13 and~BR! 4p8/3d851.826.23. The in-
verse lifetimest21 are products of the rate constant times t
electron density that is undetermined but the same in
these measurements. The rate constants and their ratio
be calculated and thus these ratios are tests for future the
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