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Measurements of the pressure dependence of the dissociative recomtbiD&joraction transition of Ay
(v=0) to the 31'[3] J=1, the 4[3] J=1, and the $'[ 3] J=0 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 velocity50 m/seg 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 thg"Aon parents, which are created by associative ioniza-
tion reactions, were very subthermal and nearly zero. One collision with an Ar atom would causgtenAr
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 estimat¢81050-2947©9)01007-G

PACS numbds): 34.80.Ht

. INTRODUCTION such as Ng" and A", and, therefore, identify the energy
state of the final-product atoms. Recent TOF measurements

. +
gas involves the capture of a low-energy electron by a raré3] Of_thﬁ DR reactlofn of Ay fhavle revealed veryf narrc;}v.v
gas molecular ion, initially produced by associative ioniza-'N€ Widths(=25 m/9 for some final-product states from this

tion, the formation of a compound state, and the subsequefgaction. In our source, these peaks appear when an external

dissociation either directly1] or indirectly [2] into frag- magnetic field is applied_ to the source. This field also con-
ments. The typical process for the direct reaction is fines the electrons and ions to a narrow region around the

axis of the sourcg5] enhancing reactions such as associative
Aryt e A S Ar+Art) L Ep. (1) 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 parent
jonic molecule As*, the TOF distribution of the DR atom

ux being given by[6]

The dissociative recombinatiofDR) reaction in a rare

Here Ai5* represents the dissociative state andEhgis the
kinetic energy that is released by the reaction. The equatio
for the indirect reaction is

+ - # *% (%) L 2
Ary"+e =Ar, =ART =Ar+tAr*+Ee. (2 (_ _Vdr}
' c t
dJ(t)=t—4exp vz dt. (4)

In the intermediate stage of the indirect reacti@né(nyv) o

signifies electron capture into compound resonant Rydberg

states, then represents the different quantum numbers andHeredJis the DR atom fluxC is an arbitrary constant, is
thev signifies the vibrational level. The &? product can be the length of the flight pathv, is the most probable velocity
in any energy level lower than that of the ion, including theof the Ar,* ion parentsyVy, is the velocity of the DR product
ground state. The other argon atom is normally in its groundn the laboratory system, ands the TOF. The narrow width

state. of the velocity distributions of some of these DR peaks
In the DR reaction the energy of the final st&ig can be (which sit atop the broad Boltzmann distributjoindicates
calculated using3] that the velocity of the ion parents is subthermal or nearly
zero[7]. After only one collision with an Ar atom that has a
Ewe=E;—Do— Eg, (3 Maxwellian thermal velocity distribution, the A¥ ion

would gain, on the average, 47% of the velocity of that Ar
wherekE; is the ionization energy of the rare-gas atdbg,is  atom[8]. If this happens, in the case of DR product atoms
the binding energy of the molecular ion, aBg is the dis-  having velocities ¥,) close to or less thaw,, the most
sociative kinetic energy of the product atoms. Time-of-flightprobable velocity of the Maxwellian distribution of the meta-
TOF spectroscopy4] can directly measure the kinetic en- stable Ar atoms, the DR product distribution will broaden
ergy released by the DR reaction of heavy molecular iongnd will not be observable. However, if the parent molecule
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is very subthermal and dissociates before any collision, the
DR distribution will be narrow and thus observable as in Fig.
1(a). Changing the pressure of the discharge varies the time
between collisions. Determining, experimentally, the pres-
sure at which the narrow peaks broaden and calculating the
collision time corresponding to that pressure, we are able to
estimate the lifetime of these DR transitions. This lifetime is
the time between the formation of the Arparent molecule
and the time of the dissociative reaction. Since the transition
rate is the inverse of the lifetime of the transition, and since
the branching ratios are the ratios of the transition rates, this
lifetime may be used to calculate the relative branching ratio
between transitions whose lifetime has been measured.

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

Equation(4) gives the DR atom fluxdJ from the source
[6] seen by the detector, whekg;, the velocity of the DR
product in the laboratory system, can be calculated from Eq.
(3) for each final state in the product atom. Therefore, the
DR peak corresponding to a final-product-state atom is
broadened by the velocity distribution of the molecular ions
that undergo DR. This distribution is characterized by a most
probable velocity/,, of the parent molecule before the reac-
tion. The most probable velocity of the Maxwellian distribu-
tion V,, in the case of argon atoms+8750 m/s. The veloc-
ity widths of the ground state ands4DR lines, which
predominate the TOF spectrum when no magnetic field is
present, were founfb], by fitting the function of the above
equation to be 675125 and 808 200 m/s, respectively.
These values agree with the width predicted by &g.as-
suming that the parent molecules had Maxwellian velocity
distributions characterized by a most probable velooity
~750m/s. In recenit6] TOF experiments some DR product
atoms in the Boltzmann tail have been observed under vari-
ous ambient field conditions with widths much narrower than
thermal, causing peaks that stand out within the tail, such as
those reported here.

K. A. Hardy[7] gives an explanation of the narrdsub-
therma) line widths of the slower DR product lines. In a rare
gas discharge operating at pressures of several tens of mTorr,
the molecular ions that subsequently undergo the DR reac-
tion are formed by the associative ionization reaction. In
these reactions, the electron carries off a very small momen-
tum, due to the large mass difference between the atoms and
the electron. When the momentum of the ejected electron is
ignored and the systems are homonuclear, the conservation
of momentum equations can be written in the laboratory ref-
erence frame ad-ig. 2(a)]

Visin(6) =V, sin(¢) ©)

and

200

120

Counts

80

40

100

80

60

Counts

20

(b)

120

80

Counts

40

(©

BRANCHING RATIOS AMONG THREE PRODUCT . ..

] 1 [l

50 100 150 200
TIME CHANNEL NUMBER

40

50 100 150 200
TIME CHANNEL NUMBER

50 100 150 200
TIME CHANNEL NUMBER

307

2Vi,=Vqco9 0)+V,coq ¢), (6)
which leads to
_ Vpcosp VV3cog ¢—(V5—V3) @

fa 2

FIG. 1. (a) A time distribution showing the 8[3] J=1 final-
product-state peak at a pressure of 6 mTorr. The function used to
subtract the background is shown in the figure as the dashed line.
The points in the neighborhood of the peak were excluded from the
fit for the background function. (b) The same final-product-state
peak at a discharge pressure of 10 mToi(c) At 12 mTorr the
peak can no longer be reliably fit to determine the area of the peak.
The width of the time channel was 4@sec.
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Relative Probabilily

fheam -

(b) :

FIG. 2. The kinematics of a collision of two atoms that form a -2000 —1000 0 1000 2000
molecular ion Ag*. See Eq(5) through Eq.(9) in text.

(a) Velocity (m/szs2)

Due to rotational symmetry around the velocity vector of the ,
molecular iony ¢, [Fig. 2(a@)], the collision may be treated in
two dimensions. The relative probabilit@, (v,v,), of ob-
serving this final velocity is proportional to the product of
the two Maxwellian probability distributions for each inci-
dent atom,

P, (Vy,V,) Ve~ (VilVpy2e~(VaIVp), ®)

The relative probabilityP,(v¢,), as a function of final ve-
locity v¢, may be determined using Eg&’) and (8). The
kinematics of the collision are taken into account as there is
no contribution toP,(v¢,) when the discriminant in Eq7)

is less than zero. The resulting probability is that of observ-
ing the velocity of a molecular ion with the final velocity ' . '
vta, along an arbitrary directiofthe direction ofvs,). Be- ~2000  -1000 0 1000 2000
cause all directions are equally likely, the component @f
along the TOF axis is computed by

Relative Probability

(b) Velocity (m/sec)

FIG. 3. The numerical functions that show the probability dis-
tributions as a function of velocity along the arbitrary axis. These
functions are used in the numerical calculation of the time between
collisions. (a) shows the distribution assuming no velocity depen-
]nence in the associative ionization cross section (@hdéhows the
distribution assuming a ¥/dependence.

Vibeani= Va COSa, 9

whereuv fheamiS the velocity observed along the time-of-flight

axis[Fig. 2(b)]. The relative probabilityP,(vpean), Of Ob-

serving a particular velocity along the TOF axis is the sum o

the probabilitiesP,(v¢,), when the velocities are trans-

formed using Eq(9). . ] S .
The numerical modeling of the process revealed that th&ytically using the hard-sphere model by considering that in

full width at half maximum of the probability distribution, the discharge the two kinds of particles have Maxwellian

P, (v hean), Was in accord with the observed narrow width of veIQC|ty'd|str|but|ons. In the+fc')llowmg expressions, the sub-

the subthermal DR peaks. Moreover, the relative probability8Cript “i” refers to the Ap™ ions and the subscripta”

of observing the velocity of the molecular ion was found to"€fers to the Ar atoms, unless otherwise noted.

have a sharp maximum at zero velocity along the TOF axis. |he number of the argon ions, Ar, which have a speed

The results of these calculations gk, in the case of no betweenv andv+dv, is

velocity dependence in the associative ionization cross sec-

tion are shown in Fig. @ and for the case of an associative n'=N’ 4 V2e VIBqy (10)

ionization cross section proportional toVlin Fig. 3(b). B3\m '

These functions are used in the numerical calculation of the

time between collisions.
where N’ is the total number of argon ions, Arin the
. TIME BETWEEN COLLISIONS mixture of gases, ang is the most probable speed given by

A. Analytical calculation
A good approximation to the collision time between a B= /@_ (12)
m

molecular ion As* and an Ar atom can be calculated ana- i
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The number of argon atoms whose speed relative to thé Ar 30 — T T T
ions is betweerv, andV,+dV, is
25

n=N [e (V¢ V)2/a 7(Vr+V2)2/a2]dVr, (12)

aVm 20 F

whereN is the total number of Ar atoms and the most prob-
able speedv is

Collision Time (us)
o
T

2kT 10 -
a=—2 (13)
ma
5 -
The number of pairs, which approach within distasde
unit time, is oL N ‘ '
V2 3 6 S 12 18
nn/7TVrS NN’4s2— —=[e” (V= V)?a? Pressure (mTorr)
ap®
- 0 5 FIG. 4. Results of the analytical calculation of the time between
—e” VrtVITaT e VIE gV, d V. (14 collisions for the Maxwellian distribution is shown as a solid line.
. ) The results of the numerical calculation for the associative ioniza-
Integrating with respect t¥/, tion distribution shown in Fig. 3 are shown as a dotted line. The
V2 solid line is Eq.(27) and the dashed line is E(R8) (see texk
2
NN’ 42— (e~ (Vi=V)a?
j ap’ 2N\ \28%s2. (20)
AL S \VIR VA (15)  If I, andl; are the mean distances traveled by the atoms and
the ions, respectively, between each collision, then
gives
V3 1 e+ B
N N’4\/;SZW eivfz/(aZJrBZ)dVr . (16 E = WNVQS§+ 7N _F gl' (21)
Integrating this fromv,=0 to V,= oo, 1 , (a®+p%)
E:q-rN’\/isi + 7N —ﬁz—sm (22
f NN'4rs?———— _e V@ HBgy (1)
(e?+p )2 If T,=T;=T, then Eqs(21) and(22) reduce td7]
gives the number of collisions in unit time that take place in 1
. . . B m
gnlt volume between particles of different kinds. The result —2772 nosﬁo /1+ ln 23
IS In o 0
’ [ 2 22
2NN’ a + B Sai (18) wherel,, is the mean-free path of either an iGihor an atom

(a) between collisions with the otherg” kind of particle in
a mixture of gasesn, is the mass of the othdf' 0" ) type
particle, ands,, the distance between the centers of colli-

2(N') 27\ 2a Sg (19) sions, which is given by

S,i being the distance of centers of collision.
The number of collisions between two Ar atoms is

and for the Ag™ ions it is Sho=(d,+dy)/2. (24)

TABLE I. Velocity calculation for Argon.

Final state 3 [3I=1 4p' [313=0 4p [33=1
lonization energye 15.76 eV 15.76 eV 15.76 eV
Binding energy, A5t Dy 1.23 eV 1.23 eV 1.23 eV
Energy availablee,=E—D, 14.47 eV 14.47 eV 14.47 eV
Final-state energ¥ 14.31 eV 13.48 eV 12.91 eV
Dissociative KEEyg .16 eV .99 eV 1.56 eV

Velocity V=Eyg /M*? 737 mis 1587 mi/s 1974 m/s
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FIG. 5. The area of thecB[%] J=1 final-product-state peak as
a function of pressure.

In Eq. (24) d, is the diameter of the ion or atom, add is
the diameter of the other type of particle. In our source
Nar2+<Np; therefore,

1
Tasi=—————F—— 5
o TNar VV521+ Vizsgi

whereV; andV, are the mean speeds of Arions and Ar
atoms, respectively. Sindé& <V, the upper limit of the col-
lision time is

(29

1
=, 26
Taci 71'NArVasezli (29
which in our experiment leads to the expression
77.1 psec
Tai= T 5 (27

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

B. Numerical calculation

It has been showfi7] that the velocity distribution of the
molecular ions, when formed by associative ionization, is far
from a Maxwellian distribution. The probability distributions
along an arbitrary direction in the source are shown in Fig.
3(a) when the associative ionization cross section does not
depend on velocity and in Fig.(® when the cross section
has a 1V, dependence, which is closer to reali§]. These
distributions are used in place of the function of Ef0).
The numerical result was used in E§4). For convenience,
the integration in Eq(17) was done for each’, V pair, and
then the integration in Eq15) was done numerically. This
numerical result replaces E(L8). The result of the numeri-
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FIG. 6. The 4)’[%] J=0 final-product-state peak as a function
of pressure. The spectra were taken with pressuréa) & mTorr,

cal calculations are shown in Fig. 4. There was no significantb) 13 mTorr, and(c) 14 mTorr. At 14 mTorr the peak has been
difference in the dependence of the collision time on presbhroadened and is no longer distinguishable from the background.
sure between the two speed distributions used for the mdFhe width of the time channel was 4gsec.
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IV. FINAL-PRODUCT-STATE IDENTIFICATION . s A,
. “oee, |
The DR reaction, such as Ed) or Eq.(2), can be written 50 ; -A\i RECT I
in simplified form as 0 s ' RIS
_ o 50 100 150 200
Ar,"+e =Ar*+Ar+E,, (29
(b) TIME CHANNEL NUMBER

where dissociative kinetic energl,. is released. Once the 199 4 &
dissociative kinetic energy of the reaction is obtained experi- FIG. 8. The 4l 2] J=1 final-product-state peak at pressures of

mentally, the final state can be identified since the DR to(a) 7 mTorr and(b) 18 mTorr. The width of the time channel was

. 40 usec.
each electronic state releases a known amount of energy. By
knowing the TOF, the velocity can be obtained. With this
velocity and the mass of the atofdrgon: 39.9 amy the
kinetic energy released per atom can be calculated using
Mv2. With the ionization energy of the rare-gas atém the
dissociation energy of the molecular idh,, the energy
available for the dissociative recombination reaction can be
determined. Subtracting the energy of the electronic state of 15000 | i 4
the final product from the energy available will give the dis- I I

sociative kinetic energy releaség, [Eq. (3)], 1 i I I

20000 , r ,

Eke: Ei_DO_Efs- 10000

DR Yield

This is the energy for the two particles of the diatomic ion. I
The Ar"* ion core is homonuclear so the kinetic is split

evenly between the two products. Therefore, half of Epg

is the kinetic energyMuv? for one of the final-product at-
oms. Expected velocities and energies, once calculated, can
then be compared with the energies obtained from published 0 ; L L L T
energy level diagraml0] to identify the states. 4 8 12 16 20

. o Argan P
The calculations for the AF transitions to the 8'[$]J rgon Pressure (mtorr)

=1, 4p[3]J=1, and the #'[3]J=0 states of the final- FIG. 9. The yield of the [ 3] J=1 final-product-state peak as
product atom are shown in Table I. a function of pressure.

5000

1
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V. EXPERIMENTAL DATA man distribution of metastable Aratoms. The area of the

In our time-of-flight apparatus the reactions occur in aPR final—product-s_tate peak show_n in_Fig. 1 at channel 74 is
glow discharge immersed in a uniform but variable magnetid®/otted as a function of pressure in Fig. 5.
field. The reaction products and metastable atoms escape The yield of the 4’'[ 3]J=0 final-product state was mea-
through a pinhole and are detected by measuring Auger elegured as a function of pressure at pressures between 8 and 14
trons ejected from a gold-plated mirror and collected by amTorr. This data is shown in Fig. 6. At 14 mTorr the peak in
Channeltron electron multiplier. A set of sweep plates rechannel 32 was broadened to the extent that it could no
moves all charged particles and Rydberg-state atoms fronpnger be observed above the background. The yield as a
the beam. Using 200 channels on a nultichannel scaler with gynction of pressure for this DR transition is shown in Fig. 7.

time per channel of 4Qusecs and a flight-path length of The vyield of the 4[3]J=1 final-product state is shown in

1.824m thg velocity resolution at the Iow-velocny.end .Of thGGFig. 8 at channel 23 at pressures of up to 20 mTorr. The yield
spectrum is 8 m/s and the energy resolution is 1.

"5 . ) ; ; as a function of pressure is shown in Fig. 9.
X 10 ~eV. A detailed discussion of the apparatus will be Using a pressure of 12 mTorr and the expression from Eq.
found elsewher¢3—7].

The dissociative recombination products can be identifie 28), 7=42.0usec/P, which assumes the calculated velocity
P istributions for the molecular ions from associative ioniza-

by their characteristic shape, which is Gaussian in velou%on and uses the numerical calculation for the time between

space. collisions, the time of the DR transition from Ar to the
3d’[3]J=1 final-product state in the argon atom tis 4
L 2 +.2usec. The same analysis is applied to the transitions to
c HT> —Vbr the 4p’ and 4p final-product-state peaks and we find that the
dJ(t)=@exp| ——z | dt. (4)  lifetime of the 4p'[$]J=0 is t=2.2+ .1 usec and for the

P DR transition to the p[3]J=1 state the lifetime ig=3

The data were fitted to the function of E@) whereVpg is +.2usec. The transition rate is inversely proportional to the

C
f(h)= 1 , (30)

determined from the known release of dissociative kinetidifetime of the transition, so the relative transition rates, and,
energyExe, which depends on the final-product state of thetherefore, the branching ratios may be calculated from these
DR reaction. Herd is the length of the flight path andis  times. We chose to calculate the branching ratios relative to
the time of flight. There are two free parameters in the fit, thehe slowest of the three transitions and find that the branch-
amplitude, and the width. All the other variables are detering ratio (BR) 3d’/4p is .75+.07 and BR &'/4p’ is .55
mined by the assumed final-product state. The conclusive:.07.
identification of the state is made by identifying the state that
gives a minimum in thee? of the fit.
The thermal Af atoms that comprise the Maxwellian dis- VI. CONCLUSION
tribution are formed by the primary fast electrons in the
source. This distribution has been fitted with the following The yields of the 8'[$]J=1, the $[3]J=1, and the
formula (in the case of the @[2]J=1 state: 4p'[3]3=0 final-product-state atoms from the dissociative
recombination of As* have been measured as functions of
_ E t_p 2 the pressure in an argon glow discharge. The source condi-
2\t tions were a discharge voltage of 50 V, a discharge current of
300 mA, and a magnetic field of 70 G. The only variable
wheret, is the most probable time ar@is a constant. The parameter was the source pressure. Experimental evidence
background function used for thep4 and 4p final products [6] indicates that the velocity distributions of the molecular
was a straight line, parameters of which were determined bions formed by associative ionization are not Maxwellian
the besty?. and very narrow until they undergo a collision with the am-
The yield of the 3'[2]J=1, the 4'[1]J=0, and the bient gas. We hav_e_ used the pressure de_per_1dence of the yield
1 ) - of these DR transitions to determine the lifetimes of the tran-
4p[7]J=1 final product state atomshown in Figs. 1, 8, jions. We conclude that the lifetimes of the molecular ions
23?62 fgzmat?L?n(iltsics)r?CIo?t%ir?)(;gsn;zlrr:aatifnazffrrg\,\cl)isgll:vi-dispmduced from associative ionization when these ions un-
= e r3 .
charge at pressures between 6 and 20 mTorr. The sour rgo a DR transition from Ar t_o the 3'[2]J=1 final-
conditions were a discharge voltage of 50 V, a discharg@roduct state have been determined tot bel=.2 usec, to
current of 300 mA, and a magnetic field of 70 G. The onlythe 4p[3]J=1 final-product state is 8.2 usec, and to the
variable parameter was the source pressure. Figaielb),  4p’[1]J=0 final-product state the time is 2:21 usec.
and Xc) show the DR reaction products tod33]J=1  These lifetimes can be used to determine the branching ratios
final-product state at pressures of 6 mTfFig. 1(a)], 10 to the 4 and 4p’ relative to the 8’ state. They aréBR)
mTorr [Fig. 1(b)], and 12 MTori{Fig. 1(c)]. As can be seen 4p/3d'=1.33+.13 and(BR) 4p'/3d’'=1.82+.23. The in-
in Fig. 1, increasing the pressure in the discharge causesvarse lifetimes ~! are products of the rate constant times the
decrease in the yield of the observable DR final-product-statelectron density that is undetermined but the same in all
atoms. At a pressure of 12 mTorr the DR peak could ndhese measurements. The rate constants and their ratios can
longer be clearly distinguished from the background Boltz-be calculated and thus these ratios are tests for future theory.



PRA 60 BRANCHING RATIOS AMONG THREE PRODUC . .. 313

[1] J. N. Bardsley, J. Phys. B, 349(1968. [6] K. A. Hardy and J. W. Sheldon, Phys. Rev54, 2945(1995.
[2] A. P. Hickman,Resonance in Dissociative Recombination of [7] K. A. Hardy, Phys. Rev. A8, 1256(1998.
Electrons withH,", Dissociative Recombination: Theory, Ex- [8] A. M. Howatson,An Introduction to Gas Discharge®erga-

periment, and Applications(World Scientific, Singapore, mon, Elmsford, NY, 196f
1989. [9] J. Weiner, F. Masnou-Seeuw, and A. Giusti-SuZssociative
[3] G. B. Ramos, M. Schlamkowitz, J. W. Sheldon, K. A. Hardy, lonization: Experiments, Potentials, and Dynamics: Advances
and J. R. Peterson, Phys. Rev52 4556(1995. in Atomic, Molecular, and Optical Physig#cademic, New
[4] K. A. Hardy and J. W. Sheldon, Rev. Sci. Instrus2, 1802 York, 1989, Vol. 26.
(1981 [10] C. E. Moore,Atomic Energy LeveldNatl. Bur. Stand(U.S)

[5] A. Barrios, G. B. Ramos, K. A. Hardy, and J. W. Sheldon, J.

Circ. No. 35(U.S. GPO, Washington, DC, 194%ol. 1.
Appl. Phys.76, 728(1994.



