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Computer simulations of H* and H;™ transport parameters in hydrogen drift tubes
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The coupled transport of Hand H;* ions in molecular hydrogen is theoretically studied by using drift-
tube-like computer simulations. The drift velocity and the longitudinal and the transverse diffusion coefficients
of these ions are calculated for the reduced electric it (wheren is the gas densijyranging from 10 to
600 Td(1 Td=10"%" V cm?). A large influence of the rotational and vibrational HH, excitations is noted
even at lowE/n for H" ions. The presence of ion conversion reactions in collisions with background gas
during the transport is shown to influence the transport parameters from about 150 Td. A comparison with
experimentally determined transport parameters is performed with the aim of testing available scattering
models: the collisional cross-section values are adjusted to get a good agreement with experimental ion
mobilities. A relatively good agreement is obtained also for the longitudinal and the transverse diffusion
coefficients, which indicates the consistency of the refined cross-section set. However, the transverse diffusion
coefficient of H* ions exhibits larger deviation from experimental results at highér, as a possible
explanation the role of proton-transfer and vibrational-excitation channelsirHg collisions is discussed.
[S1063-651X97)04711-9

PACS numbdps): 51.50+v, 52.20.Hv, 52.25.Fi

. INTRODUCTION H,;") and can interconvert in collisions with hydrogen mol-
ecules during the transpd—7]. These conversion reactions
The transport of ions in gases in drift-tube experimentscan cause an ion to switch its identity several times before
has been extensively studied both experimentally and thearrival at the detector. The arrival time of such a converted
retically, since it provides an efficient method to learn abouion inherits contributions of each species participating in its
the character of interaction between ions and gas moleculafift motion. A special care must be taken to extract tiue
[1]. Moreover, the transport parameters such as the drift vetransport parameters from such experimdnt4,8,9. Pref-
locity or the diffusion tensor characterize the steady-staterably, one would collect only ions that have not changed
behavior of ensemble of ions in the given gas at the givenheir identity during the drift, which would enable the experi-
reduced electric fieldE/n (n being the gas densityand are  mentalists to use the nonreactive collecting thefhy].
thus widely used in macroscopic description of ion transporHowever, one cannot usually distinguish th@sienary ions
in low-temperature plasmas and electrical dischafgés in arrival-time histograms and the experiment analysis is per-
In a typical drift-tube experiment, an ion swarm is in- formed either by usingi) the standard nonreactive collecting
jected into the gas and then allowed to drift under the actiontheory, neglecting conversion effects, and trying to set some
of applied homogeneous electric field to the collector, whereappropriate transport conditions to eliminate the role of re-
their arrival-time histograms are recorded. Moving the col-actions, as done, for example, in hydrod@&j or nitrogen
lector position, the drift velocity of ions can be deduced from[9], or by using(ii) a more complicated computer simulation
the mean-arrival-time shift. The longitudinal and transverseof collected signals taking reactions into account, as done,
diffusion coefficients can be determined from the deformafor example, in nitroge10]. The latter has not been often
tion of the histogram shagd]. used in the past due to its relative complexity. The transport
The experimental procedure used to deduce transport pgarameters of H and H™* in H, have been measured by
rameters from a drift-tube experiment is well established angeveral groups using the former approach of nonreactive col-
understood in cases of nonreactive ion transfsuth as K lecting theory[8,11-18.
in N,) when no chemical reactions are presdn8,4]. Here, The computer simulation of a typical hydrogen drift-tube
all ions which arrive at the collector started to drift at the experiment enables us to treat separately the primary ions
position of their injection; their drift distance is therefore from the converted secondary ones and therefore to study the
exactly known and can be accurately modified by moving theeffects of ion conversion on the true transport parameters of
collector. each ion species. Furthermore, by comparing simulation re-
In hydrogen, several ionic species coexidt', H,™, and  sults to the experimental values of mobility and diffusion
coefficients recommended [17,18, we can perform a de-
tailed check of available low-energy cross sections for
*Also at Laboratoire de Physique des Gaz et des Plasmas, BaH"-H, and H;*-H, .
210, UniversiteParis—Sud, 91405 Orsay Cedex, France. Electronic In this work, we are interested in the ion transport at low
address: Tibor.Simko@fmph.uniba.sk and intermediateE/n fields. The cross-section set recom-
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mended by Phelpk5] is our starting point. His set was par- H+H+H+H'
tially derived by using a single-beam transport mop&|
which is suitable mainly at higk/n values, when the mo-
tion of ions can be considered as essentially one dimen-
sional. It is the purpose of this work to check this cross-
section set for low and intermedial&n fields by using the
Monte Carlo model with a careful treatment of scattering
kinematics.

The simulation model used to obtain the transport param-
eters is described in Sec. Il. The results are given in Sec. I,
where the conversion effects are discussed and the transport
parameters together with resulting cross-section set are pre-
sented. Finally, some interesting physical features of the re- Hp + H3
fined cross-section set are discussed in Sec. IV.

1.71
\ H + H3

4.48

Hy+H+H*

2.65

1. MODEL

The transport of M and H" ions in H; in a drift tube  FIG. 1. The scheme of energy levels of ground-state H,",
under the action of external homogeneous guiding electrignd H,* ions[12,26]. The energy is given in eV units.
field has been simulated using a standard Monte Carlo tech-

nique as described, for example,[it9,20. This simulation : . 4 . .
. . «i-Sion of Table Il in Sec. llIB. The H,™ species remains
method enables us to keep track of primary ions and distine, o\ jitle populated until much highdg/n fields; its

guish them from converted secondary ones in propagatin lative abundance in the total ion flux reaches 10% at about

ion swarm. :
. . . kTd only [23]. The reaction(1) accounts also for the ab-
Th h . .
e operating parameters according to the experlmentéolute lack of H™ transport parameter data in the literature.

setup of[8] were used in our simulations. Typically, the gas .
pressure was about 0.05 Torr, the gas temperature 300 K, th As a result, a mixture of 93% of 51 and 7% of H

e : o : : :
drift distance up to 40 cm, and the guiding reduced electrir%vlhermal ions was initially released in the S|mulat|0r_1. The
field E/n ranging from 10 to 600 Td1 Td=10"2* Vm2). onte Carlo procedure was then used to follow the ions as

The low pressure permits us to neglect three-body coIIisionst,ge?/a(ro:'sﬁ toetrr;e ggtlf.gfé' V_\Il_hergafl'mutlﬁéedsag'r\r':"é'g:ﬁahlflse' q
so that only two-body interaction channels and interconver- 9 w ined. Typicaly, W '

sion reactions are considered. The scattering processes tak]e _.106 particles so that the .St.at'St'Cal noise fe”?a'”eo'
into account and the cross sections fof-Hy, H,*-H,, and V! hin reasonable boundghe statistical uncertainty of simu-

Hy*-H, collisions were based of6] with some modifica- lated drift velocities and diffusion coefficients is estimated to

0, 0, i
tions resulting from recent measurements gf HH, destruc- e é(aes\/sé::lﬁgiffle/r()eﬁ? gas;n/o,li;esfeec:cr;ur\])ielges were used to obtain
tion cross section$21] and experimental and theoretical piing d

study of low-pressure Townsend discharge in hydroger}he transport parameters of the propagating ion swidion
[22,23, see alsd24]. The scattering treatment included the na d”ft'.tUbe experiment, the .d”ft ve_IOC|ty |s.usually asso-
thermal motion of target gas molecules. The real kinematic lated with the mean-arrival-time drift velocityyar ob-

of various involved collisional processes was taken into con-amed aq27]

sideration as carefully as possible. Since the refined cross-

section set is one of the main results of this work, it will be di—d,
described in detail in Sec. Il A and discussed also in Sec. UMAT= , 2)
V. it

i

In the ion source of a drift-tube experiment, a mixture
consisting approximately of 93% of F and 7% of H ther- _
mal ions is created by electron-impact ionization; the perwheret; denotes the mean-arrival time for the collector po-
centage is consistent with the branching ratio of the dissociasition d; . Usually, experimental arrival-time spectra are re-
tive electron-impact ionizatiof25]. Due to the very efficient ~corded for several collector positiods and the correspond-
exothermic conversion reactigeee Fig. 1 based di2,26)  ing mean-arrival timed; are calculated for eaath . Then a

least-squares fit ot; versusd; data is performed and the
Hy"+H,—H; " +H+1.71 eV, (1) drift velocity is obtained from the slope of the fi8]. This
procedure yields the drift velocity value free from end-effect
all thermal H* ions are almost instantaneously convertederrors connected with the equilibration distances needed for
into Hy™ . Therefore H* is usually the largely dominant ions to achieve steady-state transport param¢fdrdn the
hydrogen-ion species under Id&/n conditions[5,7]. present simulations, the mean-arrival-time drift velocity was
The H,* species thus does not play a significant role incalculated in this way and was used to compare to corre-
drift-tube experiments, as long d&/n remains small. At sponding experimental results.
higherE/n considered here, H serves as a “transient spe-  The mean directed velocity,,p, of the propagating ion
cies” for conversion between§i and H" ions(see later the swarm is defined as the mean value of directed velocities of
description of the cross-section set in Sec. lll A and discusall the particles forming the swarfil9]:
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LS ) om ranster
UMDV=17 Uk mom. transfer ]
N1 C\E 100 rot. excit. H+'H2
whereN represents the total number of ions in the swarm § P . N asymm. ch.tr
andv, the directed velocity of th&th ion. Note that the two S 1ot L : toH;
drift velocitiesv,,,, andv,,, can differ significantly when g
depletion and/or creation of particles occur in propagating % AN
charged-particle swarfii9,27). This will also be the case for & 1} P
hydrogen ions due to conversion reactions during the trans- § R L f
. . . <} 11 vib, excit. /1 “\,
port, as will be illustrated in Sec. Il 5 P e
Finally, the diffusion coefficients are sampled from time- 01k A N
of-flight computer experiments as described18]. The ion o LA L . s
swarm is allowed to drift in an unbounded space and the 0.01 0.1 1 10 100 1000
positions of ions are monitored as functions of timerhe (@) collision energy (eV)
longitudinal diffusion coefficienD) is given ag19] T T T T ]
oL d 1% . . NE‘OO ~~~~~~~~~ H3-H, :
=5 gi N, [ - 207, @ o
2 10 | exoth.reac. ™
wherez(t) is the position of thekth ion in the direction of =
the field at instant and z(t) denotes the position of the %
swarm centroid. The relatio@) represents the proportional- & 1 T e
ity of D to the time change of the mean-squared particle § X f o ;
displacement from the centroid of the ion swarm, measured & g ©ID dissec. potire
along the field lines. Similarly, the transverse diffusion coef- 0.1 \ to 2
ficient D, is given by .t dd ' .
0.1 1 10 100 1000
1d 1N L L (b) collision energy (eV)
DL (D=7 Gi N, DD =X O+ Iy =y (O] ———— : ,
(5) ~ 100 HE-H, ;
The two diffusion coefficients are sampled as soon as they OE
achieve steady-state values. o 10 L mom. transfer 1
The sampling techniques described above and the imple- = asymm. ch.tr.
mentation of the simulation method were successfully tested .8
with the aid of several model gases available in the literature § A
[28-32. @
e | NG A
(5}
. RESULTS 0.1k ;
Starting from an initial cross-section set, the drift-tube- 001 &1 ' 1 - 10 '1'(')0 1000

like computer experiments as described in Sec. Il were per- ()
formed for E/n ranging from 10 to 600 Td. The simulated
vmar for H™ and H;™ were used to calculate the reduced ion  FiG, 2. The cross sections for the dominant low-energy scatter-
mobilities [1,4] ing channels for F, H,*, and K * colliding with H,. The collision
energy is given in the center-of-mass system. The cross-section set
_Uwmart p(Torr) 273 ©) is based 0r{6,21,37 with some of the cross sections adjusted to
0 E 760 T(K)® give a good agreement with experimental mobility val(sese text

o Tabulated values of the complete cross-section set are available
The reduced mobilities were then compared to the experiupon request.

mental values recommended [ib7] and the cross sections
were adjusted to obtain better agreement in the next iteration. .
The iteration cycle — i.e., the adjustment of cross-sectiorp O ENErgies beloyv some 10 eV,. where the momentum-
values—stopped when the agreement between simulated aH&TSfer cross section usually dominates. For example, the
experimental ion mobilities became satisfactory. Hs " -H, momentum-transfer cross section is the only process

Note that adjusting procedures of this kind constitute del0 take into consideration during adjustmensee Fig. 2,
convolution problems which do not necessarily lead towhich practically reduces the choice of adjusting possibilities
unique solutions due to a limited number of available trans@nd considerably simplifies the adjusting process. The ad-
port parameters. In our case, the ion mobilities are only usei#isted cross-section set and the differences from the initial
during adjustments. Due to tH&/n range considered here, set of Phelpg6] are discussed in detail in the next subsec-
the mobilities are sensitive to cross-section values at collition.

collision energy (eV)
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FIG. 3. The reduced mobility of Hions, determined from the FIG. 4. The reduced mobility of & ions as a function oE/n

mean-arrival timeSMAT), Eq. ( 2) and from the mean directed for 300 K. The symbols have the same meaning as in Fig. 3. In
velocities(MDV), Eq.( 3), as a function oE/n for 300 K. All ions: addition, triangles represent the results of the only apparently avail-
both primary and converted secondary ions are taken into accour@Ple comparable measuremefit8] for E/n=400 Td(see text
Primary ions only: the contribution of converted ions is discarded.

Bullets and diamond: experimental valu@s14] recommended in note that for 300 K considered here, the population of gas
[17], corresponding to MAT data, with indicated error bars. Themolecules in higher rotational states becomes important: as-
curves labeled aX andY illustrate the effect of inelastic excitation suming the Boltzmann distribution for rigid rotator, includ-
kinematics considered as isotrop 6r fully forward directed ¥) ing degeneracy factors for nuclear spin and rotational levels
and are shown for illustration purposes ofbee texkt [33]

. Bhc
A. Cross-section set n(J) = (2Ts+1)(23+ 1)ex;{ _ WJ(‘H—J’)
The final cross-section set issued from this iteration pro-

cedure is presented in Fig. 2 and the corresponding aQgr€fapresents the distributiam(J) of gas molecules in the rota-
ment between simulated and t_axpenmentél &hd K" re-  jional stateJ. Here, T, is the total molecule nuclear spin
duced mobilities is shown in Figs. 3 and 4. number =0 for states with) even,T,=1 for states with
J odd), B=60.8 cm %, andh, c, k are the Planck, the speed
of light, and the Boltzmann constant, respectivigdg]. Us-
The cross-section set for'HH, collisions is almost iden- ing the above formula, we obtain 0.132, 0.665, 0.115, and
tical to that proposed if6]. 0.084 for the relative population of gas molecules in the first
The elastic scattering was described as isotropidour rotational levels at 300 K. These factors are to be ap-
momentum-transfer scattering in the center-of-mass framplied to the cross sections presented in Fig. 2.
with a somewhat modified momentum-transfer cross section The rotational- and vibrational-excitation scattering is
with respect td6]. known to be strongly anisotropib]. Indeed, assuming it
The rotational-excitation cross sections for transitionsisotropic has led to a large discrepancy between the simu-
J=0—2, andJ=1—3 and the vibrational-excitation cross lated and experimental drift velocities: starting at about 30
sectionw=0—1,v=0—2, andv=0—3 presented in Fig. Td, the simulated drift velocities became too I¢tle curve
2 are taken from[6]. The cross sections for transitions labeled asX in Fig. 3). An attempt was made to treat these
J=2—4 andJ=3—5 are not available in the literature and collisions as fully forward directed, but it gave the opposite
were estimated from the shape of the 1—3 curve in Fig.  effect when the simulated drift velocities dominated the ex-
2 and corresponding threshold differences. It is important tgerimental onesthe curve labeled agin Fig. 3). Therefore

1. H*-H, collision cross sections
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1.5 T T T w=05 the dominant role of K" species in electrical discharges at

\~— e/g, =100 B= 21 low fields, as described in Sec. Il. It was assumed isotropic in
‘-.i ] the center-of-mass collision frame.

L The symmetric charge-transfer reaction was modeled as
; full backscattering in the center-of-mass fraf3d]. The vi-
brational excitation of H* was taken anisotropic with the

same probability formula as assumed fof ldnd given in

Eq. (7). The collision-induced dissociatiV€ID) reaction

1k

probability density p(6)

H," +H,—H" +H+H, (9)

; was treated as a two-step proc¢85]: the projectile is vi-
0 4 2 - n prqtional_ly excited to a state. sligh_tly over the dissociation
scattering angle 8 (rad) limit, which afterwards autodissociates to produce fast H
and H particles. The CID processes occur often with almost
FIG. 5. The probability densitp(#6) of the center-of-mass scat- no energy or momentum transfer to the target molecule, for
tering angled for inelastic H -H, scattering channels, plotted for high collision energied35,36. The reaction is therefore
several collision energidsee Eq(7)]. The isotropic scattering law treated as fully forward directed in the center-of-mass frame
is plotted for comparison. in the first stegexcitation of the projectile The second step
(autodissociation of the excited projecfiis assumed isotro-
an attempt was made to treat the collisions as nearly isotrgyic in its own center-of-mass frame, with a small kinetic
pic at low collision energies and nearly fully forward- energy release, corresponding to the difference of energy
directed scattering at high collision energies, according to th@svels of the excited state and the dissociation limit. We have
following ad hocformula: used a value of 0.15 eV, which is similar to kinetic energy
releases measured fopHH, CID collisions in[35].

sin 6d 6
[1+(aele,)sin 6/2]F°

p(f)do ()

3. Hz*-H, collision cross sections

- ) ] The cross-section set forgH-H, collisions is rather dif-
wherep(6) represents the probability density of having theferent from that proposed if6]. The main difference is

scattering angl®, e is the collision energy anel the energy  caused by inclusion of recent measurements of Retka.
loss, all in the center-of-mass collision frame. The two freg21] of the collision-induced dissociative reactions
parametersy and 8 were then adjusted to lead to a good
agreement with experimental mobilities, as documented in Hs"+H,—H" +H,+H, (10
Fig. 3 (with «=0.5, 8=2.1). The probability densitp(0)
for these values is plotted in Fig. 5 for several collision en-and
ergies and is compared to isotropic scattering law.

Finally, the asymmetric charge-transfer reaction H_3,++ H2—>H—2++H_+ H,. (11

H+Hy—H+H," (8)  The cross sections issued from these measurements are much
. L higher than the values §6], by a factor of as much as 40 for
producing slow H™ ions was treated as fully forward- reaction(10). The values recommended [i]] are based on
directed scattering in the center-of-mass frame with theyperimental results measured85]. In both measurements
cross-section values taken frdi]. The kinetic energy loss (21 35| a special care was taken to collide vibrationally cool
of 1.83 eV can be inferred from Fig. 1, which shows they + jons to eliminate the possible effect of;H internal

summary of ground-state energy levels of hydrogen iongnergy on the cross-section values. The surprisingly large
considered in this work. o _ difference between the two measurements is unexplained and
Note that we have not shown in Fig. 2 the high-energycoyid be caused by transmission efficiency probleni$,
collisional processes like Lymaam excitation or ion-impact 4¢ proposed recently by Peko and Chamgdt]. We have
ionization for either of the three ion species, although they:hosen to use the data measured by Petkal. [21], since
were included in the model; they do not play a significantiney |ead to a considerably better agreement of theory and
role under low and moderaté/n transport conditions dis- experiment for ion energy distribution functions in low-
cussed here. The reader is referred @b for discussion of pressure Townsend dischargi?2,23, see also[24]. The
high-energy cross sections. The complete cross-section Sghematics and the two-step nature of these processes are
used in this work(together with tabulated cross-section val- essentially similar to the 5 -H, CID encounter mechanism
ues, the energy losses, and the scattering kinematics of gdbscrined above.
the relevant processets available upon request. Another important difference froni6] consists in the
asymmetric charge-transfer reactions producing slowat
H,* ions. We have used a compromise between the slow ion
The cross-section set for,H-H, collisions is identical to  production cross sections measured[®¥,37] and assumed
[6]. Note the large cross-section value of the exothermic rethat the slow H ions are created via the antibonding state:
action(1) at low energiesFig. 2). This reaction accounts for H;* captures the antibonding electron from the scatterer to

2. H,™-H,, collision cross sections
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T T T

leave it in a highly excited k" (X3 ) state, which after- Ein = 250 Td
wards autodissociates into'H-H and gives both products 10 F 1 a0k
some 8-9 eV excess kinetic enelf@y]. Recently, however, p = 0.05 Torr
Peko and Champiofi21] observed slow H ions even at | d=40cm
very low collision energiegcorresponding to the dissocia-
tion limit), which suggest that another mechanism for pro-
duction of slow H" is concurrently taking place, not passing £ 61
via the antibonding state. The dissociative proton transfer or §
the complex formation reactions could produce such slow g
H* ions, with significant dependence on the internal energy .E
of Hy" projectiles[21]. In the present work, we have as-
sumed the antibonding mechanism only, with the branching-
ratio between slow H and H,™ production consistent with
[21,37] for higher energies. The role of the proton-transfer
mechanism and its influence on the transport parameters will 0
be discussed in Sec. IV.

Finally, the elastic scattering was treated as isotropic in
the center-of-mass frame using the momentum-transfer F|G. 6. An example of simulated arrival-time spectra of &hd
cross-section values. Note that in order to achieve the agreet;* ions to illustrate the effect of conversion reactik0). The
ment with the experimental mobility data over the whiale drift conditions are indicated in the legend. Thé kignal has been
range, it was necessary to construct a “well” around 0.6 eVmultiplied by a factor of 15 for clarity.

collision energy(see Fig. 2 This interesting feature is fur- - ) _ _ _
ther discussed in Sec. IV. mobility values(issued fromw a1 Of primary iong confirm

the monotonously falling tendency as measured[18],
while theapparentH™ and H;* mobility values(issued from
vwmat Of all collected iongtend to agree with mobility values
Figures 3 and 4 show a good agreement of simulatetheasured ifn14] (see Figs. 3 and)4
mean-arrival-time H and H;™ mobilities with experimental The mean-arrival-time H mobility curves presented in
values over the whol&/n range, as obtained with the final Fig. 3 indicate that the significant influence of conversion
adjusted cross-section set presented in Fig. 2. The expetieactions on H ion mobility starts at about 150 Td, which is
mental H and H" mobility data used to compare to the in accordance with experimental observatj8ih The reason
simulation results during the iteration procedure were takefs an onset of the collision-induced dissociative reactitd)
from recommendationgl7] based on measuremeri&,14]  atE/n value just above 150 Td, which causes the breakup of
using mass identification of collected ions. Note that the recfast H;* ions to form fast H fragments, as discussed in Sec.
ommended H and H," mobility values forE/n=400 Td Il A. Since the K™ mobility is significantly higher than that
were measured only if14] and showed greatersH mobil-  of H at theseE/n values, the fast converted'Hons start to
ity value than for 300 Tdsee Fig. 4 We have not taken increase the apparent mobility all collected H ions, while
them into account during the cross section adjustment due tdne mobility of primary H™ ions still decreases until about
the following reasons. The other available measurements id00 Td(see Fig. 3
the literature[8,11,12,15,16 (and other references thergin The consequence of this conversion reaction on arrival-
usually do not exceed 300 Td. In spite of the discrepancy iime histograms can be seen in Fig. 6, where simulated
absolute mobility values, all the measurements show a fallarrival-time spectra of H and H™ ions for E/n=250 Td
ing tendency of the mobility curve &/n region between are plotted. It can be inferred that the;Hsignal is only
about 150 Td and 300 Td, the usual upper measurememstightly disturbed by the conversion reaction, so it would be
limit. To our knowledge, the only available comparable mea-quite correct to use the nonreactive collecting theory to de-
surements at 400 Td and above were performed by Rosduce its mobility from the experiment. On the other hand, the
[13], plotted with triangles in Fig. 4 for comparison. One caninfluence of conversion reactiofi0) on the H" signal is
see that in this experiment, the mobility is constantly fallingsignificant and taking the nonreactive collecting theory to
for E/n up to about 450 Td. Due to a quite large discrepancyinterpret the measured signal would artificially increase H
in 400 Td mobility value between the two experiments mobility even above the 4t value, as also seen in Fig. 3.
[13,14], and due to the lack of further data f@fn>400 Td, This results from the fact that i is the most abundant
we preferred to discard the 400 Td mobility value in ourion species at thesé/n values, as documented in Table I,
fitting procedure and used recommended values ffdi#f}  where the relative contributions to the total ion flux are given
only for E/n=<300 Td. Note that if13], the similar mea- as a function ofE/n. In order to influence the signal of
surements performed for deuterium ions in parent gagrimary H" ions, it is sufficient if only a small fraction of
showed the same falling tendency of the mobility curve forH;™ breaks up to form H, influencing strongly H but only
E/n up to about 560 Td. No mass analysis of ions was perslightly H;* arrival-time histograms.
formed in[13], but a good overall agreement with other ex-  This is further illustrated in Table |, where the relative
periments using mass-identified ions allows us to assumabundance of primary ion signal in simulated arrival-time
that the measured ion was;Hto a good precision, as indi- histograms is given as a function Bfn. Note that the rapid
cated in Fig. 4. Note finally that our simulatetie Hg* decrease of percentage of primary kbns in collected H

L}
all ions
primary ions only ---------- -

a (arb. units)

H* (15%)

arrival
N
1

20 30 40 50 60 70
time (us)

B. lon mobilities
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TABLE I. The relative contributions to the total ion flux, the TABLE II. The overall number of ions created and destroyed
mean ion energies, and the relative abundances of primary ions iduring the swarm motion, relative to the initial total number of ions
arrival-time histograms as functions Bfn, after drifting for 40 cm  in the swarm(see text The same drift conditions as for Table I.

(p = 0.05 Torr, T = 300 K). The absolute uncertainty of presented The absolute uncertainty of presented values is estimated to be less
relative flux and abundance values is estimated to be less thahan 0.2%.

0.2%.
H Hy" Hy*™

Rel. contribution Mean ion Rel. abundance E/n Born Lost Born Lost Born Lost

to total ion flux energies of primary ions  (Td) (%) (%) (%) (%) (%) (%)
B/n L H Myt HY s H Mo 10 0.0 0.0 0.0 0.0 0.0 0.0
(Td 00 ) ) V) V) 08 00 100 0.0 0.1 0.1 0.1 0.1 0.0
10 70 00 930 0.040 0.041 100.0 100.0 120 0.0 0.2 0.2 0.2 0.2 0.0
100 69 00 931 0.23 0.50 100.0 99.9 150 0.0 1.0 1.1 1.1 1.0 0.0
120 6.8 00 932 0.30 0.74 99.9 99.7 200 0.8 3.8 3.9 3.9 3.9 0.9
150 6.0 00 94.0 0.45 1.1 99.6 98.9 250 4.7 7.5 8.3 8.3 8.3 55
200 40 00 96.0 0.80 1.7 87.2 96.0 300 15.4 15.2 17.9 17.8 17.7 18.0
250 42 00 958 1.3 2.3 39.6 91.7 400 57.2 46.1 58.5 57.9 57.3 68.8
300 72 01 927 21 3.1 10.7 82.3 500 107.9 86.1 111.5 110.2 108.7 131.5
400 181 05 814 41 5.2 1.4 46.3 600 150.6 120.3 158.8 156.9 153.9 185.5
500 28,7 13 700 6.4 7.6 0.6 15.4
600 37.1 1.9 610 90 10.0 0.4 3.2

reaction(11), were lost to form H* ions via reactior(1), so
that no H* ions and 93%-3.9%—0.9%=96.0% of H* is
signal starts right above 150 Td, accompanied by the slowbserved at the collector, in agreement with Table I. The
decrease of percentage of thg*Hprimary ions in the " total ion production during the drift motion equals the sum of
signal. The H* histograms become significantly affected born and lost percentagéwith appropriate signs for 200
only at higher fields: the rapid decrease of thg"Hbrimary  Td it is 0.0%, meaning no net ion production is taking place.
ion signal starts at about 250 Td. This is in accordance witlFor higher fields, the ion-impact ionization does produce
Fig. 4, where we could see that the conversion effects startegkew ions: at 600 Td, the similar calculation would give 0.6%
to influence the true I mobility value at about the same for the net ion production. We can therefore look at the fig-
E/n value. ures given in Table Il as essentially the conversion rate in-
An interesting feature seen in Table | and not seen in Figsformation, the total number of ions in the swarm not chang-
3 and 4 is the region d&/n from about 100 to 300 Td, where ing significantly.
the abundance of Hdiminishes to increase that of;H. It Tables | and Il permit us to infer the complex picture of
indicates that the conversion of 'Hto H;* is taking place hydrogen ion transport at high&/n. Note that a consider-
first. Referencing Fig. 2, the only possibility is the conver-able number of H' ions was created onlfemporarily dur-
sion via intermediate “transient” k" species, created by ing the transport, which demonstrates the need for its inclu-
asymmetric charge-transfer reactions from fast kbns: sion into ion transport models, in spite of the fact that its
since these k" ions have essentially thermal energies, theydetected relative ion fluxes are low at thés conditions
are rapidly converted into §1 ions via reaction(1). This is  (only some 2% at 600 TidNote also that for the highe&fn
confirmed by Table Il, where the total number of ions thatencountered here, the abundance of primafy &hd H™*
were created and destroyed during the transport is given asians in the collected arrival-time spectra is less than a few
function of E/n, relative to the total number of ions initially percent(some 3% only for 600 Td, see Tablg |
present in the swarm. The figures in Table Il thus represent Perhaps the most interesting feature of Fig. 4 is a bell-like
the total number of different ions of a given species, createghape of the k" mobility curve as a function d&/n. Figure
during the swarm motion, regardless of the fact that theyt together with Table | suggest that the decrease gf H
could have been destroyed later during the drift by a convermobility for E/n higher than about 150 Td isot causedy
sion collision. The table gives us therefore overall informa-the onset of the conversion reacti¢h0), which starts to
tion on the conversion kinetic rates during the drift motion.influence the H* mobility value at about 250 Td only. In
Let us pick the 200 Td experiment as an example of how tmrder to reproduce the experimental values of mobility, a
read Table II. “well” structure on the H*-H, momentum-transfer cross
From the first two columns we can see that the overalkection around 0.6 eV was requiréeg. 2). The analysis of
number of all the H ions created during the drift is 0.8% of this phenomenon is postponed to Sec. IV where it is dis-
the total number of ions in the swarm; while 3.8% of themcussed in detalil.
were lost. This makes 7%0.8%—3.8%=4.0% the final con- Finally, it is interesting to note from Figs. 3 and 4 the
tribution of H* to the total ion flux at the detector, which is differences in mobility values obtained from the two defini-
consistent with the information given in Table I. The"H tions of the drift velocityw yar from Eq.(2) andv ypy from
ions were created by reactiohO) from H;* ions and lost by  Eq. (3). The difference can be explained as follows.
the asymmetric charge transf@). All the created H* ions, The conversion reactiofil0) makes the fast k' ions
i.e., 3.8% from H via reaction(8) and 0.1% from H* via  disappear from the propagating ion swarm. Since the mobil-
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ity of H;" ions is greater than that of 'H and since the fast
Hs* ions appear primarily at the head of the swarm, their 100 f
conversion will produce apparently fast Hons far ahead of allions .~
the H" bulk swarm. This increases masgxr thanvypy of NG
H* ions, because in the latter case we are not interested ir
the ion position while making the sum in E@®). As a result,
Kuat Of H" ions is more affected by conversion thégpy ;
this is what is observed in Fig. 3.

For H;™ ions, Fig. 4 shows that the choice of the drift
velocity definition can even invert the role of conversion: the Y ! H*
true Kyar (primary H;™ only) is lower than the effective 3
Kuar (all arrived H* are taken into accountwhile the
opposite holds folK,p,. Moreover, withE/n increasing
above 400 Td, the truk,,py increases, while the tru€yat
decreases. In order to explain this feature, we refer to the 100 — —
Hs"-H, cross sections presented in Fig. 2 and the mean en- T=300K all ions
ergy information and the primary ion percentage data given
in Table I. With increasindz/n, the fast H* ions are more o

T=300K

s'1)

-
'

./ primary ions :

expt. [16,18] only

nD, (10'% cm

10 100 1000
E/n (Td)

g

)
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and more converted to Hvia reaction(10). Since these fast '.-w primary

H,* ions disappear mainly from the head of the swarm, the 5§ 10 F ions E
mean-arrival times of primary § ions become longer and %, only

the trueK o7 decreases witk/n as seen in Fig. 4. Thetrue T (no exp. values available)

Kwpv is less influenced, since the ion position in the swarm %*

is not important in Eq(3), as discussed before. At 400 Td, +

the mean energy of {4 ions corresponds to the collision tF H E

energy of about 2.1 eV situated just behind the “hill"” of the N N
momentum-transfer cross sectigee Table | and Fig.)2It 10 100 1000
means that the bulk of H swarm is very efficiently accel-  ®) E/n (Td)

erated by the field, since the momentum-transfer cross sec-

tion is rapidly falling. The fall is faster than (d)“/2 which ~ FIG. 7. The longitudinal and the transverse diffusion coeffi-
leads to the increase of the trifg,py With increasingE/n cn_ants of H" ions as a function oE(n for 300 K. A_II ions: both _
(Fig. 4). primary and converted secondary ions are taken into account. Pri-

Note that forE/n higher than about 600 Td, the concept mary ions only: the contribution of converted ions is discarded. The
of the true drift velocity—represented byt (,)f primary results_art_a cgmpared to experimental vallis8 recommended in
ions—becomes irrelevant, since the vast majority of ions un£18]’ with indicated error bars.
dertake conversion reactiofsee Tables | and )l The trans- . o .
port of all the other specigd]. The mean directed velocity natural candidates. These issues are discussed in the next
vmpv Of @ species then becomes its natural representativ€€ction.
including the influence of both primary and secondary ions.

IV. DISCUSSION

C. lon diffusion coefficients The interesting feature of 4 mobility behavior at vari-

Comparing the simulated ion diffusion coefficients ousE/n as seen in Fig. 4 and mentioned before is a sharp
against available experimental data provides an independerise of the mobility value aE/n of about 50 Td, forming a
test of our refined cross-section set, since during its adjusbell-like curve centered around 150 Td. Moreover, the ex-
ment only the experimental mobility values were taken intoperimental zero-field mobility valuél1.3, see Fig. ¥is sig-
account. The calculated longitudinal and transverse diffusiomificantly lower than first predicte22.0 from estimations
coefficients for the cross-section set from Fig. 2 are preof Hy"-H, interaction potential38].
sented in Figs. 7 and 8 forHand H;* ions, respectively. It Various authors in the literature ascribed the low zero-
can be seen that the diffusion coefficients are in a relativelfield mobility value and the bell-like shape of thegHmo-
good agreement with experimental values, which indicatesility curve to (i) the possibility of H* sticking to H, to
the consistency of the cross-section set presented in Fig. 2form Hs™ at low fields by three-body collisiorf41,12, low-

Figure 8 shows a good agreement of calculabed of  ering the H* mobilities at the left-hand side of the bell
H,;* ions only forE/n up to about 50 Td. For higher fields, center;(ii) the possibility of a proton transfer in collisions of
the present calculated values deviate from the experimentédd;* with H, at low E/n fields [11,39, lowering again its
ones. Figure 8 suggests an onset of a scattering channel Hotv-field mobilities; (iii) the possibility of the onset of the
included in the cross-section set of Fig. 2: the new scatteringroton-transfer reaction at about 50 TI2], with the elastic
channel should start to be effective at about 50 Td andross section rapidly falling and the proton-transfer reaction
should reduce the transverse diffusion coefficient af H not fully effective yet, causing the rapid rise of Hmobility
while preserving the good agreement for the longitudinal dif-at about 50 Td; and also t@v) the shape of the elastic
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repulsive part of the potential. He found the bump to be
enhanced for softer repulsive forces, but regardless of the
repulsive potential model, his zero-field mobility value
(14.03 is still significantly higher than the experimental one
(11.3 [8,17], although it is much better than expected by the
first theoretical estimate®2.0 [38]. The reason can be the
proton-transfer mechanisfi39] not considered iff40], if it
takes place also at very low collision energies. This is highly
probable, but there is a possibility of the nonresonant char-
acter of the proton-transfer reaction due to a mismatch in
equilibrium internuclear distances, as mentioned by Mason
and McDaniel[1]. Note also that Wannier suggested in the
same papef40] that the second rise ind1 mobility at 400

Td, as measured ir14], was artificial(see also Fig. ¥ In the
present work, we have seen that the second rise is caused by
converted secondary 1 ions, that were probably not ex-
cluded in[14] in their 400 Td drift-tube experiment.

The possibility of the proton transfer mentioned above
under (i), (iii) in collisions of H* with H, was first men-
tioned by Varney in[39]. The cross section of the proton
transfer was estimated to be so large that thé Was sug-
gested to be the “normal” ion of the parent gas consisting of
the parent molecule with an attached proton instead of the
parent molecule with a detached elect{@9)].

Let us check the hypothesis of the proton transfer in our
model. In the present work, we have seen that in order to
reproduce experimental mobility values by modifying the
elastic momentum-transfer cross-section, a “well” structure
in the cross-section shape was needed around O(Fig\V/2).

FIG. 8. The longitudinal and the transverse diffusion coeffi- It led to a good agreement forsH mobility (Fig. 4) as well
cients of H* ions as a function of/n for 300 K. The symbols ~ as the longitudinal diffusion coefficieriFig. 8), but showed
have the same meaning as in Fig. 7. some discrepancy for the transverse diffusion coefficient at

E/n higher than about 50 T¢Fig. 8.
ion-molecule interaction potential, with attraction and repul- It would be therefore natural to assume that the rise in
sion effects partially cancelling at energies corresponding téd;™ mobility value at about 50 Td corresponds to an onset
the region under the bell, leading to abnormally low cross-of the proton-transfer reaction as proposed(iin), which
section values and thus high mobility values in this energyvould efficiently decrease the transverse diffusion coefficient
region[40,41]. similarly as charge-transfer reactions do. This hypothesis

The measurements of Albrittaet al.[8] made at different would propose another explanation for the “well” around
pressures seem to exclude the possibilily since the low 0.6 eV of the H*-H, momentum-transfer cross section: it
H;™ mobility value below 50 Td was found also at pressureswould result from a superposition of the “elastic” scattering
as low as 0.05 Torr, where three-body collisions are verychannel, dominant at lower energies and the “proton-
unlikely to happen. As was mentioned before, the data tablesansfer” scattering channel, dominant at higher energies.
[17,18 of recommended experimentally determined &hd Note that the proton-transfer scattering is essentially elas-
Hs* transport parameters are based on the measuremeris in nature, since no internal energy change occurs during
made by McDaniel and co-workef8,14,14 using the same the collision. Since the differential scattering cross section is
apparatus, where the conversion effects have been carefulhot known, it is convenient to look at the elastigHH,
eliminated as much as possible by making a series of meanteraction as a superposition of an isotropic “elastic” chan-
surements at different gas pressures and drift distd8s  nel and the fully backward-directed “proton-transfer” chan-

It is interesting to note that similar bell-like shape as ob-nel, similarly as suggested by Phelps for the charge-transfer
served for H* ion mobility is observed also for ions of collisions[34].
alkaline metals like K or Li* in H, [14,41], when the pro- This hypothesis is tested in Fig. 9, where the decomposed
ton transfer does not take place. This would favor the hy<contributions to the momentum-transfer cross-section of Fig.
pothesis(iv) based on the shape of the interaction potentiaR are plotted. The decomposition was chosen rather arbi-
as proposed i40,41] and described above. Note that this trarily, but was refined afterwards to preserve the good
hypothesis would explain the surprising “well” structure on agreement between simulated and experimenal iobil-
the adjusted Ki"-H, momentum-transfer cross section of ity values. The “proton-transfer” channel is considered as
Fig. 2 at collision energies about 0.6 eV. essentially similar to the symmetric charge transfer, which

In [40], Wannier estimated the magnitude of the “mobil- accounts for its cross-section values about half the total “ef-
ity bump” effect by taking the polarization potential as the fective” momentum-transfer cross sectidfig. 9). Note that
attraction part and several different power-law models for theat collision energies of about 10 eV, the cross section of the
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of the proton-transfer cross section in the energy range of
. about 0.1-5 eV. Both seem to be a difficult task, since the
Hz-H, ] conversion effects fully dominate the transport behavior at
the highestE/n considered here, which makes it extremely
mom. transfer difficult to deduce the true transport parameters from drift-
/ from Fig. 2 ] tube experiments; on the other hand, the proton-transfer
cross-section measurements seem to be extremely difficult in
the domain of low collision energies, as it seems impossible
to distinguish H™ scattered elastically or via proton transfer,
since the two processes yield slow Hions.
Another possibility worth considering is a contribution of
N , , . rotational and/or vibrational excitations in the HH, inter-
0.01 0.1 1 10 100 1000 action. These collisions are fairly anisotropic, so that they
collision energy (eV) would decrease the transverse diffusion coefficient when
- added to the elastic scattering in Fig. 8. On the other hand,
FIG. 9. Assumed decomposition ofHH, momentum-transfer  {hey are less anisotropic than the proton-transfer scattering,
cross section from Fig. 2 into the isotropic “elastic” and the fully anq would therefore increase the diffusion coefficient in Fig.
backward-directed “proton-transfer” scattering channels. The tWOlO- Thus in both cases, the rotational- and vibrational-
composite cross sections were fitted to preserve the good agreem%ﬁcitation channels are expected to help in bringing the
for Hy™ mobility as observed in Fig. ésee text . .
model results closer to the experimental points.

“oroton-transfer” channel corr nds well to the cr i The onset of the vibrational-excitation scattering channels
t'p ofo Ia Ste +C. a edco t_espo S ed% gch?,ssi S€Cwould be at about 0.394 elthe first vibrational level of K"
[|201n] or slow ™ ion production measured by Peled al. ion [42]), which is situated just in the interesting energy

Figure 10 shows the calculated transverse diffusion Coefregion(Fig. 9). However, the cross-section values for these
- . = ; - processes are not sufficiently knol8l. In order to estimate
ficient using the decomposition of Fig. 9. The mobility and b y knots

the longitudinal diffusion coefficient are not significantl the effect of vibrational excitation in 4-H, collisions, let
'ong . 9 Y us assume the same cross section values and the same de-
modified when compared to Figs. 4 and 8 and are therefor

.pendence on the collision energy as iB*HH, collisions
not presented. It can be seen that the proton-transfer reacti gy 9 Mz

Eig 2). This “test” cross section was added to thgHH
not only decreased tHe, value as desired, but also inverted o aant ; 2
the dependence of the tri, on E/n at higher fields. cross-section set of Fig. 2, but the effect on the transverse

Figure 10 indicates that a “natural” straiahtforward d diffusion coefficient from Fig. 8 was rather small: the trans-
gure ca eﬁ a”a_ atura +S aightiorward de- o e giffusion coefficient decreased as expected, but only
composition of the “well” in the H"-H, momentum-

i ; i d.0.6 6ig. 2 d i id slightly, since the elastic cross-section channel dominated
ransfer cross section around . 9- 0€S NOLProvide - .o vibrational-excitation channel at these collision energies.
a satisfactory solution. Probably, somewhat diminishe

L ) he same test was performed for the decomposed cross-
“proton-transfer” contribution at energies around 3 eV and b P

. L " L .~ section set of Fig. 9; the results are plotted as the cMrie
increased contribution of “elastic” channel at these energies “10 Here, the effect is rather significant due to compa-
would help in reaching the agreement with experimental e able cross—séction values of the “proton-transfer” and the

;ults. I.t is, however, d'fﬂc.u't to construct such a deconﬁ'pos''vibrational-exci'[ation scattering channels. After having mul-
tion without further experimental data concerning the trans-

' ters dtiaher B d/ thout i tiplied the vibrational-excitation cross section by a factor of
port parameters dtigher ='n andjor without measurements 2, we obtained the curve labeled“asn Fig. 10. One can see

that much higher cross-section values would be needed to
approach experimental results.
H ] To conclude this discussion, we presented some indica-
3 tions that the mechanisrfiv) of the interaction potential
shape and the mechanidiii) of the proton-transfer occur-
\ rence could account for the bell-like shape of Hnobility
© allions 3 curve seen in Fig. 4. Alone, neither of the two approaches
; provided satisfactory agreement with the transverse diffusion
coefficient of H* ions: the former led to overestimated,
while the latter to underestimateD, coefficient for higher
E/n (Fig. 8. Probably, a mixture of the two mechanisms
takes place with a decomposition of the “effective”
momentum-transfer cross section from Fig. 2 simildbyt
10 100 1000 not identically to Fig. 9, with unknown contribution of the
E/n (Td) . - . "
elastic” and the “proton-transfer” channels. Moreover, the
FIG. 10. The transverse diffusion coefficient of Hions after ~ Unknown vibrational-excitation channels are shown to be im-
the decomposition of kf-H, momentum-transfer cross section portant from some 150 Td. A joint theoretical and experi-
shown in Fig. 9. The effect of the proton-transfer reaction. Themental analysis of a real drift-tube experiment&n of
curves labeled aX andY show the effect of additional vibrational about 400 Td, as well as the proton-transfer and vibrational-
excitation(see text excitation cross-section estimates for collision energies from

100
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0.1 to 10 eV, seem necessary to help to resolve some of theodifications according to the present work are incorporated
discussed issues. into the cross-section set.
The main maodifications includ@é) the anisotropic inelas-
V. CONCLUSIONS tic scattering formula Eq(7), (ii) the somewhat modified
H*-H, elastic momentum-transfer cross sectidii,) the

In the present work, we have studied thg'FH, cross-  considerably modified ki -H, elastic momentum-transfer
section set by performing drift-tube-like computer experi-cross sectiorfwith possible proton-transfer and vibrational-
ments and comparing simulated and experimental athd  excitation contributions, as discussed in Sec), Ifiv) the
H,™ transport parameters for reduced electric field rang- ~ considerably modified asymmetric charge-transfer i,
ing from 10 to 600 Td. It was shown that the conversionreactions[21,37, and (v) the considerably modified cross
reactions started to influence the tobility value atE/n of ~ Sections for H*-H, collision-induced dissociative reactions
about 150 Td, which is in accordance with experimental ob{10), (11) [21]. ) i
servations[8]. The mobility of H* was affected only at [N Spite of some dlscire_pancy concerning the transverse
about 250 Td, which indicates that the bell-like shape gf H diffusion coefficient of H" ions for higherE/n, we believe
mobility dependence oB/n is not caused by the conversion that the present cross-section set is good enough to be rec-
processes, but rather by a character of the elasgic-H, ommended for use in hydrogen-ion transport models at low
interaction mixed with a probable contribution of the proton-a'f'd moqergtE/ n Va"_JeS‘ The synthesis of _the present work
transfer mechanism. AE/n higher than about 500 Td, the W'th preliminary pgbllsheq results concerning the hydrogen-
transport of hydrogen ions becomes so strongly coupled thé‘?hn transport at higrE/n in Townsend discharge22,23
it would be rather difficult to deduce primary'Hand H*- S ould provide the refined hydrogen-ion cross-section set of
ion signals in a typical drift tube experiment. Moreover, the[§] over a I_arge region of collision energies. Work In this
concept of true transport parameters becomes irrelevant dlgérec'uon IS In Progress.
to the dominating role of conversion reactions.

The recent cross-section set of hydrogen ions proposed by
Phelps[6] was modified to give a good agreement with ex-  The authors wish to thank R. Champion, R. J. Van Brunt,
perimentally determined ion mobilities. Calculated with theand their co-workers for helpful discussions concerning the
aid of the modified cross-section set, the longitudinal and th@roton-transfer mechanism, and A. V. Phelps for fruitful
transverse diffusion coefficients showed a relatively gooccomments and discussions on the manuscript. Two of us
agreement with experimental values, too. This indicates thafT.S. and V.M) were supparted by the Slovak Grant Agency
the cross-section set p§] can be used in hydrogen ion trans- (Grant No. 1/2312/96 T.S was also supported by the
port models at low and intermedial&/n conditions, when Bourse du Gouvernement Fraxis No. 95/7312.
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