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MobllitleH  of   Mass-IdfntlMed Atomic   Ions   In   the Noble  Gases* 

K.   .lolinsfc.i  and   M.   T.   Leu1 

Physics  Departmont 
University of Plttsbu.^h,   Pittsburgh,   Pennsylvania     15260 

and 

Manfred A. Blond 1* 

Joint Institute for Laboratory Astrophysics 
University of Colorado, Boulder, Colorado 80302 

ABSTRACT 

A drift tube/masB spectrometer apparatus has been used to determine 

tne mobilities of mass-ldentlfled atomic Ions In the noble gases as | 

function of K/p  (drift field/gas pressure) at T - 295 K.  The measure 

values of the reduced mobilities  Uo of Me
+ In He, Ne+ In Ne and Ar+ In 

Ar art In agreement with earlier Investigations which did not employ 

mass-ldentlfIcatIon.  The measured value at  K/p = 0, u  (||
+ in ;ie) - 

rn n + 0.5v   2-1   -1 
- I.O' cm     sec  • Is ln Rood agreement w'Mi quantal calculations, 

but the observed decrease of  ^ with Ion energy Is somewhat siner than 

that predicted by theory.  The measured mobility of each of the noble gas 

Ions Ne , Ar+, Kr and Xe+ In He Is found to be -6-121 lower than that 

of the corresponding alkali Ion (as deterr ...ed by Tyndall's group). 
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1.  [NTRODUCTIOM 

Th€ cxpfrlmi'nt al Itudy of the mobllltlfH of poslti'f Ions In various 

^astiH has provided Information concernlnR rh« nature »f Ion-atom Inter- 

atomic forces.  Ilils iias been especially true vhert a related series of 

Ions and/or atoms (e.R. alkali Ions In noble gases ~ ) lias been Investi- 

gated.  Unfortunately, In a number ot ■■tudles the Identity of the Ion 

under Investigation has been In doubt, and therefore  the measurements 

have con«- 'Ibutad little to our basic understanding.  The recent use of 

drift mobility tube/mass spectrometer apparatus to determine Ion mobili- 

ties and ion-molecule reaction rates   has cori-pcted this p onlem by 

providing B means for unambiguous Identification of Lhe ions um-'er study. 

We have applied an Improved version of our moblMty tube/mas spec- 

9 + 
trometer apparatus  to a determination of the mobilities of He in lie, 

Ne  in Ne and Ar  in Ar (ion-parent atom cases) and of H , Ne , Ar , 

Kr and Xe  ions in Me gas (unlike ion-atom cases) over the range from 

295 K to ~0.4 eV Ion-atom relative energy.  While In the atomic ion- 

parent atom cases there is little need for mass specttumotric identifica- 

ion of the ions, in the unlike ion-atom studies, the possibility of com- 

plex ion formation In the gas mixtures (e.g., Hell  In hydrogen-helium) 

necessitates positive identification of the ions under study. 

The atomic Ion-parent atom measurements provide a check of our mobi- 

lity determinations against well-established mobility values.   The 

study of the series of noble gas ions in helium permits a comparison with 

1 -1 
corresponding measurements of mobilities of alkali ions in helium   to 

Investigate systematic differences between the two serlc..  Finally, the 

determination of the mobility of H in He permits a comparison with re- 

cent measurements     and t/jeoretical ca! < "■• atlons . 
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Tf.  NRTHOD Of Mr.ASHRFMKNT 

The mobility tube/mass spfctromotor npparatu.s and tlic method of 

determining Ion mobilities have been deBcrlbed In detail recently.   The 

apparatur, ronslsts of a pulsed electron bombardment Ion sourf.', a drift 

tube In which a uniform electric field Is established bv a series of 

Rtiard rings, and a differentially pumped section rontalnlnE a quadrupole 

mass spectrometer and a channeltron electron multiplier.  A pulse 01 Ions 

from the source enters on the axis of the drift section through ft  small 

(0.4 an dlam) Injection orflce.  (Small drawout voltages are applied In 

the Ion source to minimize the Ion Injection enerev.)  Hie Ions traverse 

the drift region, and those remaining on axis effuse through an exit 

orifice (0.046 cm diam) Into the differentially pumped mass spectrometer. 

Individual Ions are counted with the aid of a channeltron electron multi- 

plier (gain ~10 ), and the Ion counts are coherently summed over many cycle 

repetitions In a multichannel analyzer operating In a time-of-f1Ight mode 

to determine the Ion arrlv/al spectrum. 

The mobfltv Is determined from measurements of the time required 

for the Ions to transit the known length of drift region (the ~ 3 to 30 

lisec transit time through the quadrupole spectrometer is subtracted from 

the measured Mme) .  The Ion transit time Is taken as the time of arrival 

of the maximiri In the Ion pulse at the exit orifice.  Calculations  sh ow 

that, in spite of diffusion broadening, the time of maximum signal is 

within ~l/27.  of the actual transit time. 

The small (-57) inhomogeneity In the drift field near the entrance 

orifice can be shown to require only a second order and therefore neglig- 

ible correction to the mobility determined from the equation 

MUMM .uAl .„-^-aHHiMfct^—fc, ..ituttiHH 
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«PP    ' 

when-    v     Is   thf   inn   drift   vchcltv   in   tlu- applfc-l   drift    Field     E,     V 

(1) 

PP 

is th« total VOltag« applied over the drift lenRth  L("15»75 C«) Mid  I 

is the ion trnn.sit time through the drift region. 

Since we are unahle to varv the IcnRth of the drift repion, care 

must he taken to eliminate effects of ion infection at velocities exceed- 

in« the drift velocity.  As descrihed previously,  after Injection the ion 

pulse Is returned to the entrance plate (hv reversing the drift field) where 

most of the ions are ahsorhed. The original drift field direction is re- 

stored and the ion transit time measured from this time origin.  Tn prac- 

tice, we have usually found pegligihle difference hetween the transit time 

so determined and that measured without field reversal when the drawout 

voltages in the Ion source are kept small. 

The mohllitles are measured .is a function of  I'/p,  where  p  is the 

gas pressure, and the iop.-^, mer.n energy of relative motion Is calculated 

using an expression derived hj  Wannler  under the assumption of a con- 

stant mean free time hetween ion-atom collisions.  According to his theory, 

the ion mean energy in the lahoratory frame is given by 

clab « | kT f 1 (m™)vf)
2 

(2) 

where M  is the mass of the gas atom,  m the mass of the ion,  v. the 
n 

drift ve'iocltv,  k  Roltzmann's constant and  T  the gas temperature. 

From this, the mean energy of relative motion between thr  Ion-atom colli- 

sion pairs Is readilv shown to be: 

1 i     ? 
2 kT + 2 M Vd (3) 

-  - ——M«> Mill  ■ 
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Thc assumption of a constant mean free time bctWMfl collisions is 

appropriate in cases where the momentum transfer cross section varies in- 

versely with velocity.  Such a variation is encountorod In the manv cases 

where the principal interaction between ion ami atom Is of the point 

charge-indured dlpole tvpe.  However, the assumption of a constant mean free 

time is poor in the case of Ions drifting in their parent gas, where reson- 

ant charge transfer is usually the dominant Interaction.  As has been 

noted prevlouslv,  W'annier's formula tends to overestimate the ion mean 

energy by as much as a factor /«/TT In this c?se. 

Hi. RESULTS 

A.      ion-Parent  Atom Mobilities 

The measured   reduced ■rbllitlM    u      of mass   inuitlfied    He     Ions  in 
o 

helium at 295 K are shown by the upper set of data points in MR. 1.  (In 

keeping with current usa^e the mobilities are referred to a standard gas 

19  -3 
densitv of 2,69 * if) ' cm  .)  Shown for comparison is the empirical 

17 i u 
analytic fit   (solid line) of the data of Reaty and Patterson  (1,5 < 

19 
F/p < 9.5) and of Hornbeck  (7.5 < R/p < 120).  This curve also fits the 

20 
data of Blondi and Chanln"  (1,5 < F./p < 11).  However, It falls ~1A7 

below the mass-analvzed data of Madscn, Oskam and Chanin  (8 < R/p < 25) 

.it the high  R/p  end of their measurements 

The results of our studies of No  In Nr at 295 K  are shown hv the 

lower set of data points In Fig. 1.  The solid line Is the empirical 

21 21 
analytic fit  of the data of Beatv and Patterson   (2 < E/p < 26), of 

Biondi and Chanin""  (1 < F/n < 15), and of Hornbeck   (10 < R/p < 600). 

The dashed line represent an earlier empirical analvtir fit'  (not valid 

at very low F/p) of the data of Biondi and Chanin and of Hornbeck. 

■■■■HI I 11 ■ !■ I 
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The measured mohllitles of Ar+ in  Ar at 295 K are shown by the data 

points in Fig. 2.  The Mild curve Is Frost's emplrira) analvtlr ftt" 

of the data of Rlondl and Chanin20 (8 < B/p < 16) and of Hornberk19 

(22 • P/p < 800).  The dashed curve represents the results of mass-Identi- 

fied studies bv McAfee, Slpler and F-delson.8 

B.  Unlike Ion-Atom MobilItles 

The measured molllltles at 295 K of H+ In fie  are shown bv the upper 

set of data points In Wg, 3.  Hats taken bv the field reversal technique 

(to eliminate Injection effects) are shown bv the cross-tvpe svmbols, while 

those taken conventlonalTv are represented bv the closed svmbols.  At low 

helium pressures and hieb F/p the field reversal technique yields -107 

higher mobility values.  The hyorogen pressures (1 * 10~1 to 4 ' 10~2 

Torr) required for H  ion generation were not alwavs negligible compared 

to the helium pressures (0.3 - 1 Torr), necessitating UP to 6S TUanc's 

Law  correction of the mobilities to correspond to the pure helium rase. 

The solid line represents the direct measurements of H+ In He and the dashed 

line proporlv scaled measurements of D  in Me (see next section) of 

12 13 
Orient  *  for mass Identified ions. 

Our measurements for No  in He are shown hv t lie lower set of data 

points in Fig. 3.  The Ne  ion generation was accomplished with a vorv 

MMlJ partial pressure of neon ( 8 x yf**  Torr) > a8flurlnK that the measure- 

ments refer to the mobilitv of Ne+ Ions in helium. 

The mobilities at 295 K for the other noble gas ions, Ar+, Kr+, and 

+ 
Xc , in helium are shown in Fig. 4.  Again, onlv verv small partial pres- 

fluras of argon (• 6 n   10  Torr), krvnton (  7 n   y)"4 Torr), and xenon 

(1.3 x 10  Torr) were rerj.ared for appropriate ion generation in the ,eUum 

gas. 

mm tai^mmm wm ■ - —^—a^ —i 
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IV.  DISCUSSION AND CONCLUSIONS 

A.  fon-Parent Atom Mohllltles 

Resonant charge transfer is the dominant Interaction which deter- 

mines the Ion mohnitlt?s In the cases He  in He, Ne  In Ne and Ar  In Ar. 

Tn such cases the momentum transfer cross section, 0 ,  Is calcu'ated 
m 

to vary approxlmatelv as 

2A 

o = (A - B tn v)' 
m 

(A) 

whero A and B are constants and v Is the Ion-atom relative velocity, 

-1/2 
leading to prediction of a mohllltv which varies roughly as  (e.  ) 

Our data, shown in Figs. 1 and 2, show a somewhat slower decrease with 

relative energy than suggested by this simple theorv, the discrepancy In- 

creasing as we go from helium to argon.  Inclusion of polarization attrac- 

25 
tlon corrections   (largest for argon) would lead to prediction of a slower 

falloff of mobility with energy. 

Extrapolations of our data to F./p ■ 0  (thermal energv) vield values 

in quite satisfactory agreement with the experimental results of Blondl 

20 
and Chanin  shown hv the arrows on the ordinates of Figs. 1 and 2, i.e. 

M (He+, He) «= 10.5, M (Ne+, Ne) = 4.0, and u (Ar+, Ar) = 1.6.  These 

values  are,   in  turn,   in  agreement with  theory. 24-27 

The decrease In IJ (He , He) with increasing F,/p found in the 
o 

present experiment is slightly faster than that observed by Honbeck 
19 

(upper solid line in Fig. 1).  However, the present studies "if the varia- 

tion of M (Ne , Ne) with E/p are in agreement with the data of Beaty 

21 1Q 
fnd Patterson ' (solid line in the lower half of Fig. 1) and of Hornbeck 

(dashed line).  In the studies of u (Ar  in Ar), the present results are 

20 
in satisfactorv agreement with the data of Biondi and Chanin  and of 

19 
Hornbeck  (solid line in F^g. 2); however, they disagree with the mass- 

Htefta 
«MM 
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Identified ion r.-sults of McAfee el a!.  (dashed line) hv up to -107. 

Fn the case of helium, the lonR-drlft distance f 16 cm) employed in 

the present experiment ouRht to yield mobllltv values u  t/ustworthv as 

those obtained by Hornbeck In a short Townsend evelanche drift tube. 

Very recent studies in a long, double-shutter drift section (-50 cm length) 

added to a flowing afterglow tube  yield  u (He , He) values which He 

Intermediate between Hornbeck's and our values. 

In the case of argon, McAfee et al.  used several experimental tech- 

niques to determine  U0(Ar , Ar).  Their data from 28 < F,/p < 40, obtained 

with a Hornbeck-type drift tube (no mass analysis). He closest to our 

results, while their mass-analyzed ion results differ from ours both at 

low E/p (< 20)  where thev used an  rf Ion source, thermalIzlng space and 

short drift space M cm) and at higher  F./p (> 50) where thev employed a 

Townsend avalanche in a short drift space (^ I cm).  Fnd effect correc- 

tions in these short drift space measurements should lead to larger experi- 

mental errori; than In our studies. 

In rlefc of the magnitudes of the random and systematic errors esti- 

mated for the present experiment (~±2X and +5%, respectively) and those 

of the other experiments discussed In the preceding paragraphs, we con- 

clude that the mobilities of mass-ldentlfled He+, Ne+ and Ar4" ions in 

their parent gaMI nave been determined to an accuracy of ~+5% and that 

these values are in quite satisfactory agreement with the predictions of 

available theory. 

A.  tinlike Ion-Atom Mobilities 

H+ in He 

The simplest of the unlike Ion-atom systems which may be readily 

studied experimentally Is 11 + He.  This two-electron diatomic system is 

m^m^^—m ___Md>i^MM> 
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sufflcientlv simple that accurate calculations of its potential curves as 

a function of Internuclear separation .an be ca/rle.l out on present-dav 

computers.  Prom these curves It Is a straightforward matter to calculate 

Ion-atom momentum transfer cross sections and Ion mohnitles;14 therefore 

comparison of expeiimental determinations and accurate quanta! calcula- 

tlons can now be nuulc. 

The measured values of the mobilitv cf H+ Ions In He shown in the 

upper half of Pig. 3 extrapolate to an B/p - 0 valua u - (11 0 + ()'^,) 
2-1-1 o    •  - l.O1 

cm V  sec  . usin« the data In which Ion Inlectlon effects are elimin- 

ated (cross-tvpe points); these data show very llttla variation with 

Increasing E/p. 

Ut us first  ompare tnese observations with predictions of classical 
29 

(Langevin ) theorv which assumes that a long-ranRe, point ion-polar i7.- 

able atom (dlpela) attraction is the principal Interaction, i.e., 

(5) 
V(R) - -ae2/2R4 

where V  is the potential energy at an Ion-atom separation R, a    is 

the atomic polarlzablllty and e the electronic charge.  Since, with 

the bare proton, electron exchange effects are absent, the repulsion is 

shorter-ranged than usual, and hence the polarization attraction should 

largely determine the value of the ion mobility and its dependence on 

energy. In this limit, the predi.tfd mobilttv, given bv the formula10 

u    m o r 
1/2 

15.9 a -1/2 (6) 

with the ion-atom reduced mass  mr  expressed in  amu and a  In atomic 

units, is uo - 34.1 cm V-1 sec"1.  In addition. In this pure polariza- 

tion limit the mobility is independent of Ion energv. 

Ml IM 
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An accurate quanta! calculation of u (M , He)   has been carried out 

by Dickinson;  hit result  at 295 K,  uo - 31.4, Is shown by the short 

heavy dash extendliiR from the ordlnate In Fig. 1.  Further, his calcula- 

tions Indicate a  -6% decrease In vi  as the temperature Is doubled from 

300 K to 600 K. Wlille we hav<? not carried out temperature variation 

studies, the observed decrease In u  of -2% as the Ion-atom relative 

energy la doubled is substantially slower than the theoretical prediction. 

The data of Orient  for u 0'   , He)  are shown by the solid line In 

Fig. 3.  Also, by using the dependence on reduced mass of Ion and atom 

given In rq, (6), we have scaled Orient's data  for n+ Ions In  He 

(dashed line"). The excellent agreement between the two cuives Indicates 

the validity of the mass-scaling law.  (Our «caling la approxlmato, since 

at the same E/p,  n and H  Ions attain slightly different energies.) 

The value y^ = 31.R obtained by extrapolation to B/p = 0 Is ~3% higher 

than our measured value.  Thus, the experimental values are somewhai lower 

In absolute magnitude (bv 5 to 77.)   than the quantum theoretical predic- 

tion and vary more slowly with Ion-atom relative energv ("temperature") 

than predicted. 

The results of the present studies and those of Orient should remove 

the ambiguity concerning the correct value of u (H+, He).  Tn a recent 

paper, Mellor  measured Ion mobilities in helium +17.  hydrogen mixtures 

using a glow discharge ion source  followed by a thermalizlng region and 

a double shutter drift space. He detected only a single ion transit time 

and found i value uo - 22 cm V-1 sec"1  at low E/p (~5), increasing to a 

value -25 at E/p =18.  In a later experiment he used a quadrupole mass 

spectrometer to Identify the Ions drifting out of a simllat ion source 

and concluded that H  was the probable loa in the mobility studies. 

While we have Insufficient information to identify the ton(s) present in 

mtm 
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Mellor's  studies,  wc«   f..l   our   results  and   those  of  Orfnt   clearlv  rule  out 

H   .   ■itie«   In  this  ease   there  are  no   Internal   ener,v  s.ate differences 

which would  admit   two  different   mobility values   for   the   same   Ion. 

Ne   ,   Ar+,   Kr+,   Xe+   In  lie 

The measurement, on nob e ,as Ions In helium shown in FiK. 3 (lower) 

and Pig. 4 permit us to compare the mo.illtv of a serie. of Ions h«vln« a 

single electron mlssin« fro. a -losed shell with the well-known, earlier 

.studies1"3 0f clOMd shel1 alkan lons (n hHlum>  While ^^ moM1{ty 

P0(M« , He) shows a noticeable decrease with increasing enerRv (F/p). th. 

mobilities of Ar+. Kr+. and to a lesser extent  Xe+  show the lack of 

dependence on enerRv expected In the pure polarization (Lan^evin) limit. 

The results of our determinations of the mobilities at thermal 

enerRv  (E/p - n) of various ions In helium are compared with results of 

other studies In Pig. S.  m addition to the aH-.ali ion mobilities (1 

points from Ref. 1 , :'  points from Refs. 2 and 3) we have shown the mobi- 

lities  of the henvv atomic lons ,IR
+ and n+.  Tt will be Men chat there 

Is a rather weak dependence of mobilitv on ion mass, except for verv light 

lons. 

If polarization attraction is the principal interaction which deter- 

mines the ion mobilities, then the mass-scaled mobilitv u'  defined in 
o 

the Langevin equation. Kq. (6). should varv little from ion to Ion.  This 

comparison is made In -1«. 6. where It will be seen that the variation 

with Ion mass Is still quite evident.  In addition. aH the values of 

^ (except for H+) He above the pure polarization value. 30.^.calculated 

from Kq. (6). 

Indus.on of the short-ranRe repulsive Interaction between the Ion 

and atom reduces the polarization attraction at longer range, and therefore 

tjnm „uAMaMaBMM. 
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10.29 
the moblHtv exceeds the pure polarization limit at certain temperatures, 

In keeping with our observations.  However, in o'-der to obtain an accurate 

fit to the measured temperature dependence of the nubility of  1.1  ftj He, 

It has beeii found necessary to Include an additional attractive Interaction 

energy,   the dispersion energv rtsultlnn from the polarization of the 

ion, so that a more complete representatlen of the lon-ntom Interaction 

than F,q. (.>)   Is 

V(R) = 'Repulsion) - A/R4 - H/R6   . (7) 

The inclusion of the attractive R   term bas tbe effect of reduclnR the 

Ion mobility slightly. 

The observation that the mobility of 'acb of the noble gas ions io 

less than that of the neighbo-lng alkali ion mav be explained in terms of 

the effect ot the R  term.  At moderate ion-atom separations, tbe effect 

L*£ the short range repulsive Interaction should be small and comparable 

•"or both the noble gas <on and the corresponding alkali ion.  However, the 

unfilled shell of the noble gas ion should be more highlv polarizable than 

the closed shel■ of the alkali ion, so that ehe R   attractive term Is 

30 
larger for the noble gas ion.   As a result the mobilItv of the noble gas 

ion should be reduced somewhat more than that of the corresponding alkali 

ions, as observed. 

The fact that u ' of H  falls even lower (slghtlv below the pure 
o 

polarization limit) does not contradict this argument, since the H - He 

interaction Is quite different from the interactions In the above cases. 

The ion polarlzability contribution to the R   term in Eq. (7) Is 

obviously zero and, as noted earlier, the repulsion term is pure Coulomb 

in character and therefore very short ranged.  In this case, a classical 

mobility calculation should yield a value very near the pure polarization 
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limit.  Somewhat colncldentally, the quanta! calculation  ylelda a valu« 

of  M0  at 300 K which Is -27.  helow thv  pure polarization value.  Hoth 

of these predictions are In reasonahle agreement with our ohservatlons. 

The authors are Indebted to S. Geltman for helpful discussions of 

I'.n mobility theory. 
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FICURK CAPTIONS 

FIR. 1.   Reduced mobilities, u , as a function of  I'/p and of mean energy 

of relative motion C  for He  In He ar.d Ne  in Ne at T-295 K. 

The mean energies are referred to  i   = 1/7 kT «» 0,038 eV. 

Helium pressures:  X, 0.21 Torr; I), 0.5A Torr.  Neun pressures: 

Y, 0.1S Torr; + 0.42,Tor-; A, 0.63 Torr; 0, 1,04 Torr.  See 

text for explanation oi the various curves In the figure. 

Fig. 2.   Reduced raoMlitles as a function of V./p  and of  e for Ar  in 

Ar at 295 K.  Argon pressures: •, 0.11 Tori; +, 0.60 Torr. 

See text for explanation of th«1 solid and dashed curves. 

Fig. 3.   Reduced niohllities of  H  and Nr  in He at 295 K.  Helium pres- 

sures in II  studies:  Y, 0.10 Toir; X, 0.66 Torr; +, 0.88 Torr; 

V, 0.38 Torr; II, 0.S6 Torr; 0, 0.97 Torr.  Helium pressures in 

Ne studies: +, 0.A8 Torr; A, 0.84 Torr; X, 0.9(> Torr.  See 

text for explanatlo'i of various curves in the figure. 

+   +      + 
Fig. ..   Reduced mobilities of Ar , Kr , and Xe  in He at 295 K.  Helium 

pressures in Ar studies:  II, 0.33 Torr; X, 0.42 Torr; +, 0.57 

Torr; t, 0.90 Torr.  In the Kr+ studies:  +, 0,48 Torr; t, 0.89 

Torr.  In the Xe+ studies: 1 i, 0.43 Torr; +, 0.68 Torr; #, 0.96 

Torr. 

Flg. 5.  Reduced mobilities of various ions as a function of ion mass 

at T " 300 K.  The solid and open circles represent the present 

results; the other symbols represent meaeurements by other in- 

vestigators (see text for references). 

1 /2 
Fig. 6.   Mass-scaled reduced mobilities, u '   m    u , as n function of 

o    r    o 

Ion mass.  The dot-dashed rurve at  u ' = 30.5 represents the 
o 

predicted value In the limit of pure induced dipole attraction be- 

tween ion and atom. The symbols are as In Fig. 5. 
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