
'•"■ p»«ww"«^»^"""ww^»^«^irw«^>»w»iiu. ■ . mwfmmmn' w~mmm» '      " "■^■■••'■^^ 

AD-766  275 

STUDIES   OF   NON-RESONANT   CHARGE   TRANSFER 
BETWEEN   ATOMIC   IONS   AND   ATOMS 

M .    T.    Leu,    e t   al 

Pittsburgh   Universit; 

Prepare d   for: 

Advanced   Research   Projects   Agency 
Arny   Research   Of f i ce- Durham 

June   1973 

DISTRIBUTED BY: 

KITn 
National Technical Information Service 
U. S. DEPARTMENT OF COMMERCE 
5285 Port Royal Road, Springfield Va. 22151 

■Man ^■■«II ■■ ■«-■--^ - ii ill ür1         •■•a 



■■        » "   " mmiMtu immmii ■ ■       >   > 

it 
^ 

(M 
CD 

- (^^-S G5- 

SPACE RESEARCH COORDINATION CENTER 1 
UNtVIMITY 
rirrsSuKCH 

^F^ y 

^ 

STUDIES OF NON-RESONANT 

CHARGE TRANSFER 

BETWEEN ATOMIC IONS AND ATOMS 

BY 

R. JOHNSEN, M. T. LEU AND MANFRED A. BIONDI 

SPONSORED RY 
ADVANCED RESEARCH PROJECTS AGENCY 

ARPA ORDER NO 826 
CONTRACT NO. DA-31-1 24-ARO-D-440 

MONITORED BY 
U. S. ARMY RESEARCH OFFICE-DURHAM 

APPROVED FOR PUBLIC RELEASE; 
DISTRIBUTION UNLIMIlED 

c 
: 

LllJii . 
24 WTC    | | 

r . 

SRCC REPORT NO. 190 

JUNE 1973 

UNIVERSITY OF PITTSBURGH 
PITTSBURGH, PENNSYLVANIA 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

I S Del      ■    •'   ■    ' ' ommerM 

THE VIEWS AND CONCLUSIONS CONTAINED  IN THIS DOCUMENT ARE THOSE OF THE  AUTHORS AND SHOULD 
NOT BE INTERPRETED AS NECESSARILY  REPRESENTING THE OFFICIAL POLICIES. EITHER EXPRESSED OR 
IMPLIED, OF THE  ADVANCED RESEARCH  PROJECTS AGENCY OR THE  US   GOVERNMENT. 

\ J® 

M* M iMIll  „.»   J 



^rmmmmm^^^mm MV ^Mi^^ piPR qiilw^Hn^^apajlii ■iiiiip    im 

The Space Research Coordination Center, established In May, 1963. has t^c following functions: ;l) it ad- 
ministers predoctoral and postdoctoral fellowships in space-related science and engineering programs; (2) it makes 
available, on application and after review, allocations to assist new faculty members in the Division of the 
Natural Sciences and the School of Engineering to initiate research programs or to permit established faculty 
members to do preliminary; work on research ideas of a novel character; (3) in the Division of the Natural Sciences 
it makes an annual allocation of funds to the Interdisciplinary Laboratory for Atmospheric and Space Sciences; 
(4) in the School of Engineering it makes a similar allocation of funds to the Department of Metallurgical and 
Materials Engineering and to the program In Engineering Systems Management of the Department of Industrial 
Engineering; and (5) in concert with the University's Knowledge Availability Systems Center, it seeks to assist 
in the orderly transfer of new space-generated knowledge in industrial application. The Center also issues pe- 
riodic reports of space-oriented research and a comprehensive annual report. 

The Center is supported by an Institutional Grant (NsG-416) from the National Aeronautics and Space Ad- 
ministration, strongly supplemented by grants from the A. W. Mellon Educational and CharitaSle Trust, the 
Maurice Falk Medical Fund, the Richard King Mellon Foundation and the Sarah Mellon Scaife Foundation. Much 
of the work described in SRCC reports is financed by other grants, made to individual faculty members. 



• !■'"' -    iii mtwmntrm^^" "' ' »»wrn»i^w»p,nw«iCT>»"^wwt"^»»™w L   i 111 inp^!^»m»w»i« I ■ '       "»■■^"^•^^^■(■^■MW^PBiWwpiW^" 1        '     I 

UNCLASSIFIED 
Security» Cla«sifi'ation 

DOCUMENT CONTROL DATA • R&D 
(990urllY clmm»HleaH<m ol till*.  6orfy of «b«tr«  . «nd mdsxmj annofaflon muar 6* mntmrmd whtn Ihm ovmtmlt r«porr i* clm»»tlimd) 

1    O^IOIMATINO ACTIUITV (Coipo«(» «ul/ior; |2<    ne^onr tccuRi TY   C LAtsiFicA TION 

University of Pittsburgh 
littsburgh,  I a.   15260 

Unclassified 
26     GROUP 

1   RBPOUT TITLB 

STUDIES OF NON-RESONANT CHARGE TRANSFER RETOEEN ATOMIC IONS AND ATOMS 

4    DCSCRIPTIVE NOTCS (Typ, ol upon mnd Incluil ■» dmlmti 

      Scientific paper - is.'iued June 1973 

ft 

5   AUTHORfS; (!••( nam«. Hnt ntmt. Inliiml) 

R.  n.m.i.  Johnsen, M.  T.  IJCU and Manfred A.  Biondi 

6   REPORT DATE 

June 1973 
• a    CONTRACT  On  GRANT  NO 

DA-31-12U-ARO-D-1+U0 
t>    PROJtCT  NO. 

P-6563-P 
c 

ARPA Order 826, Am.  9 

7a     TOTAL NO    Or   RASCf 76   NO   or pier* 
16 

• a    ORiaiNATOR-t  REPORT  NUMBCRfS; 

APP-42 

,6   Su^SortJ'0"1 UO(S> fA n•'otf,•'"""«'•'• *•'<"•)'6. a../#iad 

SRCC No.   190 
10   A VA IU ABILITY/LIMITATION NOTICES 

Approved for public  release;   distribution unlimited. 

II    SUPPLEMENTARY NOTEI 

MONITORED BY: 
U.  S.  Array Research Office-Durham 

13    ABSTRACT 

12   SPONSORING MILITARY ACTIVITY 

Advanced Research Projects Agency 
1^00 Wilson Blvd. 
Arlington,  Va.    22209  

Measurements of non-resonant charge transfer between atomic  ions and atoms 
have b^fen made in a drift tube/mass spectrometer apparatus as a function of l/tj 
(dri- 

are: 
k (KI 

for He+ + Ne and He+ + Ar    k    is i lO"^ cm3/sec.    Little dependence of k(He+, Hg) 
and k(Ar+, Kg) on ion energy is found up to mean energies of ~ 0.25 eV.    Ccanparison 
of the measured rates with available theories suggests an inability to predict the 
moderately slow reaction rates. 

/e b'tn made in a drift tube/mass spectrometer apparatus as a function of E/p 
rift  ileld/gas    pressure) at 295 K.    At E/p ■ 0 the charge transfer coefficients 
;:    k(He+, Hg) =  (1.6 * 0.3) x 10-9 cm3/sec, k(,*r+, Hg) =  (1.5 i 0.3) x lO"11, 
^+, Hg) =  (8.5 i 2) x 10-12.    For Ne+ + jjg and Xe^ ,  Hg    k    ig ;£ 10-12, „hue 

DD /^ 1473 
UNCIASSIFIED 

Security Classification 

mtm/mmtuk —— — —        ^ — 



1 ■ w wmmr-wm^ "ii n II I.III n'i" «■" 

UNCLASSIFIED 
St'c-unlv ClHSsifif.itnm 

KEY  WORDS 

Non-resonant charge transfer 
Atomic  Ions 
Drift tube/Mass Spectrometer 

LINK A 

«OLt »<» 

LINK  a 

ROl  ■ 

INSTR! CTIONS 
!.   ORIGINATING ACTIVITY:    truer Iht num«; und address 
of the contractor,  subcontractor, grantee.  Department of De- 
fense activity or other organi^ution (corporate author) Issuing 
the report. 

2«.   REPORT SECU«TY CLASSIFICATION:    Enter the over- 
all security clsss'ficstion of the report.    Indicate whether 
"Restnc'ed Data" is included.    Marking is to be in accord- 
ance with appropriate security regulalior.s. 

26.   GROUP:    Automatic downgrading is specified in DoD Di- 
rective 5700. 10 and Armed Forces Industrial Manual.   Enter 
the group number     Also, wln-n «pplu able, show that optional 
markings have been used for Group 3 and Group 4 us author- 
ized 

3. REPORT TITLE:    Enter the complete report title in «11 
capital tetters.   Titles in all cases should be unclassified. 
If a meaningful title cannot ov selected without classifica- 
tion, show title classification in all capit ils ir parenthesis 
immediately following the title. 

4. DESCRIPTIVE NOTF.S:    If appropriste, enter the type of 
report, e.g., interim, progress, summary,  annual, or final. 
Give the inclusivf dates whet» a specific reporting period is 
covered. 

5. AUTHOR(S):    Enter the name(s) of aulhor(s) as shown on 
or in the report.    Enlei last name, first name, middje initial. 
If xilitary,  show rank and branch of si   vice.    The name of 
the principal  .. ithor m an absolute minimum requirement. 

0.     'EHORT DATH    Enter the date of the report as day, 
mom   .  year, or month,  year.    If more than one dale appears 
on |!ie report, use date of public ation. 

7«,    TOTAL NUMDER OK PAGES:    The total page count 
should follow normal pagination procedures, i.e., enter the 
i.jmber of pages containing Information. 

TO.    NUMUKR OF REFERENCES;    Enter the total number of 
references cued in the report. 

8o    CONTRACT OR GRANI NUMHEP:    If appropriate, enter 
the u^plicable number of the mntract or grant under which 
the report  was wntltn. 

•*,*, kttf. PROJECT NUMOFR: Knie the appropriate 
miliinry department identification, sui h us project number, 
subproject number,  system nuiubcra, tusk number, etc. 

9«.    ORIGINATOR'S REPORT NUM»ER(S)     Enter the olfi- 
ciul r'-forl numb-r by which the document will be ideiuified 
und controlled by th.- originating ailivity.    Thin number must 
be uiuqui- to this report. 

96 OTHKR RKI ORT NIIMHK.K'(S) It the report hus been 
ussii-nf <l .my other rcpcrl numbers (cillnr by the urlginolof 
or by the sponsor;, also enter this numl.er(s). 

10.    AVAILAHILITY/LIMITATION NOTICES:    Enter any Itm- 
ilalions on luithcr dissemination of the report, other than those 

imposed by security tlassilu ation,  using standard statements 
such as: 

(I) 

(2) 

(3) 

(4) 

"Ouulilied requer'ets may obtain copies of this 
report from DDC    ' 

"F'orelgn announcement and dissemination ol this 
report by DDC is not authorized." 

"U. S.  Government agencies may obtain copies ol 
this report directly from DDC.    Other qualilie : DDC 
users shall request through 

"U. S.  military ugencies may obtain copies of this 
report directly from DDC    Other quulilied users 
shull request through 

(5)     "All distribution ol this report is controlled.   Qual- 
ified DDC users shall request  through 

If the report has been furnirhed to the Offii e of Technical 
Services,  Depurlmem ol Commerce,   lor sale to the public,  indi- 
cate this fact and enter the price,   if known. 

IL SUPPLEMENTARY NOTES; Use for additional explana- 
tory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the difiartmental project office or luboralury s-ponsormg fpj)» 
itiß lor) the research and development.    Include uddress. 

1,1     ABSTRACT-    Enter an abstract giving a brief and factual 
summary o| the document indicative of the report, even though 
it may also appear elsewhere in the body of the technical re 
port.    If addilional space is required,  a continuation sheet shall 
be alluchtd 

It is highly desirable that the absitait ol dassilud rr|>uilk 
be unclassified.    Each paragraph of the  abstract shall end »Hh 
an indication of the military security classiln ation ul the in 
lormalion in the paragraph,  repr< ■ented as (TV   (SI   iC)   ..<   I'l 

Hu-re is no limitution on the  length of the ubsliai t     II   m 
ever, the suggested length Is from ISO pi US wnids 

14      KKV WORDS:    Key words are teclini> ally meaningful term» 
ul  short phrases thut i haractenze a report and ma)   be used ah 

iJe» eiilnes for cataloging the report      Key  words musl be 
selected so that no sei unty . lassifu ation is required     Idenli 
fiets,  such us equipment model designation,  trade name    military 
project code name,  geographic  locution    may  he used Js key 
word, but will he followed by  an indlc ulion of technical ion 
le«!     The assignment ol links,  rules,  and weighls is optional 

// 

UNCLASSIFIED 

Security Clussidtutiun 

MMMMk amm MMI        



^M "   ' ■w»^»^""  "H      '      ■"     I IK*iiii»»iWWi»^P^PP»^»»^I^W»PP»«^»i«<"WPWiW»«^^W»-WRf»»1 

APP-1+2 

Studies of Non-Resonant C^irge Transfer 

between Atomic Ions and Atoms 

R.  Johnsen and M.  T. Leu 

Physics Department 
University of Pittsburgh,  Pittsburgh,  Pennsylvania    15260 

and 

Manfred A.   Biondi 

Joint Institute for Laboratory Astrophysics 
University of Colorado,  Boulder, Colorado    8C302 

Sponsored by 

Advanced Research Projects Agency 
ARPA Order No.  826 

Contract No.  DA-31-i2,»-ARO-D-'440 

Monitored by 

U. S. Army Research Office-Durham 

Approved for public release; distribution unlimited 

June 1973 

The views and conclusions contained in this document are those cf the 
authors and should not be interpreted as necessarily representing the 
official policies, either expressed or implied, of the Advanced Research 
Projects Agency or the U. S.  Government. 

Ill 



^nww^"    i   'i'    ii   iijiniw ■'" •<■»• ii ■.■wpwi^Bw^w^k wmnmwpwMOMPniPvmn'ii i IM in u « i iwnnmii 
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University of PinLsburgh, Pittsburgh, Pa. 15260 

and 

Manfred A. Blondi* 

Joint Institute for laboratory Astrophysics 
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Abstract 

Measurements of non-resonant charge transfer between atomic ions 

and atoms have been made in a drift tube/mas^ spectrometer apparatus as 

a function of E/p (drift field/gas pressure) it 295 K. At E/p = 0 

the charge transfer coefficients are: k(He+, Hg) «■ (1.6 ±  0.3) x io"9 

cm /sec, k(Ar+, Hg) = (1.5 ± 0.3) x 10"11, kOCr"*", Hg) = (8.5 ± 2) x 10"12, 

For Ne + Hg and Xe -f Hg k  is < IO-12, while for He+ + Ne and 

He + Ar k is • 10   cm /sec. Little dependence of k(He+, Hg) and 

k(Ar , Hg) on Ion energy is found up to mean energies of ~ 0.25 eV. 

Comparison of the measured rates with available theories suggests an in- 

ability to predict the moderately slow reaction rates. 

- - - -—"M 
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I.  INTRODUCTION 

The process cf symmetrical, resonant charge transfer between atomic 

Ions and atoms, 

A+ + A > A + A+   , (1) 

is rather well  understood, with  theoretical predictions  in satisfactory 

agreement with experimental measurements on many ion-atom systems for 

energies  ranging  from thermal   (~  300 Y)   to many keV.       In contrast,   the 

non-resonant  and  accidentally  resonant  asymmetrical  charge  transfer pro- 

cesses , 

A+ + B -«■ A + B+ 
(2) 

are less well understood, with substantial disagreement between the ob- 

served and theoretically predicted behaviors at low energies. 

For example, given the energy defect AE(«>), i.e. the energy dlffer- 

pnce between the initial and final states of reaction (2) with the par- 

ticles at infinite separation, the "adiabatlc criterion" introduced by 

2 
Massey leads to prediction of a small charge transfer rate at collision 

velocities smaller than 

v   = a AeC«") /h   , 
max (3) 

where a is a "collision distance" (empirically ~ 7X) and h  is Planck's 

constant. This "uncertainty principle" statement that only violent col- 

lisions can blur the energy states sufficiently to cause a transfer be- 

tween initial and final states has apparently been violated by the find- 

ing of a number of cases where, in spite of appreciable energy defects, 

ilie charge transfer rates at thermal energies are fast. 

The application to asymmetrical charge transfer of the method of 

estimating ion-molecule reaction rates proposed by Gioumousis and 

i mtmm ■'— 
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Stevenson for Systems where point charge-Induced dipole (polarlzable 

atom or «oUcuU) forces dominate also has not been particularly success- 

ful. Accorulng to this model, for impact parameters less than a certain 

value the induced dipo.e Interaction leads to inward spiralling orbits5 

(uncil the short-range repulsive interaction between ion and atoms is 

encountered), reading to sufficient time for a reaction to take place. 

In applying thlfl model to charge transfer at low energies, Rapp and 

Francis assumed that all collisions with impact parameters smaller than 

this critical value would lead to charge transfer about half o: the time, 

while those with larger impact parameters would have negl^ible proba- 

bility of charge transfer. As we shall see, experimental observations 

bear no apparent relationship to this simple picture of low energy charge 

transfer rates; in some cases rates approaching the Gioumousis and 

Stevenson prediction are found, in others, the rates are orders of magni- 

tude smaller. 

Recently, a more logical description of the thenul energy charge 

transfer process has been given by Turner-Smith et al.3 In this model, 

the principal long range ion-molecule interaction is again induced dipol-., 

and the Langevln criterion is a",ain used to determine the critical im- 

pact parameter for spiralling. Here, however, the probability of occur- 

rence of asymmetrical charge transfer is calculated from the net transi- 

tion rate at the curve crossing between initial (A++B) and final (A+B+) 

energy statos of the system as the particles spiral in past the crossing 

point and then out again. The transition rate in turn is determined by 

the particles' relative velocity at the crossing and the steepness of the 

crossing [which depends on Ae(-)  and the difference in polarizability 

of A and B]. We shall return to a discussion of this model after we pre- 

sent our experimental results. 

mm ammam — — mBimm ^. — ,., -.. ..._ J- 
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In order to gain an insight into the non-resonant charge transfer 

process at low energies we have studied the systems He+ + Hg, Ne+ + Hg, 

Ar+ + Hg, Kr
+ + Hg. Xe+ + Hg. He+ + Ne. and He+ + Ar.  In the following 

sections we briefly describe the method of measurement, present our deter- 

minations of the charge transfer rates for the various reactions over the 

energy range from thermal (295 K) to 0.34 «V, and compare our results with 

the predictions of the theory of Turner-Smith et_al. 

II.  APPARATUS AND METHOD OF MEASUREMENT 

The drift mobility tube/mass spectrometer apparatus shown in Fig. 1 

has been described in detail previously.7-9 Generation of «he parent 

ions [A in reaction (2)] in the Ion source is accomplished by pulsed 

electron oombardraent of the parent gas (typically at a pressure of 

- 0.1 to 0.8 Torr). In the cases of krypton and xenon the parent gas 

is mixed with a comparable amount of argon buffer gas before being ad- 

mitted to the ion source. A fraction of the ions in the pulse are ad- 

mltted through a 0.4 cm dlam injection orifice into the drift region 

where they move under the action of a uniform axial electric field esta- 

blished by means of a series of guard rings. 

In the cases where the reactant gas [B in reaction (2)] is mercury, 

the desired vapor pressure in the drift region is established by evapor- 

ation from a temperature controlled drop of mercury contained in a 

stainless steel side arm connected to the ion source by a large conduc- 

tance vacuum valve.  (It was not possible to connect the side-arm 

directly to the drift region.)  The reactant gas pressure in the drift 

space is measured by means of a Baratron®pressure gauge located in the 

vacuum system adjacent to the drift tube.  These measurements are made 

before adding and after removing the parent (and buffer) gas to the tube 

*■ ■ ^..- — .. .. . .. . __._. 
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vla the ion source, and the reactant concentration determlnatlc-is are 

corrected for the "^ep-out" effect produced fty ^he addition of the 

parent gas. 

A fraction of the parent ions which do not undergo charge transfer 

or diffuse away from the drift tube axis effuse through the 0.046 cm 

diam exit orifice into the differentially pumped quadrupole mass spectro- 

meter where they are mass-selected. Arriving Ions are counted by means 

of the channeltron electron multiplier whose output pulses are s.nt to 

a multichannel analyzer operating in a time-of-flight mode. 

The charge transfer rate coefficients are determined by the "addi- 

tional residence time" method which has bee., described in detail else- 

.    7,8 
wnere.    In this technique, the residence time of a pulse of ions in 

the drift tube (i.e., the time the ions can undergo charge transfer with 

the reactant gas) is varied by subjecting the ions to a programmed se- 

quence of drift fields, either stopping them (thermax eneigy measure- 

ments) or reversing their motion (higher energy measurements) for a con- 

trolled time Interval.  By measuring the loss of parent ions as a function 

of the additional residence time in the drift (reaction) space and cor- 

recting for ion loss by lateral diffusion one can determine the charge 

transfer rate.  Studies have been carriec out as a function of ion energy 

by varying the ratio of the drift field to gas pressure E/p. 

The ions' .„ean energy e^ has been calculated using the formula 

derived by Wannler10 assuming a constant mean free time between ion-atom 

collisions.  In this model, the ions' mean energy is related to their 

drift velocity through the expression. 

?ion = 3/2 kT + 1/2(MH0 vd
2   , (4) 

MHIMBMI ^MMB II ■> 
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where m is the mass of the Ion, M the mass of the atom (buffer gas), 

and vd  tne measured drift velocity of the Ion.  As noted previously,
7 in 

the case of Ions driving in their parent gas (where long-range, resonant 

charge transfer between ion and atom is of importance), this formula may 

overestimate the ions' energy by as much as a factor »/« at high E/p. 

However, since the rearMons under study exhibit little dependence on ion 

energy, .he approximate energy scale obtained by use of Wannier's formula 

without correction is sufficiently accurate for our purposes. 

III.  RESULTS 

Charge transfer rate coefficients (or upper limits thereof) were 

obtained for He+, Ne+, Ar+, Kr+ and Xe+ ions colliding with Hg atoms and 

for He ions colliding with Ne and Ar atoms. 

A.  Charge Transfer to Hg Atoms 

The measured charge transfer coefficients  for He+ + Hg are shown 

as a function of E/p in Fig. 2. These measurements were carried out 

at a mercury vapor density [Hg] = 8 « 1012 cm"3 and an ambient tempera- 

ture T - 295 K.  The rate coefficient at thermal energy  (E/p = 0) is 

+ 0    1 

k(He , Hg) - 1.6 x KT- cm /sec and falls slowlv with Increasing ion 

energy to a value of ~9 « 10"10 cm3/sec at ^  = 0.24 eV (E/p - 45 

V-cm  Torr-1 in helium). 

In the case of Ne+ + Hg no charge transfer reaction was detected 

over the range. 295 K < e^ < 0.15 eV (0 < E/p < 40 in neon), even when 

the mercury vapor density was increased to [Hg]  ~7 * 1013 cm"3.  From 

these observations we can 9«c a limit for the charge transfer rate coeffi- 

cient,  k(Ne+, Hg) < 10"12 cm3/sec. 

  - - — 
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The data  for  the charge  transfer reaction    Ar+ + Hg     are  shown  in 

Fig.   3.     The mercury vapor density was     [Hg]   = 6.8 *  1013  cm"3 and the 

gas  temperature    T = 295 K.     The thermal energy  (E/p = 0)   point  shown. 
-#. —ill 

k(Ar   ,  Hg)   = 1.5   x 10        cm  /sec,  represents  the  average  of  20 data 

points which exhibited an    rms    deviation of 10^  about  this value.     No 

simple  variation of  the  rate  coefficient   is noted with  ion energy over 

tho  range,   295 K <  ^  < 0.34  eV  (0  < E/p  <  117  in argon);   a constant 

value  of    k provides  an acceptable  fit  to  the data over this  range. 

The  charge  transfer reaction    Kr+ + Kg    was  found  to have  a rate 

coefficient    k(Kr+,  Hg)  = 8  5   x  IQ"
12

  cr 3/sec at  thermal   (295 K)   energy. 

No measurements  fa  a  function of    E/p    were  obtained  in this  eise. 

No detectable  charge transvtr by  the  reaction    Xe+ + Hg    was  observed 

at  295 K aid E/p = 0 at a mercury vapor concentration     [Hg]  -   7  x  io13 

-3 
cm     ,   setting a  limit  on the  rate  coefficient  of    k(Xe+,  Hg)   < 10~12 

3. 
cm   'sec. 

B.  Charge Transfer of He+ with Ne and Ar 

In these measurements the reactant gas density was increased to 

rather large values, ~3 x 1015 cm-3, yet no charge transfer was observed 

to take place It 295 K and E/p = 0.  From these observations we can set 

a limit for both k(He+, Ne) and k(He+, Ar)  of < 10~13 cm3/sec. 

IV.  DISCUSSION AND CONCLUSIONS 

The principal uncertainties in the values of the charge transfer 

rate coefficients arise from imperfect knowledge of the mercury vapor 

density in the drift space.  The Baratron pressure measuring system has 

an accuracy of ±10% at the pressures used  (~3 x io~A to ~2 « IO-3 

Torr).  All other sources of error in the rate coefficient determinations 
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are smaller than this; therefore ve asslRn an overall uncertainty of 

approximately +20% to the measured values of k. 

The results of our measurements are summarized in Table I.  The 

observation of moderate to fast rates in a number of cases strongly 

suggests that the charge transfer process under study is one which 

leaves the product ion in an electronically excited state, i.e., 

+ +* 
A + B -> A + B (5) 

otherwise the energy defects Ae(°°)  of the reactions would be large 

(> 1 eV) and the thermal energy transfer rates small. 

In arriving at the values of k given in Tab!«? I, Eqs. (16) and 

(17) of the paper by Turner-Smith ut al. (TS), applicable in cases where 

the polarizability of reactant atom B Is much larger than that of par- 

ent atom A, were used. This approximation should be valid except in the 

case of Xe + Hg, since the values of the atomic polarizability a for 

He, Ne, Ar, Kr, Xe and Hg are, respectively, 0.22, 0.35, ~2, 2.5, 4.5, 

and 9.8 A3. 

The quantity AE(«>)  also enters the theory, with small values 

favoring a large reaction rate. We have calculated the several small 

positive energy defects for various excited levels of B   using tabu- 

12 
lated energy Itvel values. '  The relevant values of Af,(°o) are:  (He, Hg) 

0.2/, 0.37, 0.41, 0.44, 0.61, 0.64 eV; (Ne, Hg) 0.45, 0.61. 0.69 eV; 

(Ar, Hg) 0.93, 5.3 eV; (Kr, Hg) 3.6 eV; (Xe, Hg) 1.7 eV; (He, Ne) 3.0 eV; 

(He, Ar) 8.8 eV.  These values have been used in the theoretical formula 

to calculate the contribution of each of the important curve crossings and 

the results summed to obtain the estimates of k   given in Table I. 

It will be seen from Table I that the TS theory is successful in 

predicting the large He + Hg charge transfer coefficient.  (This value 

  m^mmmm   
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ls remarkably close to the charge transfer rate of  1.5 * lo"9 cm
3/Sec 

calculated on the assumption that half of the collisions which result in 

spiralling orbits also lead to charge transfer.)  The TS theory is also 

consistent with our failure to observe charge transfer for the system 

(Ne+. Hg). (Xe+. Hg). (He+. Ne) and (He
+. Ar).  Ho.ever. the theory fails 

to predict the observation of a charge transfer coefficient of -lO"11 

cm /sec In the cases of  (Ar+, Hg) and (Kr+I Hg). 

It appears possible to understand the successes and failures of 

the TS theory ln terms of the limitations i.posed by its basic a8Sump_ 

tlons.  The theory follows the Landau-Zener approach of estimating the 

net transition rate at the pseudo-crossing of the adiabatic potential 

curves of initial  (A+ + B) and final (A + B
+*) states of the same 

species (i.e. same symmetry properties).  Turner-Smith et_al. use an em- 

pirical formula given by Olson et_al.13 for H^. the matrix element of 

the interaction Hamiltonian. to calculate the net transition rate.  This 

formula was derived from an analysis of experimental and theoretical 

charge transfer and ion-ion recombination data, assuming that only large 

separation pseudo-crossings between two states of .he same species were 

of importance in the processes under study.  The charge transfer reaction 

between He+ and Hg. with small Ae(~) values and a very large difference 

in the polarlzabllities of He and Hg.  probably fits this case well, so 

the theory 1. successful in predicting the observed magnitude of the trans- 

fer rate. 

In other cases, such as Ar+ + Hg and Kr
+ + „g, „„ere s-aller but 

measurable rates „f cbarge transfer are observed, the ™,lnl«u» energy de- 

fects are substantlafly Urger and the differences In polarlzabllities 

somewhat seller.  In these cases the TS theory predicts extrcnely s»all 

n_ 
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is remarkably dose to the charge transfer rate of 1.5 * lo"9 cm
3/sec 

calculated on the assumption that half of the collisions which result in 

spiralling orbits also lead to charge transfer..  The IS theory is also 

consistent with our failure to observe cbarge transfer for the systems 

(Ne+. Hg). (Xe+. Hg). (He+. Ne) and (He+. Ar).  However, the theory fails 

to predict the observation of a charge transfer coefficient of -lO"11 

cm /sec in the cases of  (Ar*. Hg) and (Kr+, Hg). 

It appears possible to understand the successes and failures of 

the TS theory in terms of the limitations loosed by its basic assump- 

tions.  The theory follows the Landau-Zener approach of estimating the 

net transition rate at the pseudo-crossing of the adiabatic potential 

curve, of initial  (A+ + B) and final (A + B
+*) states of the same 

species (i.e. same symmetry properties). Turner-Smith et_al.  use an em- 

pirical formula given by Olson et^l.13 for H^, the matrix element of 

the interaction Hamiltonian. to calculate the net transition rate. This 

formula was derived from an analysis of experimental and theoretical 

charge transfer and ion-ion recombination data, assuming that only large 

separation pseudo-crossings between two states of the same species were 

of importance in the processes under study. The charge transfer reaction 

between He+ and Hg. with small Ae(~) values and a very large difference 

in the polarizabilities of He and Hg.  probably fits this case well, so 

the theory is successful in predicting the observed magnitude of the trans- 

fer rate. 

In other cases. „uch as Ar+ + Hg and Kr+ + Hg. „hare SMller but 

«eaaurable rates of charge transfer are observed, the „Inln™ energy de- 

fects are substantially larger and the differences In polar„abllitlas 

somewhat seller. In these cases the TS theory predicts extra.ely sn,all 

- 
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charge transfer rates because it Ignores (a) contributions from true 

crossings of the potential curves of states of different symmetry proper- 

ties and (b) contributions at Inner pseudo-crossings (In the molecular 

region),  both of these contributions to charge transfer are normally 

smaller than that due to an outer crossing in a favorable case; states 

of different symmetry properties require coupling between the Electronic 

and nuclear motions to permit a transition to take place at the crossing, 

while the small transition rate at an inner crossing is normally over- 

shadowed by transitions at a favorable outer crossing.  Inclusion of 

these additional effects in the theory of non-re sonant charge transfe: 

may well lead to more accurate predictions of the alow charge transfer 

reaction rates. 

The observed decrease of k^He+, Hg) with increasing ion energy 

(8^3 Fig. 2) does not follow the predictions of theory.  Both the simple 

Langevin spiralling theory5 and the modifNation by Turner-Smith et al.3 

yield rate coefficients which are independent of ion energy.  However, 

the additional factors which should be included In a more complete 

theory (see previous paragraph) may lead to a slight modification of 

the predicted energy dependence.  The apparent lack of dependence of 

k(Ar , Hg) on ion energy (.ee Fig. 3) is, however, in keeping with the 

predictions of the simpler theories. 

It is clear from the present results th«t the "adiabatic criterion, 

which has had some success in predicting charge transfer at moderate 

energies,1 fails completely at low energies in cases such as (He+, Hg), 

(Ar , Hg) and (Ki+, Hg).  From the energy defects for these reactions, 

one calculates from Eq. (3) that v^,  the velocltv below which the 

charge transfer cross section Qtr should decrease radically. Is in 

„2 
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excess of A x 10 cm/sec.  Our measurements refer to near-thermal ions 

with velocities of ~2 *  105 cm/sec and waller; thus, the observation of 

fast charfe transfer (Q^ > lO"14 cm2) at thermal energies for H.+ + Hg 

Is in direct contradiction to the adxabatic criterion.  Even the more 

modest thermal energy charge transfer rates for Ar4 + Hg and Kr+ + Hg 

— 1 ft 9 

(Qtr - 5 x io J  cm ) are inconsistent with th-i  adiabatir hvnotWls, 

because in these cases the ratio of v^/v^^ 1. eve-, larger, the 

orHer 0f 50, and crie therefore should expect vanishing]/ small charge 

transfer rates. 

The present results, which have revealed ver, large and not well 

understood variations in the rates of chsrg. transfer between atomic ions 

and atoms for different systems, are of interest for laser applications. 

Give-, a sufficiently fast rate of charge transter leading to formation 

of the prcduct ion in an excited state, the necessary population inver- 

sion for laser action becomes possible. This mechanism has been invoked 

to account for the emitted lines in several helium - metal vapo.- lasers.14-16 

The very fast He+ + Hg charge transfer process evidently produces 

excited states of Hg+; however, with the very small ion currents used 

in our drift tube it does not seem feasible to determine which states 

are formed by detecting the optical radiation emitted.  Therefore, we 

ar« considering continuing these studies in a flowing afterglow system3 

whert. the ion densities can be made considerably higher, and thus detec- 

table optical signals should be produced. 

The authors viol, to thank J. N. Bardsley and S. Geltman for helpful 

discussions concerning the theory of non-resonant charge transfer. 
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Note added 

Very recently. Bardsley and Slnha (private co.munlcatlon) have exa.lned 

the sensitivity of the TS theory's predictions to variations in the value of 

the en.piricany detained interaction Ha.iltonlan.  Thev find that for quite 

reasonable changes in the Ha.iltonlan (in view of the scatter m the data 

used for the empirical detennination) the predicted charge transfer coeffi- 

dents change by .any orders of magnitude, casting serious doubt on the 

quantitative aspects of the present form of the TS theory. 

■MUM 
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TABLE I. Comparison of measured and predicted charge transfer rate 

coefficients at thermal (295 K) energy. 

Reaction kexp(cm
3/sec)a 

kth( 
3,  ,b 

cm /sec) 

He+ + Hg (1.6±0.3) x IO-9 1. 6 x IO"9 

Ne+ + Hg ^ IO"12 M IO"14 

Ar+ + Hg (1.5±0.3) x io-11 ^ io"43 

Kr+ + Hg (8.5±?) x io-12 ~ 0 

Xe+ + Hg £ IO"12 m io"80 

He+ + Ne ^ IO"13 m io'45 

He+ + Ar i  IO"13 « io"L6 

1 
present experiment. 

ctlculatPd from Ref. 3 (see te\c  for details) 

HMHM ^m^mmmammammm. 
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Fig. 1. 

Fig. 2. 

FIGURE CAPTIONS 

Simplified diagram of the drift mobility tube/mass spectrometer 

apparatus (approximately to scale). 
+ 

The He + Hg charge transfer coefficient as a function of E/p 

and eion  at T _ 295 K. The mercury vapor concentration is 

[Hg] = 8 x io12 cnf3. 

Fig. 3.  The Ar f Hg charge transfer coefficient at T = 295 K and 

[Hg] - 6.8 x 10 ' cm" . The point at E/p = 0 represents the 

average of 2C data points which exhibit a ±10^ rms deviation 

frciu this value. 

MMU __ 
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