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Anomalous loss of ionization in argon-hydrogen plasma studied by fast flow
glow discharge mass spectrometry
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Changes in ion abundance from the plasma of an abnormal dc glow discharge, using a copper cathode, have
been studied as a function ¢d) gas residence time in the discharge d@bgdthe amount of H added to the
positive column, without disturbing the discharge. ThetAt, spectra show a severe, but selective, quenching
of the ionization. All major ions are quenched except forf Cwhich increases in abundance. It is shown that
this cannot be explained by either ion-molecule reactions or the fast recombination suggested prigRidusly
G. Meulenbroekst al, Phys. Rev. E49, 4397(1994] for such mixtures. The kinetic behavior is consistent
with the heavy involvement of stepwise ionization processes in which high excited metastable states of neutral
Ar are precursors for most ions observed in the spectrum. It is proposed that these states are rapidly quenched
by H, down to the Ar(4) levels, preventing ionization of most species in the discharge, but significantly
boosting the Penning ionization of Cu atoms sputtered from the catf®ti@63-651X97)10105-3

PACS numbeps): 52.20—j

[. INTRODUCTION For example, Meulenbreclet al.[6] proposed that it occurs
via the ion-molecule reactiorfl) to form ArH*. Since
The fundamental study of plasmas is important because dkrH™ has a recombination coefficient many orders of mag-
their application in thin-film technology, gas lasers, and op-nitude larger than At it is presumed to be rapidly removed
tical emission and ion sources used for elemental chemicdly reaction(2), this being the vehicle for the reduction of
analysis. There is therefore already a vast body of literaturéharge:
devoted to the physical and chemical processes occurring in
the different types of discharge and the use of different dis- Art+H,—ArH +H, (1)
charge gases. There has been a continuing interest in the
study of mixed plasmas involving Arid
In the field of elemental analysis, for example, wheyit ArH" +e” —Ar+H*, 2
added to the discharge gas of a conventional glow discharge

(GD) mass spectrometer ion source, Sditg reported an |, this paper we report work carried out using a relatively
gnh_anced sensitivity towards the sputtered. metal atom iong,y pressure, but fast flowing glow discharge ion source,
ization and Smithwick, Lynch, and Franklif2] reported  jith the hydrogen added either before or immediately after
greater reproducibility in relative sensitivity factors towardshe discharge. The fadded downstream did not disturb the
the probe species of a multielement cathode. Most recentlfischarge and hence did not affect the cathodic sputtering
Tanakaet al. [3] reported varying effects on sensitivity to- rate. Observations were made by mass spectrometry and this
wards the ions of nonconducting samples in a rf GD ionshows directly the dramatic loss of ionization caused. How-
source. These authors did not address the fundamental prever, the loss is selective. Whereas AArH* (normally the
cesses involved. most abundant ions in the spectrynand almost all other
Knewstubb and Ticknef4] (KT) made one of the first ions are seen to disappear, Ctionized atoms of copper
detailed studies of the ions from a static discharge by massputtered from the cathode sample)pame seen to be sig-
spectrometry. They studied both a pure Ar plasma and anificantly enhanced. It is shown from these experiments that
Ar/H, (1.5% mixture and discovered “that the addition of neither ion-molecule kinetics nor recombination can explain
H, produces a general lowering of the ionizatimic] de- the behavior.
tected, with a marked lowering of the argon ion concentra- In optical studies a significant reduction in argon emission
tion.” This was attributed mainly to a lowering of the elec- (i.e., a quenching of excited sta}és also noted when fis
tron temperature and ion-molecule reactions. Howeveradded to the discharges,5,8,9. It has also been shown
Gordon and Krugef5], studying an inductively coupled [10,11] that direct ionization may be less predominant in a
plasma, showed that small amounts gfdan have a signifi- low-pressure argon positive column than “stepwise” ioniza-
cant effect on electron densities in the plasma. van de Sandeion. It is therefore suggested here that most ionization in the
and co-workerg6,7] recently made Langmuir probe and region of the discharge sampled by the mass spectrometer
spectroscopic measurements on a supersonically expandiogcurs by neutral processes involving high excited meta-
argon cascaded arc plasma. Again a dramatic reduction istable states of Ar. The kinetic behavior observed for the
charge density and Arwas observed with the addition of ions is then consistent with fast quenching, by hydrogen, of
H,. In both cases the lost ionization was attributed to thethe neutral ionic precursors down towards the A)(4evels
inducement of fast recombination by one route or anotherthat populate the Cuconcentration by the Penning reaction.
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FIG. 1. Schematic diagram of the fast flow glow discharge ion m/z
source. FIG. 2. Examples of GD mass spectra with and without added

Il. EXPERIMENT H,: (a) discharge gas: Ar onlyP,=2 Torr, V;=448 ml min %,
VdiS: 1100 V, CdiS: 464 mA, (b) Ar Only, P2:2 TOI‘r, Vl
The ion source is shown schematically in Fig. 1. A pre-=300 mlmin™, V=800V, Cys=3.46 mA; but 6%(of V;) H,
liminary report has appeared elsewhgt@] and a detailed added at a downstream poft) discharge gas: Ar2% H, added
paper on this technique is in preparation, therefore a briegipstream, P,=2 Torr, V;=300 mImin*, V=800V, Cgs
description only is given here. The cathode in the present4.38 MA.
study is a Cu pin2 mm diameter< 10 mm length mounted
on a probe. The pin is inserted into the hollow anode sectiofo be calculated and controlled.
(10 mm diametex 20 mm length attached to a shof0 mm A voltage of up to 1500 V at 5 mA could be applied
length flow tube (20 mm diameter also at anode potential. between the anode and cathode and up-t00 V ion ex-
An ion exit cone protrudes into the flovaperture 0.3 mp  traction (V). Gas pressures between 0.5 and 3 Torr were
Argon gas passes around the end of the anode, into the distudied and under stabilized conditions the body of the flow
charge, up past the sample pin. The gas is pumped by &be reached a maximum temperature of approximately 310
20.5 n h~* rotary pump, via a liquid-Bcold trap to prevent K. The cathode surface reaches a temperature on the order of
backstreaming of rotary pump oil. The source, inside a housS00 K by sputter heatingl3], but the rapid gas flows will
ing differentially pumped by a 700 I3 diffusion pump, is  €nsure that the bulk of the gas down the tube is close to the
mounted on the source bulkhead flange of a double focusingnal temperature of the flow tube walls. The temperature,
forward geometry mass spectrometer. A secondary gas inl@owever, is not critical to the experiments and was constant
allows gases to be admitted to the plasma, downstream of tt{eroughout, to within=5 K. The mass spectrometer was op-
discharge, just in front of the ion exit aperture. Alternatively erated at an accelerating voltage of 4000 eV, the ion beam
the gases can be mixed prior to their entry into the dischargassing through electrostatic and magneB &ectors be-
tube. The calibrated gas flow rates are measured and coffre detection using a single channel electron multiplier fit-
trolled using mass flow controllers. A sliding gate valve al-ted with an extra collision dynode. The mass spectrum was
lows independent control of the pressure in the flow tubescanned using and recorded as peak heights either from the
The pressure is measured indirectly at the ion exit aperturaces on an UV oscillograph or manually from collector
by the pressure at the source housing ion gauge. This wageter readings.
calibrated by operating the flow tube under “static” condi- The gases used were Ar and He: research g(8@C,
tions (i.e., with the gate valve closg@nd reading the pres- 99.999 97% and H (BOC, 99.999% The Cu(99.99- %)
sure directly using a pressure transducer attached by a shavas from Goodfellow Metals Ltd.
tube to the flow tube, outside the source housing. Tempera-
ture is measured by a Pt resistance thermometer inserted into
the body of the short flow tube. The knowledge of these
three parameters and the geometry allows the flow speed, The mass spectra in Fig. 2 show the principle ions pro-
and hence the gas residence timm the plasma afterglow, duced from the discharge. These are*ClAr", ArH™,

lIl. RESULTS
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FIG. 3. Relative intensities (logarithmic scale) of ions versus FIG. 4. Relative intensities (logarithmic scale) of ions versus

Ar-gas flow (residince) time+ T P263=1;Forr, Vas=550V, and Ar-gas flow (residence) time 7; P,=2 Torr, V=800V, and
Cdis=2£nA- O, Ar"; O, AtH™; @, ©Cu”; X, H,0%; +, H;0%; Cas=2.1 mA; only the %Cu isotope is shown. O, Ar*; [,
L1, Ar,*, ArH*; @, 8Cu™; X, H,0%; +, H;0%; 3%, An,*.

H;0", H,0O", and A,". The CU are of course the ionized
sputtered cathode atoms. The water originates from the ppvoid the complication of a significant drift field penetrating
levels of impurity in the gas and degassiig14,19. The into the flow tube. ConditiongpressureP,, voltage Vs,
relative ion abundances depend mainly on the pressure arhd currentCy) in the discharge stayed constant to within
flow rate. Variations are shown plotted as a function of gas<5% during any particular experiment.
flow time in Figs. 3 and 4, at constant pressures of 1 and 2 The results of adding Hat the downstream port are
Torr, respectively. The gas flow timeis defined as the time shown in Figs. 2, 5, and &, and ~ were kept fixed in each
required for the gas front to travel distandé~4 cm) from  case. The additional gas is catered for by adjustment of the
the end of the copper cathode pin to the ion exit apertuie. flow rate at the downstream gate valve. For comparison Ar
given by Eq.(3), whereV, is the gas volume flow rate mea- and He were also addddeparatelyin an identical manner.
sured at pressurd®; (1 standard atinand temperature The main effect with both gasdsee Fig. 7 is to cause an
T, (298K), P, and T, are pressure and temperatugs-  increase in the Af current, a smaller increase in Aftiand
sumed to be equal to the average wall temperature at 303 ka decrease in 0™, with no significant effect on Cu How-
of the gas in the flow tube, andis the radius of the flow ever these changes are relatively small, and opposite in di-
tube (is equal to 1 cnn rection, by comparison with the addition of,HNote that
Fig. 6 is plotted on a logarithmic scale, while Figs. 5 and 7
B dP,Ty7r? are plotted normally. It should also be noted that because the
™ P,ViT, ° 3 secondary gases are added immediately in front of the ion
exit their interaction time with the flow gas is much less than
This does not give an accurate value because the pin is re-
cessed inside the narrower= 0.5 cm) hollow anode section The effects of adding Hare dramatic. This is illustrated
of the source and there will be a temperature gradient in thby comparing the mass spectra for different reaction systems,
gas as a result of heating up as the gas passes over the caghown in Fig. 2. Under optimized flow and pressure condi-
ode. However, no attempt is made here to generate quantitéions, in a mixture in which 5% of kis added, the mass
tive kinetic data and relative changes #rwill be accurate. ~ spectrun{Fig. 2b)] shows a nearly pure Cuion spectrum,
The minimum residence time attainable in the present appawith almost complete quenching of all ions except for small
ratus is at 1 Torr, withr>2.5 ms. contributions from Cti adduct ions: (CuH,0"), (CuAn*,
Although the ion intensities increase by a factor of 10and Cy* (which in the pure Ar flow are hard to detgcThe
when a relatively large ion extraction voltaggreater than Cu™ signal is actually significantly boosted, to a degree de-
—60 V) is applied to the ion exit con&/.,;, in these experi- pending on the conditions involved.
ments was set at only-5 V with respect to the anode, to In Fig. 5, P,=1Torr and 7=2.5 ms, when the initial
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so than before. §D* appears not to be readily quenched. In
contrast at much longer residence timgsig. 6(c), 7
=13 mg Cu*, Ar*, ArH", and Ap" are hardly affected by
the addition of H, while H;O" is now rapidly quenched.

The same strong effects were observed when small quan-
tities of H, were mixed with the discharge gas upstream of
the discharge. This is shown by the spectrum in Fig).2
This system is not so easy to control, however, because mix-
ing the discharge gas changes the discharge conditions.

Intensity (arb. units
00 ty ( )

IV. DISCUSSION

A. lon-molecule and neutral reactions in the glow discharge

The glow discharge is an intense source of ions, electrons,
and excited neutral speci¢$6]. While all are presumed to
be present in the short flow tube, only the cations are moni-
tored in the present setup.

It is clear from the spectra that, even though research
grade Ar was used, the trace water content is a significant
25 contributor to the chemistry, as is found in static glow dis-

charge devicef4,14,15,17. The significant gases present in
the discharge or the afterglow are therefore mainly Ar, sput-
tered Cu, HO (trace, and, when added, H The possible
1Tom, 1 =27ms (exothermi¢ ion-molecule and electron-ion recombination
reactions involving all these species are listed in Table I,

FIG. 5. Relative intensitiegnormal scalg of ions versus B together with their known thermal rate coefficiektsvhere
(percent of the Ar flow ratey; =360 ml min *) added at the down-  available. Pseudo-first-order rate constdsdtsre calculated
stream port, wherP,=1Torr, 7=2.7 ms, V4s=500V, andCqs by multiplying k by the number density of the neutral reac-
=2mA, O, Ar'; [0, AtH™; @, ®°Cu’; «, Hy" (X10). tant. The rate constants for the charge and proton transfer

reactions between Cu, Ay and ArH', respectively, are not
spectrum gives Ar>ArH">Cu">H;O". As H, is added it known. However, most simple exothermic ion-molecule re-
appears as if At is rapidly replaced by ArH in reaction actions occur at close to the Langevin collision frequency
with H,. This in turnappearsto be replaced by Cy which  [18], except perhaps when they approach thermoneutrality
increases by a factor greater than 6, gsiiéreases to 15% [19] (hencekg<kg, ) and it is this rate that has been used in
of the total flow rate. Under the different starting conditionsthe absence of experimental data. Charge transfer reactions
of Fig. 6(a) (P,=2 Torr and7=4.9 m9 the spectrum0%  require “near resonance” to be efficient. It has been sug-
H,) starts with Ci~ArH*"<Ar*. Now, however, At and gested20] that reaction 1 is efficient because there are ex-
ArH* areboth rapidly quenched as Hs added, ArH at a  cited states of Cliclose in energy to ground state ArThe
slower rate. Cii still increases significantly, but much less pseudo-first-order rate constants for this reaction have there-

(@) Relative lon Currents (b} ©

FIG. 6. Relative intensities (loga-
rithmic scale) of ions versus H,
(percent of the Ar flow rate) added
at the downstream port, when P,
=2 TOIT, Vdis=800 V, and Cdis
=2.1 mA, and at 7 (V,)=(a) 4.9
(400), (b) 6.5 (300), and (c) 13
(150) ms (ml min~!). O, Ar™; O,
ArH"; @, ®Cu*; X, H,0" +,
H,0"; {4, An™.
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of the 3s rather than the B electrons, with resonances in the
0 Intensity (arb. units) region from 20 to 40 eV, e.d29], singlet and triplet states:

(3s3p®4s) S at 25.8 eV, (33p®4p) P at 26.7 eV, and
(3s3p®3d) D at 27.55 eV. Resonances have been reported
even at very high electron energif30]. There is little, if
any, information concerning the reactions of higher excited
states of Ar. On the other hand, the AR) and Ar(P)
levels have been studied extensivg¢B2—26,31,32 They
obviously [31] accumulate by collisional and radiative cas-
cades from these higher states. Their collisional quenching
rate by Ar is very slow at 1 Torr compar¢@l,37 to that by

In the positive column at least, neutral ionization reac-
BT o tions rather than direct electron impact are thought to be
important [10,11,23. A summary of important reactions
mainly involving Ar(4s) atoms has been drawn up by
Karoulina and LebedeM 1] for example and an adapted ver-
‘ ‘ ‘ sion is given in Table Il. Presumably these could be extended
0 5 10 15 20 25 30 to involvement of higher levels, when they are sufficiently
% added Ar concentrated.

Net removal of ions from the system occurs either by
ambipolar diffusion and discharge at the walls and/or by
added at the downstream port, when P,=2 Torr, 7=6.5 ms, Vg electron-ion recombination. The latter is very slow for
=800V, and Cy=2.1 mA, O, Ar*; O, ArH*; @, SCu™: X‘s atomic ions, but very efficient for molecular speci@s]. _
H,0%; +, H,0"; $%, Ar,™. The rate coefficients in Table | are based on the assumption
that the electron temperature is thermal. At higher energies
the values decrease. lon relaxation by ambipolar diffusion is
X . characterized34] by the diffusion loss coefficient, which

The actual concentrations o8 and Cu in the_flow tube is directly de(ﬂper]1deynt on the ambipolar diffusion coefficient
are not known. Sputtered _Cu atom concentratllon_s'closg tBa and inversely dependent on pressure and the square of the
the cathode must be very high in order to get a significant 101, Jitusion length” (defined by the geometry of the appara-

peak in the mass spectrum, but this will drop off down the . +
flow tube due to radial diffusion and condensation on thetus)' Smith and Crome§35] have measureB, (Ar” in Ar)

tube walls. For guidance thg , k7, andk;, values are given in the afterglow of a discharge at 300 K to be

f ) f Cu- ¢ h 55 cnt s ! Torr. The diffusion process is slowed down for
or two extreme concentrations of Cu: 1 and' ipm. The ions in the presence of their parent gas becéB4gof reso-

, . ) :
k' values for reactions involving water are based on the Celfant charge transfer (AfAr) or symmetrical proton transfer

tified moisture content of the Ar gas used. These value + :
. ) ArH™/Ar). It is therefore expected to be faster for the other
could be an underestimate, however, becqlidg¢of the dif- ?onic spezzies P

ficulty of excluding degassing from the gas lines and outgas- The tabulated data are for thermal reactions, whereas the

sing from the sputter heated cathode sample and probe heahcharged species in a plasma are not thermal. Nevertheless,

. In previous mass spectrometer studdsls,2] of the they serve to indicate the reactions that should be considered
ions from the negative glow it has been assumed that thfn help rationalize the chemistry

bulk of ionization results from direct electron impact and
subsequent ion-molecule reactions. However, it is well
known that the Ar discharge is an intense source of the
Ar(3P) metastable statd®2] and this is a likely precursor The main features of the residence time spectra in Figs. 3
particularly of ions of sputtered metal atofiz8—-26. It was  and 4 are in accord with the presence of water impurity and
shown by Ferreira, Laureiro, and Ricarti0] that stepwise sputtered Cu in the Ar gas. Hence the major ions aré, Ar
ionization via metastable states could also be important in &rH", and CU at short residence time, minor ions being
low-pressure argon positive column. The states considereld;O", Ar,*, and HO™. This is very similar to the studies of
by these and subsequent authors were the twdRr@nd  “static” glow discharge ion sourcef$#,15,21. Possible ion-
the two resonance levels. The experiments of Pichanik antholecule reactions contributing to the ion population are
Simpson[27] demonstrate that in fact a whole cascade oftherefore the usual candidates outlined in Table Ill. Of these
higher metastable excited states, in addition to®R)( are  only Ar* has no potential ionic precursor. If ion-molecule
likely to be created by the broad spectrum of electron enerprocesses only are assumed, its decay rate should b&)Eqg.
gies in the discharge. Many of these are likely to be abovevheren, is the electron number density, ant the reaction
the ionization energy of Ar. Although little studied, there is atime,

relatively high cross section for the formation of autoioniz-

ing states of Ar by low-energy electron impact and they are JAr] _E K’ = KT CUl+ Kol HaOT - Kot
metastabl¢28] with lifetimes greater than 10 s. These are ot =kl Cul+ kel H0]Hkyghet M+
optically forbidden states thought to be caused by excitation 4

100

80

40 -

20

FIG. 7. Relative intensities (normal scale) of ions versus Ar
(percent of the Ar discharge gas flow rate, V,=300mlmin?)

fore also been calculated using the theoretigalalue.

B. Reactions without the addition of H,



TABLE |. Exothermic ion-molecule reactions possible in the glow discharge pldalha Ar at 1 Torr

ANOMALOQOUS LOSS OF IONIZATION IN ARGON . ..

and 303 K, when n/¥3x10* molecules cm®), containing Ar, sputtered Cu, trace®, and added kK

Reaction Reaction kP k'¢ k.9
number —AH (kJ molr}h)@ (100 emis™ (s (100 cemis™
775 36°
1 Art+Cu—Ar+Cu* 3.6x 10° 12
81 788
2 Art+H,0—ArH* +OH 13 312 8
304
3 Art+H,0—Ar+H,0*
144 .
4 Art+H,—ArH +H 8,9 1.35¢ 10° 15
33
5 AI’++H2—>AI‘+H2+
123 )
6 Art+2Ar—Ar, " +Ar 313
289
7 ArH* +Cu—Ar+CuH"
195 36°
7' — Ar+Cu*+H 3.6x 10° ~12
326 12¢¢
8 ArH* +H,0—Ar+H,0" 20 480" ~8
52 )
9 ArHT +H,—Ar+Hg" 0.3 4.5¢10% ~15
143 102
10 H;t+Cu—H,+Cu*+H 1x 10° 34
274 13.5
11 Hyt +H,0—H,+H,0" 540! 18
Recombination k,m
12 Cu'+e —Cu 1-0.01
13 Art+e” —Ar 1-0.01
14 ArH"+e —Ar+H ~1000
15 H,0*+e —H,0
16 Ayt +e —2Ar 9100
17 Hyt+e —H,+H 2300
18 HO" +e —H,0+H 6300

3values calculated from the data in Rg41].

byalues taken from the data in Ré#2].
‘Pseudo first-order rate constant equakttmoleculg.

I, =2me(aldmequ)t?=2.338x 107 5(a/ ) Y2 cm?® s, wherea is polarizability in units of 1024 cm® and

w is the reduced mass in units of g mol; see R&8].

€Assuming 1 ppniCul.
fAssuming 194 Cul.
9Assuming 1 ppniH,0].
"Assuming 4 ppniH,0].
'Assuming 5% H in Ar.
ITaken from Ref[35].
kvalues taken from Ref33].
lusing k, values.

MAssuming all electrons are thermal.

7467
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TABLE II. Formation and removal of excited states of Ar and possfBleindirect ionization processes in the Ar discharge plasma.
Ar** and Ar* represent unspecified excited states of Ar above the #rl(@vels and AY and AR are the®P and the resonance levels of
Ar(4s), respectivelyQ is a quenching gas.

Reaction k/10~°
number Reactions (cmPs™} Work
19 Ar+ez=Ar** Ar* ArM ArR+e
235

20 AM+ezArR+e 310 Ref.[11]
21 Ar (+Ar,Ar* etc)—Art+e+Ar
22 Ar* Are ArM AR+ AP A AM AR Art+Ar+e 1-2 Ref.[43]
23 —Ar, +e

collisional

quenching
24 Ar* Ar* ArM ArR+Q —— Ar (lower excited orr ground state Q*

diffusion

to walls
25 Arc AMM AR Ar Ref. [11]

If the ions all originated at the dischargiee., close to the is no reason to suppose any significant changes in electron
cathodg, then the ion currents would all decay as the resi-energy, for example, which might affect the process of direct
dence time increased because of reaction, radial diffusivé®nization by electron impact. In addition, the energy of elec-
loss to the tube walls, and recombination. All other thingstrons so far down the flow tube is unlikely to be high enough
being equal, this would be an exponentiist-orde) decay for this form of ionization to be significant. The alternative is
(and hence a straight-line plot in Figl. However, it is clear  Indirect processes as suggesféd,11,23 for positive col-
from both Figs. 3 and 4 that the Adecay is not first order. UMN processes previously. It is possible, therefore, that long-
At 1 Torr (Fig. 3, in the range 3.5 <6 ms the decay is lived excited Ar metastable states may be contributing.

relatively steep, but thereafter slows down. This behavior i{]igher excited states might autoionize or undergo associa-

consistent with the decrease in afterglow plasma density ve ionization within the flow tube in the vicinity of the ion

! ; ) . exit.
longer residence times, which can have two effects. The firs

: ) L The other principal ions also decay with increasindput
is a decrease in losses by electron recombination because 9f |ower overall rates. However. these all have potential

a reduction in[ne]. The second is a possible change fromjgnic precursors. Thus it is clear that at relatively short reac-
ambipolar to the slower free diffusion process. If reaction Lijon times Cu is also still being formed down the flow tube
were to be important, a third complication is the depletion ofanq to a greater extent than ArThis could occur through
[Cu] with increasingr because of its radial diffusion to and jon-molecule reactions 1 and/or 7 or Penning ionization, re-
condensation on the walls. action (g) of Table IV.

At earlier residence time$r<<3.5 ms in Fig. 3 andr At 1 Torr H;O" increases in absolute intensitiig. 5),
<6ms in Fig. 4 the Ar" decay rate slows down signifi- going through a maximum at about 5 ms. Although reaction
cantly. This indicates that there must be a significant non8 could be the prime source of;@8", the behavior at longer
ionic source of Af to offset the losses. In the past it has residence times again suggests the involvement of a neutral
been presumed that the ionization of Ar in the negative glowsource. The major ions, by orders of magnitude 7at
of the discharge is mainly by direct electron impgli]. The >6ms, are Cli and HO*. There is no mechanism by
discharge conditions do not change here and therefore thewhich Cu" could react with water to form 0" and yet

H;O" continues to increase relative to Ciand becomes

TABLE lll. lon-molecule reaction scheme, that would lead to  TABLE IV. Proposed reaction scheme for the population of ions
products observed in the discharge. MArenotes metastable in the discharge afterglow by neutral processes.

Ar(4s) atoms.

Reaction
Reaction identifier Formation of Af, ArH™, and Cu
identifier Reactions
(@ Ar** +Ar—Art+e
2 Ar”+H0—ArH"+0OH (b) Ar* +H,—Ar* +H, (or 2H?)
8 AI’H++HZO—>H3O++A|’ (C) Ar* +Ar*—>Ar++Ar+e
(9) A+ Cu—Cu’ +Ar+e (d) Ar* +H,0—ArH " +OH
1 Ar*+Cu—Cu"+Ar (e Ar*+H,—ArH  +H+e
7 ArH++CU—>CU++Ar+H (f) Ar*+H2*>ArM+H2* (Or 2H’3
26 Art ArH* H,0",Cu"— g’nsds %%g'r;fgmggon Q) AM 4 Cu—Ar+Cu’+e
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dominant atr>8 ms. Apart from anything else this shows time. This may seem odd given the fast pseudo-first-order
that recombination is not an important process at these lontgate constant for a 5% addition of,tat 1 Torr. However, it
residence times because the very high recombination rasghould be remembered that the time available for reaction
coefficient for HO* compared to that expected for Cu with H, is much shorter tham because it is added directly in
(slow because it is atomiavould favor the latter. It is pos- front of the ion exit and swept rapidly downstream.

sible that, despite its larger mass, ‘Coias a faster diffusive Furthermore, as shown in Figs(ab and &b), when the
loss rate than kD*. This could occur, for example, if sym- starting conditions are different, when,Hs added the
metrical proton transfer with water is important, compared toArH* (created by reactions with trace wateis only
resonant charge transfer from Cu. However, the levels ofjuenched, and at a very much higher rate than the increase in
both Cu and HO are very low compared to Ar. An alterna- Cu®™ (note that Fig. 6 has a logarithmic scale compared to
tive is that HO" has a longer-lived neutral source than Figs. 5 and Y. Hence any relationship between the two ions
Cu". This must be an excited H containing molecule. Wateris not direct. Clearly reaction 7 or’ therefore is not the

is known[36] to quench excited Ar atoms and could there-important sink mechanism for ArHas might be inferred
fore readily become excited itsdfh addition to any chemi- from the data in Fig. 5. The maichemicalremoval process
cal reactions induced Hence reaction(5) is a possible expected for ArH in the presence of 1% or more of,H
source and was suggested befptg¢ Although there is no ought to be the formation of 1 by proton transfer to ki
specific proof of this reaction, it will be seen that the effect(reaction 9. Even though this is a relatively inefficient reac-
of adding H to the system does concur with the propositiontion, the high H levels make this very fast by comparison

that the source is a neutral reactionde infra): with 8 the pseudo-first-order reaction with,® (the main
ion-molecule reaction sink of ArHin “pure” Ar). Disso-
H,O* +H,0(*)—Hz;O"+0OH". (5) ciative proton transfer 10 to Cu fromsH could then ensue.

However, the relative rate coefficients are such that a high

The minimum excitation energy required to drive this re-Steady-state level of 41 would still be expected to appear.
action is 7 eV. HO", always a very minor ion, also reaches In fact [H;"] and [H"] are generally less than 0.2% of
a peak, but at 4-4.5 ms, just ahead aOH. [Cu™] or[ArH*] signals, even at very highhdditions(see

In addition, there are two possible routes to the formatiorFig. 5. KT reported[4] being unable to find kf'. The over-
of Ar,": the neutral reactions, 23 of Table II, and the ion-all behavior is therefore not consistent with formation and
molecule reaction, 6 of Table I. Gaur and Chaf8i] found  removal by known ion-molecule reactions.
that the neutralHornbeck-Molnay reaction is more impor-

tant at the pressures used in these experiments, in agreement 2. Recombination
with the implications of Knewstubb and Tickner's daf4] . .
In Fig. 5 this ion also rises to a maximumat ~5 ms when Most authorg5,7-9 have ascribed the quenching effect

P,=1 Torr. This is suggestive of a connection between thd?Y Hz in discharge plasmas to enhanced ion recombination.

three, perhaps involving the same excited states of Ar, as §0ordon and KrugefS] argued it is caused by tge formation
precursor. and interaction of H atoms that act to quench %) down

Based on the above evidence alone, it is concluded thdP the ground state. This was thought to be effective in re-
the ions observed probably have neutral ionization sources if'0Ving €lectrons where there is an overpopulation of the

’ by R
addition to any direct ionization or ion-molecule reactions€Xcited Ar atoms because three-body” Aecombination is

involved. However, it will be seen from the addition of, H Much faster where the third body is a ground-state Ar atom.
experiments that almost all ions observed under faster floff thiS mechanism were applicable here, then our addition of

conditions are created from neutral precursors. ground-state Ar downstreaifrig. 7) might be expected to
have a similar effect to the addition of,Hin fact, the oppo-
C. Reactions with the addition of H, site is observed, in that Arincreasegwhile Cu" is affected
only slightly).

1. fon-molecule reactions Meulenbroekset al. investigated 6] both charge density

In Fig. 5, where at 0% K Ar*>ArH"~Cu", it appears and optical emission variations in a plasma jet of Ar, with
as if ArH" is formed from Af when H, is added. This is of and without the addition of | They arguevide supra that
course the expected product of the"Ad, reaction 4. It then the severe depletion of charge in the Ag/idfterglow is
appears as if Clis being formed from ArH. The reaction caused by reaction 4 and the conversion of Avhich has a
of ArH* with Cu can only occur via 7 or'7 CuH" was  low recombination coefficient, to ArH which has a very
detected, but at levels less than 0.2% of Csuggesting that high value and is therefore rapidly removed in reaction 14,
dissociative proton transfer Tight be the main product of taking away electrons in the process.
this interaction. However, the results of adding bhder While the plasmas investigated above were produced un-
slow flow rate conditiongFig. 6(c) P,=2 Torr, 7=13mg  der rather different conditions, the experimental effects seem
show that ion-molecule reactions involving, ldre not im-  to be similar to that demonstrated here. However, recombi-
portant in these experiments. For example, were this a sigiation cannot provide the explanation for our data. The main
nificant factor in the removal of Ar by reaction 4, then the observation that discounts it is that in our systems Aiisl
relative rate of removal should be at least as fast as wheproduced in abundance in the absence gflby interactions
H, is added under fast flow rate conditiofiSig. 6@)]. In  with trace water, and it is one of the most prominent peaks
fact, there is no significant effect on Ar(or indeed ArH) before H is added, under the same flow and discharge con-
signals when His added to the system at long residenceditions. For ion-electron recombination to be significantly
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enhanced would therefore require a significant increase in the Are* GHALA*),  Af+e
density of electrons in the afterglow, somehow caused by the -
presence of K Yet when H is added downstream, as here,

there is very little ionization of the fand there is no change At (+Hy)

in the discharge current. Furthermore;O4 has an even vy (+Ar*) A +e

higher recombination coefficient than AfHyet in Fig. §a) Ar*—(+H_O)) e

the H;O" signal remains relatively unaffected by the addi- — ArH'+ OH

tion of H, when Ar" and ArH" are both severely quenched. At

The fact that the Cl signal is enhanced is a significant : (+Hy)

pointer to the probable mechanism. +
Ar(3p5 4s) v (Cu __, Cu +e

3. Neutral ionization reactions and quenching
of metastable states

Penning ionization from AfP), the lowest metastable
state of Ar, is thoughf23—26 to be a significant source of Ar
the ionization of sputtered metal atoms in a glow discharge.

In our experiments the Cuis boosted significantly by the

addition of H. Since it has been shown above that ion-

molecule reactions are not directly responsible, it is reason- A3
able to explore the possibility that the effect is created by
boosting the Ar(4) levels. Equally ion-molecule reactions
and recombination have both been discounted as the cause of FIG. 8. Schematic diagram representing the proposed mecha-
the loss of A¥. There are two remaining possibilities. One is nism of ion formation and removal with the addition of,Ht early

that the precursors to these ions are also mainly non ionitesidence times in the discharge afterglow.

i.e., they must be excited Ar atoms, and it is these that are

guenched by K If they are above the Ar(®) levels and
H, promotes the collision cascade downward resulting in th
net population of Ar(4), then this would boost the Cu
signals while removing the other ions from the mass spec
trum. The initial populations of the highest excited states
prior to H, addition, will obviously depend on the time al-

EfFigs. @a) and @b)] ArH* is removed without a concomitant
rise in credible ionic productéand hence is not removed
effectively by an ion-molecule reactiowjde supra. This

strongly suggests that ArHis itself the product of a neutral

S reaction rather than an ion-molecule process, in which again
lowed for the energy distribution to have relaxed beforehandn is the neutral precursor that is actually quenched by H

This can then help explain the difference in behavior be'Indeed, the fact that in Fig. 6 there is no increase in ArH

tween the short residence time experiments at lower PreSihen b is first added, which would be expected if the
sures and that at longer residence times and higher pressurgs ' P

- ; t"/H, reaction 4 were a significant source, is also testament
The second possibility, as suggested by [K], is that the to this (the ArH" observed is the product of a reaction with

presence of bilowers thg el_ectron temperature and t.herebytrace water, not k). Furthermore, the quenching of AfH

diminishes the extent of ionization by direct electron impact. roduction is ultimately more complete than for *AfFi

However,(a) the momentum transfer cross secti¢88] for P o nately more comple . 9.

H, are actually slightly less than that for Alb) there is no 6(b)] _Whlch is again surprising if reaction 4 is important. In
2 addition, although ultimately more complete, the rate of

+ :
EZ a?engc}/ de gj “:L%&gg%iifgﬁg%vcv?u%mnﬂlt 2meggi?]tsth(g guenching is much slower. This is consistent with the asso-
2 ' ciative ionization mechanism because dienching of Af

. N . .
:2;:5) isgffli'ligr:t A%g??;?shatgce)u?\éegagll ti?‘rllee(;trt?]gtlrpo?a}:: It(;:e would have a much greater proportionate effect ofi #kran
y ' ’ on ArH". This is because the rate of Aproduction(Table

lonization energy 1 Iower._ The gbsence of the_ lons Q.f H IV, reaction ¢ is proportional td Ar* ]2, but the production
suggests that in any case, ionization by electron impact is nat

+ ; * i
important in the region of the discharge sampled. Of ArH " (reaction d depends opAr™]. Ultimately, however,

. . : the production of both will reduce to zero except for any ions
The series of reactions in Table IV are therefore sug-__~ ' .

. carried through from upstream in the flow tube. They are
gested to account for the observations made and are dé

) RS o reduced by a factor between 100 and 1000.
scribed below. The mechanism is illustrated in Fig. 8. In Fig. 5 (P,=1 Tor the ionization processes in the dis-

charge are being observed at a shorter residence time and the
pressure is lower than in Fig. 6. Since there is less time and
a lower collision frequency, the collision cascade in Ar will
Although KT [4] concluded that an ion-molecule reaction have had less time to operate. Therefore, the proportion of
of Ar* with H, or its dissociated form H was likely to be the higher-energy excited states will be greater. Here there is
responsible for the formation of ArHin the negative glow, an initial rise in ArH" as H, is added. It then falls again, but
they found that the results obtained in the positive column othe ultimate quenching of ArHis small in comparison to
Faraday dark space region were consistent with a neutrdr, the reverse of above. This is rationalizege Fig. 8 if
source of ion formation. In our experiments Rj=2 Torr  more excited states, Af, higher in energy than before, are

4. Art, ArH™*, and Cu*
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involved in the formation of Af but not ArH*. If, as H, is D. Energy transfer

added, Af* is quenched by collisional cascading down the  The main criterion for efficient energy transfer is usually
energy ladder, passing through*Arenergy states that do energy resonance between the quencher and quenched spe-
react(either with water or possibly i to form ArH", this  cies. Electronically excited states of,Hre greater than
ion will initially increase, but then decay again as further11.28 eV above its ground state. Therefore, if electronic-to-
quenching removes Ardown to the lower states A electronic energy transfer occurs it must involve states of Ar
which, as before, enhances the Penning reaction with Cigreater than 22.8 eV in energy, coinciding with the region of
The relative effect on Cu is all the greater because of th@rgon’s autoionizing states. At lower energies quenching
greater proportional switch in the populations of the highermust involve rovibrational or dissociative energy transfer
energy states to the lower metastable states, presumed to $éch as reactio6). Noble gas discharges containing small
the precursors of Cu While Ar* is almost completely Percentages of jare well known as high-intensity sources
quenched as before, AfHs reduced relatively little overall ©f H atoms in flow systems
because the gquenching process down tb itgelf provides a Ar* Art* +H,—Ar(3P)+ H+H
source for the ArH.

H,, while quenching the upper states of Ar,*Aretc., [AEnreshogHz—2H)=4.476 eV (6)
results in a net increase in the population of the lower meta-
stable states, within the time scale of our experiments. Thi¢see Ref[40]).
is despite the fact thatHalso quenches A?P) [31,37. This
requ-ires thakg™ '*>k(3]P, wherek, are quenching rate co- V. CONCLUSION
efficients.

lonization in the plasma of a dc glow discharge has been
studied using a fast flowing GD ion source mass spectrom-
eter, with the facility to mix in gases close to the ion exit,
without interfering with the discharge. Reactive processes

lons must be formed continuously down the flow tube bycan therefore be studied as a function of time. The significant
either ionization or ion-molecule reactions. These ions, ifions using a Cu cathode were found to be"ArArH™,
carried down the flow tube, would normally be expected toCu’, and HO™, the H containing ions arising from reactions
form a strong base line of ion intensity in the mass spectrumWith trace water. This is similar to previous studies on static
unaffected by H except for ion-molecule reactions. There- Systems. It was found here that the addition gfdduses a
fore, the fact that the degree of quenching ofAand dramatic quenching of all ions except for Guwhich is
ArH* in the recorded spectra is so complete for the fastepnhar)ced. It hgs been shown th_at th_|s cannot be consistently
flows, without a concomitant increase in other ions to replacﬁxpl"’“ned by either electron cooling, ion-molecule, or recom-

them indicates that few of the ions created upstream reac |nat|0n_ reactions as preymus]y suggested. However, the
the ion exit. This must be caused by a net negative fiel echanism can be explained in terms of the effect of the

gradient in the direction of the cathode over most of the 2 on excited metastable states, significantly h|gher In en-
rgy than the normally assumed AR) levels. It is argued

. . . : e
distance between the ion exit and the cathode pin, when tht%at H, rapidly quenches these states down to the®Ry(

plasma density is high. There is a short negative fall due t?evel thereby removing the precursors to'2and ArH", but
the sheath potential close to and in the direction of the anod oos,ting the precursors to Cuformation by the Pénning

surface[39]. Hence, at the faster flow rates ions sampled alaaction.
the ion exit cone(w_ith a_small vqltage appligdare mainly The ions sampled are only those formed close to the ion
those formed at this point, despite the flow of gas. The apgyit. The implications are thd) the discharge contains very
plication of a large ion extraction voltage enhances signahigh concentrations of long-lived high excited states of Ar,
intensities tenfold, with Changes in the relative ion intensitieslvhich increases Significant'y towards the negative g|0W, and
consistent with their formation at shorter residence tlmeqb) neutral ionization processes, other than reactions involv-
(i.e., further upstream in the flow tuheas expected. ing Ar(®P) or Ar(*P), are important outside the cathode fall
region of the discharge compared to direct ionization and
ion-molecule reactions. Such states are not normally consid-
6. H.O" and Ar.* ered in models of these systems. The loss of ionization is
. Hs 2 - ) .
very similar to that observed previously, by different means,
At the slowest flow rate§Fig. 6(c)] most ions observed and indeed under different discharge conditions. The present
were probably created upstream in the flow tube. They aréindings may therefore have a bearing on the mechanistic
therefore affected little by the addition of,Hexcept for interpretation of the previous published experiments.
H,O". This is readily quenched to 6% of its abundance by
less than 5% Kl Since there are no credible ion-molecule
reactions of H with H;O" this again points to a very long-
lived neutral excited precursor, as suggested earlier.
Ar,* is well known as a product of excited neutral reac- We would like to thak V G ElementalUnited Kingdom
tions, as discussed above. Its behavior with respectto Hfor financial assistance to P.D.M. and EPSR®@ited King-
addition follows closely on that of Ar. dom) for financial support to I.P.M.

5. lons formed upstream in the flow tube
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