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Abstract

The recombination of spectroscopically identifiegib = 0) ions with thermal electrons has been studied in pulsed afterglow plasma by
means of an infrared cavity ring-down spectrometer (CRDS). Time-resolved measurements gf(the-H)) density were carried out in
helium buffer gas with small admixtures of argon and hydrogen. The gas temperature38@K, and the total pressure ranged from 8 to
16 mbar. The CRDS signal on the = 3 « 0 transition of H* (A = 1.4 uwm) was monitored as a function of time during the discharge
afterglow. Since the absorption cross-section is known, the decay ogtt{e B 0) number density and hence, the recombination coefficient
can be deduced. At hydrogen number densitied B4 1 x 10 to 8 x 10**cm™3 the measured recombination rate coefficient was found to
bea = (1.6+0.6) x 107 cm’s L.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in detail here since it has been covered adequately before
(see e.qg.[3)]).
The dissociative recombination ofsH(v = 0) ions with Two types of experiments are used for electron-ion re-

electrons has been studied for a long time, both experi- combination studies. Beam experiments, in the form of
mentally and theoretically. The interest in the process was “merged beams” or “ion-storage-rings” (ISR) provide nearly
renewed when this ion species was detected in interstellarmono-energetic cross-section data under single-collision
clouds as well as in the ionospheres of outer planets (seeconditions, while observation in “pulsed” or “flowing” af-
e.g., reviews by Dalgarn¢l] and Oka[2]), and by the terglows yield thermal rate coefficierd§T). The ISR data
advent of the powerful ion-storage ring (ISR) experimental [4,5] agree rather well with results of the recent theoretical
technique. Although much progress has been made in recentalculations by Kokoouline and Greef@-8]. The 300K
years, an entirely satisfactory agreement between theoryrate coefficients inferred from those experimept$] and
experiment, and astronomical observations remains to befrom the theoretical cross sections fall in the range from
achieved. The history of such studies will not be presented 6 x 1078 to 1 x 10~" cm®s~1, the variation apparently be-
ing due to differing rotational state distributions of the ions.
The afterglow measurements present a more complicated
mponding author. Tels420-2-2191-2329; picture. Depending on methods u_sed, expe_rimental condi-
fax: +420-2-688-5095. tions, and the authors’ interpretation of their results, pub-
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to ~2 x 10" cm®s~1. This wide range of results raises tion of their internal states under plasma conditions. As the
the question to what extent the physical conditions under first step towards this goal we have built a new apparatus
which recombination occurs play a role, or if thgHions (the Test Tube), equipped with an infrared cw-diode-laser
under study differed in their state of internal excitation. CRDS, that can measure the density decay of ions in a spe-
Vibrational excitation has often been invoked as having a cific ro-vibrational state. The first application of this method
strong influence on the recombination rate (see. e.g., Smithis the subject of this paper. To our knowledge this is the first
and Spane]9]). However, the only afterglow experiment in  time that fast ion-density evolutions have been monitored
which unambiguous identification of the recombining ion by the cw-diode laser CRDS technique. In some respects
was achieved is that of Amano et §.0,11]who used an our method is similar to the absorption technique used by
infrared absorption technique to monitor the v = 0) Amano [11], but it provides the higher sensitivity that is
decay in a discharge afterglow in hydrogen at pressuresneeded to measure the ion concentrations in afterglow plas-
from 0.1 to 1 Torr. The inferred recombination coefficient mas at moderate electron densities (nedf &o=3).
was 18 x 10 'cm®s! at a gas temperature of 210K. While the work that we present here is, in part, a “proof-
While some aspects of his experiment have been challengedf-concept” rather than a completed project, the results show
[9], Amano’s experimental methods are valid and, with the that ground-state $f (v = 0) ions are indeed the dominant
possible exception of his data at very low gas temperaturesspecies in helium—argon—-hydrogen afterglow plasmas at
[12], his results must be considered as reliable. high Hy concentrations, and that the effective recombination
On the other hand, our stationary-afterglow measure- of Hz*(v = 0) ions is fast (at [H] ~10* to 10°cm™3).
ments (advanced integrated stationary afterglow experimentThis again raises questions about the interpretation of the
or AISA) [3,13,14] have consistently indicated that the slow recombination observed in the flowing-afterglow ex-
recombination rate of ki" ions depends on the partial pres- periment by Adams et a[19] and Smith and Spané®],
sure of K. At hydrogen densities abovex110?cm3the  which was ascribed to 41 (v = 0) ions.
recombination rate coefficient was found to saturate at
~1.3 x 10-"cm®s~1, in acceptable agreement with many
other determinations. However, it was also found to decline 2. Experimental apparatus and methods
to values below k 10-8 cm3 s~ at far lower hydrogen den-
sities, that is in a pressure range that was not investigated in As was mentioned in the Introduction, the Test Tube
earlier afterglow experiments. Similar results were obtained experiment was primarily designed to test the optical sys-
in the study of recombination of 47 ions[3,15]. Possible tem that will be integrated later into our AISA experiment.
reasons for this behaviour have been proposed. Capture ofThus, the design was kept simpkg. 1shows a schematic
electrons into long-lived intermediatesH states, that are  diagram of the apparatus and the optical cavity. It consists
stabilized in a subsequent collision with arn kholecule, of a discharge tube, made from 4cm (internal diameter)
has been suggested by Gougousi e{H] to explain the Pyrex tubing, and a microwave waveguide in which the
weaker pressure dependence that they observed at higheplasma is generatef@0]. The plasma is generated by mi-
H> pressures. It should be noted that these three-body re-crowave pulses;-0.5 ms long, with a repetition frequency
combination mechanisms were proposed at a time whenof ~250 Hz. The effective optical length of the plasma col-
available theorie$17,18] predicted that binary recombina- umn is estimated to be 5cm. Gas fillings consisted of helium
tion of H3™ (v = 0) should be extremely slow. The need for buffer gas with small admixtures of argon and hydrogen.
invoking such three-body mechanisms has been lessenedypical gas flows are®ye = 350sccm,®ar = 2scem,
by the new theoretical results since most afterglow data, @y, = 0.5-5sccm. The total pressure in the discharge tube
especially those obtained at early afterglow times and atwas 8-16 mbar. A large flow of He was used to dilute pos-
high Hy, concentrations, exceed the theoretical results andsible impurities due to outgassing from the walls during the
ISR data by only about a factor of two. Nevertheless, the discharge, and to protect the surface of the super mirrors
observed strong decline afH3™) at low H, concentrations ~ from plasma-enhanced deposition.
below the recent theoretical value appears to be real and is The ion-chemical processes subsequent to the discharge
still in need of a satisfactory explanation. pulse are the same as those in our AISA experiment and
Our previous experimental studigs13—15]were carried have been described in detail earligrl3,14] Briefly, ions
out without identification of internal excitation of recombin- and metastable helium atoms, created during the microwave
ing ions and are thus open to some criticism. Although there discharge, are rapidly converted taHby a sequence of
is no definite proof, it is quite possible and perhaps likely ion—-molecule reactions involving Arand ArH" as inter-
that the B+ recombination rate depends on the vibrational mediate ions. The production scheme is well known and
state of the ions, and it is far from obvious that different has been previously verified by kinetic modelling and mass
afterglow and beam measurements refer to ions in a samespectrometric observations.
rotational and vibrational state or distribution of states. Itis  The novel aspect of this experiment is the observation of
the long-term goal of our current research program to in- the time-dependent concentration of{v = 0) by opti-
vestigate recombination of44 with complete characteriza- cal absorption of the, = 3 < 0 overtone band21]. A
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B digitised by a 14 bit/2 MHz PC card. When the laser wave-
[TRIGGER | [PULSEG. | length matches one of the resonator’s modes the light is cou-
pled into the cavity and the photodiode signal rises rapidly.
When the signal reaches the desired threshold level the laser
beam is blocked by the AOM. This technique makes it pos-
sible to obtain clean and reproducible ring-down signals. In
an empty resonator the characteristic time of the exponential
intensity decay is~43pu.s.

Two experimental procedures are used during thie &f-
terglow measurements. In the first, the laser is scanned over
a certain frequency range and the CRDS signal is detected
at different laser frequencies. Here, the discharge can be
operated in either the continuous or the pulsed mode. The
observed absorption spectra serve to identify the precise
position of the H* absorption line$20].

In the second procedure, the laser is tuned to the
6807.3 cnt! transition of thev, = 3 < 0 overtone band
[21,24,25] The discharge is run in the pulsed mode and
the time dependence of thesH density is measured during
the discharge and during the afterglow. At this stage, the
4+ periodic motion of the piezoelectric mirror holder is not yet
v synchronised with the discharge pulses. Hence, the whole
- discharge and afterglow period is randomly covered by
Fig. 1. The experimental set-up: Ol: optical isolator, that avoids re- ring-down events during numerous consecutive discharge
injection of the reflected beam into the laser diode; BS — beam-splitter; pulses. In order to increase the frequency of the ring-down
F-P: Fabry—Perot interferometer, used to monitor the frequency shift ay;ants an active tracking scheme is applied that keeps the

during the measurements; AOM: acousto-optical modulatgr;IBGaAs tical it th itiasl. | dditi
photodiode; B: avalanche InGaAs photodiode; L: lenses; PH: pinhole; OPUCal Cavily near the resonance posil [@8]. In addition,

M1,,: dielectric mirrors; 3: high-frequency diode; MON: monochromator & 5|0W|¥ changing (active) Oﬁset is su_perir_nposed on 'Fhe
equipped with a photo-multiplier tube. fast periodic motion of the piezoelectric mirror holder in

order to compensate for the thermal drift of the optical
cavity.
scheme of cw-cavity-ring-down spectrometer (CRDS), de- The data analysis is complicated by the fact that tgg H
veloped by Romanini et a[22,23], was employed for this  concentration changes significantly on the time scale com-
purpose. parable to the cavity ring-down time, especially during the
The physical principles of CRDS have been described early afterglow when the [i" (v = 0)] concentration is large
in numerous publications (see, e §2,23] and references  (~10"cm~2) and recombination occurs rapidly. As a con-
cited therein). One measures the exponential decay of thesequence, the ring-down signal is close to single exponential
laser light intensity that is coupled into a high finesse opti- only in the late afterglow, but not at early times. Therefore,
cal cavity. The characteristic decay time depends on lossesan iterative method is used to process the data at early times.
in the resonator and on absorption in the medium that is In the first iterative step, we assume that the" = 0)
enclosed in the cavity. In our arrangement the mirrors of density remains constant during the cavity ring-down time.
the optical cavity are placed at the ends of the dischargeln that case, the ring-down signals have a simple exponen-
tube. A single-mode tuneable diode laser with output power tial form. We now assume that the spatial distribution of the
of about 3mW is used as the light source. The laser beamabsorbing medium does not change in time and can be de-
passes through an optical isolator that avoids re-injection scribed by an effective lengtls. After switching the laser
of the reflected beam into the laser diode. Then the laseroff, the light intensity in the resonator changes as:
passes through an acousto-optic modulator (AOM). In order (v, 1) 1

-

I
I
PH

to suppress higher, transverse cavity modes, the laser light is e —1I(v, 1), with — = — 4+ Cn(). (1)
also passed through a spatial filter, composed of two lenses TRD RD 70
and a pinhole of 5Qm in diameter. The optical cavity is Here, v is the laser frequencyg is the ring-down time

710mm long. The mirrors have reflectivity of 99.995% at constant of the empty resonator, an@d) = [ng(v = 0)]
wavelengths near 1470 nm. In order to tune the cavity one at timet. The constan€ is proportional to the spectral line
of the mirrors is mounted on a piezoelectric transducer. This intensity §; (in Hitran notation[26]), absorption line pro-
way the laser frequency can be periodically matched to onefile f(v), speed of lightc, effective lengthles, and is in-
of the resonator’s TENH modes. The light intensity is de-  versely proportional to the length of the resonatn€ (v) =
tected by means of an avalanche InGaAs photodiode and isSj f(v)cleff/L. At a given wavelength the general solution
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of (1) is given by:

_ t
1) = I(IO)eXp<—tt—t0 - C/ n(t’)dt’) ,
0 t

0

(2)

wheretg is the start time of the ring-down decay. In the first

approximation, as mentioned above, we assume a constant

density for each ring-down event, i.e4(t") = n1(tp). The
CRDS signal is then fitted to a single exponential function
and the value of Arg + Cny(fp) is obtained. In the exper-
iment the value of the empty cavity ring-down timsa,

can be determined from the late-afterglow data where the
density [Hs* (v = 0)] is negligible. In the subsequentth)
iteration step:;(t') is assumed to have the form(t') =
ni(to) + [ni_1(t") — ni_1(t0)]. This means that we use the
shape of the density variation obtained in the previous step
to calculate the integral in (2) while only thg(tp) value
(acting as an additive constant) is fitted again. This method
was tested by applying it to computer-generated ring-down
signals that simulate the evolution oft). The shape of the
simulated density variation was chosen to be similar to the

expected experimental data, taking a constant value for the

active discharge period and an abrupt fall in the afterglow.
Fig. 2shows that the procedure converges after six iteration
steps and that the afterglow density decay is satisfactorily
reproduced. However, artificial oscillations are still present
right before the onset of the afterglow.

Because of the experimental conditions, the"Hlensity
needs to be measured most precisely in the first few hun-

dred microseconds of the afterglow. Hence, one has to be
sure that the microwave discharge has been terminated af

the beginning of this time intervakig. 3 shows the time
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Fig. 2. Results of computer simulations testing the iterative data eval-
uation procedure. The time dependence g¢gkrp = 1/t0 + Cn; is
shown (seeEqg. (1) and the subsequent explanation) as obtained from
computer-generated ring-down signals by the iterative method ii-tthe
step. The density evolution used to create the ring-down signals is indi-
cated by the solid curve.
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Fig. 3. The time dependence of the microwave signal and the spontaneous
light intensity during the discharge and the afterglow period. The discharge
is switched off ar = 0s.

dependence of the microwave signal (measured in the mi-
crowave waveguide by means of the diodg BeeFig. 1)
and the spontaneous discharge light emission. It can be seen
that both signals diminish within 50s in the afterglow.
Most probably the rate at which the light intensity signal
falls is limited by the response time of the detection system.
If we assume, in agreement with the experimental re-
ult, that K+ ions recombine with a rate coefficient of
10-“cmis1, and that the overall ion density is about
3 x 10 cm3, we find from the balance equations that
Hz™ will be the dominant ion species at the end of the dis-
charge. Other ion species are converted %3 kithin few
microseconds since at fH~10cm~2 their decay time is
7~ (1079 x 10'%)1s=10"Fs.

~

3. Results and discussion

The new CRDS system was first tested on the resid-
ual H,O vapour remaining in the discharge chamf].
Before the measurements the apparatus was evacuated to
~1mbar. The laser wavelength was tuned to the region
around 6805 cm! and was scanned through the absorption
lines of the HO. Data taken from HITRAN 96 database
[26] were used to calibrate the laser wavelength. Then the
discharge tube was pumped down and the working gas
mixture (helium, argon, hydrogen) was admitted to the dis-
charge tube. Helium was purified further by a liquid nitrogen
trap to suppress the residual level of® The upper panel
of Fig. 4 shows a typical absorption spectrum obtained by
CRDS in a continuous discharge. It covers three absorption
lines in thev, = 3 < 0 overtone band of ki (v = 0). A
comprehensive discussion of these lines has been given by
Ventrudo et al[21]. A detailed scan over the most intense



P. Macko et al./International Journal of Mass Spectrometry 233 (2004) 299-304 303
— [T T T T T T T T T T T T T T ] MR | MR | T T Ty
e 25¢ @ 28]??_'33 3) ] 10°} AISA experiment 4
S 20} T 1 F o (260£40) K ]
S 15f 6807.72 I . ]
= L : 1 [ HPFA experiment o ]
g 1of 6806.66 (2.2.1-32) [ & (250)K o, ]
g osf (@L1-31) A A o B9 A A
5] F 7 ‘n 10'7_ 2P0l T o oo Fo i
2 0.0 , ® : Yk 3
© L Ll AL R g [ égoggﬁfgg ]
6806.5 6807.0 6807.5 = U ]
wavenumber [ cm™ ] I %8
oo o
6 T T T o @ Q)O
o -8 q
g 107 ag @gosj 3
w 4r R m&oo"ooo present data
= R SA-CRDS experiment
s °, e -~330K
2 L i
o -9
b 10 N BT B ST T R T S
ol ] 10" 10" 10* 10" 10" 10"
P B RS S S 3
6807.25  6807.30  6807.35  6807.40 [H,] [em™]

Fig. 4. Absorption spectra of 44 (v = 0) obtained in a continuous mi-

wavenumber [cm™ |

crowave discharge. Upper panel: three absorption lines intke3 < 0

Fig. 6. Recombination coefficient of #4 ions-obtained in three differ-
ent afterglow experiments-plotted as a function of the hydrogen density

[3,14,28] Solid symbols represent our recent data.

overtone band. Lower panel: detailed scan over the 6807-3 dransi-
tion. Dotted line represents calculated absorption line at 370K.
per millisecond. The decay curve kig. 5was fitted to an
analytical formula describing recombination and diffusion
6807.3cn! transition (see the lower panel Fig. 4) indi- losses of the ions (see e.§3]). Diffusion and reactions
cates that the Doppler linewidth (neglecting other broaden- with possible impurities control the nearly exponential den-
ing effects) corresponds to a kinetic temperature of about sity decay in the late afterglow. The joint characteristic time
370+ 15K in the active discharge. When the discharge is of these diffusion—reaction losses is found to be longer than
switched off, this ionic temperature decreases to the wall 0.5ms. Hence, diffusion and reactions have only a minor in-
temperature{330K) within 50ps. The accuracy of these  fluence on the measurement of the much faster recombina-
measurements is not very high, due to rapid decrease of thejon rate. The recombination rate coefficients obtained from
absorption signal with decreasingHv = 0) density. The  all measured decay curves are showRim 6, together with
discharge tube was warmed up during experiment. On theour previous results from the AISA apparafi3 and the
basis of our measurements we conclude thgt(d = 0) high pressure flowing afterglow (HPFA) apparafdg,28]
are kinetically relaxed to the gas temperature during the first The data are plotted as a function of the hydrogen density.
50us, as one might expect since the ions have made severalt can be seen that at a hydrogen density-8fx 1014 cm=3
thousands of collisions with He atoms during that time. the three data sets overlap very well. In the present exper-
A typical density decay of ki (v = 0) ions in the after-  iment we have found the recombination rate coefficient to
glow is shown inFig. 5. Six iteration steps (see the previous peg = (1.6 + 0.6) x 10~ cm®s 1.
section) were used in the data reduction. The data points |t should be noted that the present recombination co-
represent averages of approximately 2200 measured pointsfficient is based on ¥t (v = 0) density measurements,
whereas the electron density was observed in the AISA
experiments. Both methods should give the same result if
Hs™ (v = 0) were the dominant ion species in both exper-
iments. The good agreement between the two experiments
suggests that this was the case, but it does not provide
conclusive proof for the absence of other ion species,
for instance H* ions in vibrational states > 0. How-
ever, if vibrationally excited ions were present, they were
most likely present in both experiments. The formation of
Hs*(v = 0) and relaxation of k" (v > 0) ions occur in
the very early afterglow, i.e., the brief periatit between
the end of the discharge and the time interval during which
recombination is analysed. In the Test Tube this timats
(Test Tube)~0.05ms; in the much larger AISA chamber
this time is 300 times largent(AISA) ~ 15ms. Since col-
lisions with H, molecules are responsible for the formation

1012

£

=

o
-
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=

o
N
1Sy

o . 3
H, (v=0) density [cm™]

L 0% of °

0.0 " 05 i 1.0

t[ ms]

Fig. 5. Measured density decay o Huv = 0) ions obtained at following
experimental conditions: 8 mbar of He0.8% Ar+ 0.2% H, buffer gas
flowing at 410 sccm.
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and vibrational relaxation of §f, the productaAt [H5] is

the relevant quantity. It follows that one can expect similar
plasma conditions in the two experiments when the hydro-
gen density in the Test Tube #8300 times the hydrogen
density in the AISA experiment. The above calculation tells
us that [B] = 1.7 x 102cm~23 in the AISA experiment is
equivalent to [H] = 5 x 10 cm~3, the concentration that
was used in the Test TubEig. 6 shows that for these con-
ditions both experimental techniques give essentially the
same recombination rateysa ([H2] = 1.7 x 10%2ecm=3) ~
art([H2] = 5 x 10%em™3) ~ 1 - 1.6 x 10 "cmis L.
This observation is consistent with the explanation that
HsT(v = 0) ions are the dominant ionic species in the
afterglow period of both experiments.

4. Conclusions

Our experiments clearly demonstrate the feasibility of ob-
serving the concentration of#4i(v = 0) ions in rapidly de-
caying afterglow plasma by the cavity ring-down technique.
Improvements in the detection sensitivity will be needed in

order to carry out such measurements at the lower ion con-
centrations that are present in pulsed and flowing afterglow 5
systems. These systems allow simultaneous measurementd
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