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Resonant ion pair formation of HD*: Absolute cross sections for the H+D™* channel
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Absolute cross sections for the production of HD™" in the collision of cold HD with electrons have been
measured in the storage ring CRYRING at Manne Siegbahn Laboratory, Stockholm University in Stockholm.
The magnitude of this cross sectior 8x 10" *° cn? above threshold as well as its interference pattefté
peaks in the interaction energy region 0—16 &ére found to be identical to that observed for the production
of D™ +H*, which was measured earlier in CRYRING.
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I. INTRODUCTION versity, in Stockholm. A view of the facility is given in Fig.
1. The ions were produced by injecting HD neutral gas into a

Efforts in understanding collision processes for a molecuhot filament ion sourcéMINIS). After extraction from the
lar ion-electron system have mostly been directed to th&ource, HO ions were mass selected, accelerated to 300
study of dissociative recombinatid®R) [1]. This very effi-  keV by a radio frequency quadrupole device, and injected
cient process is one of the main destructive processes @fto the ring. They were then further accelerated to an energy
molecular ions in cold plasma environments. An electronof 3.5 MeV/amu and circulated in the ring for about 10 s
impacting a molecular ion, can be resonantly captured into @fter each injection. One straight section of the ring is

doubly excited dissociative state of the neutral moleculeequipped with an electron coolgB]. This device produces
Dissociation times generally compete favorably with auto-;n glectron beam with a velocity distribution that can be

ionization times, so a stable net neutral state is reached Videscribed by a flattened Maxwellian distribution
dissociation. After passing the stabilization point where auto-
ionization is no longer possible, there are many competing m me |12 mev, mevgn
X —_ —_——
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channels along which the resultant neutral may go—most of f(v)= 5 k?I'
them yield neutral fragments, but a negative and a positive e eL
fragment may also result along some channels, and this is

resonant ion pair formation or RIP. In an earlier sty@y3], ﬁ/hereT /~0.1 meV andl,, ~2 meV are the longitudinal
we demonstrated that the resonant ion-pair formation o L ° ;

D™ +H" in the collision of HD" with electrons was gov- nd transverse temperatures, respectigly
erned by an interference mechanism which results in a series, . . : .
of 14 resonances in the cross section in the enerav ran periments. First, by Coulomb interaction, the translational
0-16 eV. Due to experimental constraints, we coulc?){wot apeat from the molecular ions circulating in the ring is effec-
that time. study the complementary RIP chénne‘Hl—D+ A tively transferred to the continuously renewed cold electron
factor of two difference was observed in an equivalent®€@m while both beams are velocity matched, a process
photoionization study of ion-pair formation from HD by known as phase-space cooling. The ion velocity distribution
Chupkaet al. [4]: the H /D~ ratio was two just above Consequently becomes narrower and centered around the av-
threshold and decreased with decreasing wavelength. Terage electron velocity. Second, at each passage through the

verify whether there is or is not an isotope effect and to leave

no doubt on the magnitude and shape of the total RIP cros: INJECTION -
section, improvements to the detection apparatus were mad H g;ﬁ‘hiuj HH\H
‘m H RFQ

The electron cooler serves two purposes in recombination

and it became possible to complete this study by measuring
the reaction rate for the second RIP channeHD™*.

Il. EXPERIMENT -
‘ MINIS ,aﬂ"
The experiment was performed at the storage ring facility SBAIS:
CRYRING, at Manne Siegbahn Laboratory, Stockholm Uni-
*Electronic address: Mats.Larsson@physto.se FIG. 1. View of the heavy-ion storage ring facility CRYRING,
TElectronic address: gdunn@jila.colorado.edu at Manne Siegbahn Laboratory in Stockholm, Sweden.
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T ' T T T T ergy can be deduced from the number of particles hitting the
detector during each time window
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whereNgp is the number of counts per second on the de-

tector due to fragments produced via the RIP procksks

the ion current, measured simultaneously with a current

transformeryp; is the ion velocityg is the electron charge,

is the electron density, andthe length of the interaction

. . L L L L region, which is equal to 85 cm. The cross-sectionan be

0 1 2 3 4 5 6 7 extracted by deconvolution via a Fourier transform technique
Time (s) from
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FIG. 2. The electron cathode voltage as a function of time for o
each injection cycle. <UUcm>:f vo(v)f(vem,v)do, (4)

electron cooler, the ions interact with the electrons and the here is the electron velocity distribution defined
dissociative processes of interest here, DR and RIP, occuf E e(g)cm,v) S Ine electron velocity aistribution define
The H fragments, as well as the Dfragments, are de- N Eg. L.

flected out from the center of the ring inside the dipole mag_eﬁ(-er((:)ts()lr)r;[ﬁlsq Lheeacc(;rgiﬁttggl%? i(;f ttr?ee ;;?;Zﬁ:lcg(i):’ ?(;féggeunrz
net immediately following the electron cooler. A movable ysIS p :

energy-sensitive surface-barrier detector is set to interse t'rSt’ the interaction energy must be corrected for the elec-

their trajectory inside this dipole chamber and collects all thetron space charge. Second, due to the geometry of the elec-

H™ fragments produced from resonant ion-pair formation. fon cooler, some of the measured counts arise from reac-
F_ons occurring at a different energy than that set in the center

Detection of the negative ion supplies a necessary and suff the electron cooler: the ions interact with the electrons not

cient signature of the RIP process. Thus, the complementar alv in the straiaht séction but also in the meraina and de-

positive D' fragments were not detected in this experiment, vl 9 =rging and d
merging parts of the cooler, where the relative velocity is

B@Tﬂfﬁ:ﬂtnhj M fragments in our earlier study of the different. An iterative procedure for this so-called toroidal
: effect is described by Lampeet al. [6]. More details about
the analysis procedure can be found elsewh@te
I1l. DATA ACQUISITION AND ANALYSIS

The surface-barrier detector collects the Hragments IV. RESULTS AND DISCUSSION
with a 100% efficiency and converts each particle hitinto an  The cross section for formation of H D™ from the col-
electric pulse. The height of the pulse is proportional to th§igion of HD* with e~ was deduced from the measured rate
energy deposited in the detector material, thus giving inforegefficient in the electron cooler by using the analysis pro-
mation about the mass of the detected ion. Recording of thgggyre described in the previous section. The results are
number of pulses can be done either as a function of thepgyn in Fig. 3, together with our earlier measurement of the
deppsned energy or as a functlon. of storage time. This '%omplementary channel D H*. As can be seen, these two
achieved through the use of a multichannel analy®€A)  channels are produced with the same probability over the
or scgler(MCS) card, respectively, mstalled. in a PC. The whole studied energy rangé—16 eV collision energy Ex-
technique we use to measure the rate coefficient and, subsgs\y the same interference pattern as previously observed for
quently deduce the cross section is that we vary the electropo b+ H* channel was found for production of H-D*.

cooler cathode voltage as a function of storage time during; s proposed and confirmd@] with a simple Landau-
each injection cycle. The interaction energy in the center-ofzgner_sigkelberg calculation that this pattern originates

mass framee., is given by from quantum interference of the multiple dissociation path-
ways. A more complete time independent Landau-Zener-
Eem(t)=(VEcan(t) = VEcoo) %, (2)  stickelberg calculatiofi3] further established the validity of

this hypothesis. In a diabatic representation the neutral dis-

whereE,;(t) is the electron energy at tinteillustrated in ~ sociative state leading to the ion-pair limit crosses many Ry-

Fig. 2, andE,,, is the electron energy corresponding to thedberg states twice, both at small and large internuclear dis-

cooling process, both defined in the laboratory frame of reftance; this opens two different possible routes to the ion pair

erence. limit, thus leading to the interference behavior observed in
Each time window 1 ms) in the recorded spectrum the cross section. In Ref3], six states were included: the
thus corresponds to a particular and well-defined cathod®west neutrallig dissociative state of HD, which is domi-
voltage and, consequentlq. (2)], to a specific interaction nated by a (po,)? configuration at small internuclear dis-
energy. The rate coefficient as a function of interaction entance and diabatically correlates with the ion-pair limit D
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W for HD, that the H/D™ ratio was a factor 2 just above
I l threshold and decreased with decreasing wavelength. To ra-
30r T tionalize the difference, they noted that the HD™ pair
250 ] correlates with 403, while the H"+D™ pair correlates
< | | with the lower lying 310'2 ; and speculated about different
o 20F 4 interactions along the various crossings. They also noted the
=t \ possibility of their having detector discrimination between
> 15F . H™ and D . Their results covered an energy range of only
Xb - about 0.6 eV above threshold. Our results show that produc-
z 10 T tion of H™ and D is equally probable for any interaction
I 1 energy in the studied range 0—-16 eV.
05 T One can conclude that the total resonant ion pair forma-
0.0 LA o e . tion cross section is simply twice the cross section for one of
012346567 8 910111213 141516 the channels{4x 10 '° cn? as a rough average over the
Interaction energy (eV) studied energy rangend still only a few percent of the total

dissociative recombination cross section-10 17 cn¥)
FIG. 3. Absolute cross section as a function of interaction en{9,10]. We also conclude that the different correlations
ergy. Dots, results from Ref2] (D~ +H™); solid line, present re-  speculated on by Chuplet al. [4] do not play a major role
sults (H +D%). and that there is no isotope dependence between the two

N . , L channels H+D" and H"+D".
+H™, the lowest " (2po,2so,) dissociative state, the

second 'Y state (po,3poy), the two Rydberg states
[(1s042s0y) and (Isoy3dogy)] associated with the Hi(

=2)+D(1s) limit, and the lowest Rydberg state  \We wish to acknowledge the support of the Swedish
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gies, higher-excited neutral repulsive statesDepartment of Energy, Fusion Energy Branch, under Con-
M (2poy2s0y) and 125(2p0u3p0u)] become impor- tract No. DE-A102-95ER54294. J. Semaniak was supported
tant. A more complete theoretical study, using a time-in part by the State Committee for Scientific Rese&feb-
dependent wave-packet approach, has now been reported and, under Contract No. 146/E-346/SPUB-M/5. The au-
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