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Branching ratios for dissociative recombination'dN'*N* molecular ions in thex >3 electronic
ground state were measured by a molecular imaging technique at the heavy ion storage ring ASTRID.
For v = 0, the branching ratios for the final channdN(*S) + N(>D):N(*S) + N(?P):N(*D) +
N(*D)] were found to be ((46:0.08:0.46). The fact that the &S) + N*D) and N?D) + N(’D)
channels dominate is in agreement with recent multichannel quantum-defect theory calculations.
Implications for modeling of the Martian atmosphere are discussed. [S0031-9007(96)01250-1]

PACS numbers: 34.80.Ht, 32.70.Cs, 39.90.+9, 96.30.Gc

Dissociative recombination (DR) of a diatomic molec- N(*S) + NCD) + 344 eV + E,, (a)
ular ion can be described by the following equation
(initial state— final state): N(*S) + NCP) + 224 eV + E, (b)

AB(n,v,))" + ¢ + e — Ala) + B + KER, (1

(n,v,J)" + e (a) + B(B) - @) NCD) + NCD) + 1.05 eV + E, ©
where AB™ is a molecular ion in some:-electronic, '
v-vibrational, andJ/-rotational level, ¢ is the kinetic 2 2py _
energy of the incoming electron in the center-of-mass NCD) + NCP) = 0.14 &V + . @
frame, A(a) and B(B) are the resulting atoms in the where E,; is the contribution from the initial ro-
a and B electronic states, respectively, and KER isvibrational excitation energy to the KER (the vibrational
the kinetic energy release. Thus, the DR process mageparation is2173.05 cm™!' and the rotational constant
provide atoms with kinetic energy as well as electronicg = 1.87 cm™! [7]). A fifth channel, leading to the
excitation. By measuring the KER, one can obtainground electronic limit [N*S) + N(*S)], is not expected
information about both the initial molecular state and theto play any role [5].
final atomic electronic states of the DR process [1]. In The theoretical understanding of the DR process re-
the present work, this has been used to measure the DiRiires detailed knowledge about (i) the PECs of the
branching ratios of ’N'4N™. initial N,™ molecular ion and the repulsive curves of

DR of N,* is important for the understanding of mo-

lecular physics, plasmas, and the chemistry of planetary 3 5 f i1
ionospheres. The nitrogen atoms may be formed in the . \ \\\A\; /
4S,2D, or?P states. N!D) atoms are a major source for 2 f My
the production of N' by charge exchange with‘Oabove ; /
250 km in the atmosphere of the Earth [2] and an impor- T NS s
tant source of NO through the interaction with @ the r 9 < DA
terrestrial atmosphere and with €@ the atmospheres : T
of Venus and Mars [3]. In the Martian atmosphere, the _; t | ’D4%D
KER in the DR process may play an important role in the i \ s G ></
abnormal PN:'“N ratio due to the preferred escape of -2 2.0 F1h SFF
the lighter isotope [3]. Modeling of the atmospheres re- i c’n\ \ "
quires knowledge about the total DR cross section (mea- ~3 | 5
sured, e.g., by Canosat al. [4]) and the probability of N \
reaching any of the available atomic limits from each of :
the initial vibrational levels (i.e., branching ratios). -5

Figure 1 displays the potential-energy curve (PEC) for C 1§34
the electronic ground state of;N, XZE;, as well as -6 ‘ ]
the PEC for the first excited stata’Il,. We also 08 08 T T 16 1.8 2 22
show the N repulsive states ofII, symmetry since internuclear distance (Angstrom)

Fhls electronic symmfetr)é)ga}s beer? I(:i_erz)tlfledl as lthSe mo%IG. 1. A schematic representation of the lowest potential
important symmetry for rom the = 0 ion level [5]. energy curves of the N molecule together with théell,

DR of "'N"*N* may produce N atoms in the following neutral curves [8]. To the right are shown energy levels of
four channels (see Ref. [6] and Fig. 1): the separated neutral atoms.
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the doubly excited W neutral molecule, (ii) the capture  The distribution of measured distances may be under-
width of the relevant B PECs, and (iii) the progres- stood as follows [1]: Consider a molecular idB* with
sion along the repulsive curves to the final atomic limits.nuclear masse&,; andm, and kinetic energy,. Denot-
Accurate values for the branching ratios provide a meanmg the distance from the interaction point to the detector
to improving the understanding of the complicated tran-by L, and the angle between the internuclear axis and the
sition from the initial molecular-ion state to the final beam direction by, the distancek measured on the de-
atomic limits in the DR process. In the particular casetector is
of DR of N, ™, there are several dissociative routes with
the same electronic symmetry, the couplings of which
strongly influence the dynamics of the DR process [8]. \ynere
The present measurement was performed at ASTRID,
the Aarhus Storage Ring Denmark [9]. To reduce the R = KER m; + m L = cL 3)
probability of CO" isobar contamination in the beam, and max Ey Jmim; '

to allow some rovibrational relaxation by dipole-allowed . . . . .
radiative transitions, the experiment was performed with 4\ssuming that the interaction with zero-velocity electrons

SNI*N* beam which was produced in a standard plasm%?su.lts in an isotropic distribution id [ /(6) = 1], the
ion source [10] from a mixture 0PN, and2N,. Thus, istribution of distancefg; (R)] for a givenL is derived

R = R« SiNG, (2

a range of rovibrational levels may be populated in thefrom

beam. The beam was injected into the ring with 150 keV gr(R)dR = f(0)sin6do

kinetic energy and then, after acceleration to 4.21 MeV

during 4 s, data were collected over a period of 12 s. R/Rumax

During these 12 s, an electron beam was merged with the = > (4)
ion beam at zero average relative velocity)(= 0) in Runax/1 = (R/Rinax)

thgﬁlectron cooler. The vacuum was approximaely  for R € (0, Ry,x) and zero otherwise. The final distribu-
107" Torr, the ion-beam current approximately 50 nA attion of distances between the two fragments is obtained

the beginning of the measuring period, and the lifetime py integration over the cooler lengtf. = 95 c¢m to give
of the beam was 1.8 s.

~ The electron cooler can provide a magnetically con- g, .. (R) = 1 ]Lz gr(R)dL

fined, adiabatically expanded electron beam with labora- AL Jy,

tory energies in the range of 40—2000 eV. In the present K(Ly) K(L))
experiment, we had a transverse temperature of about = A L[arctan R arctanT}, (5)
20 meV ( = 230 K) and a longitudinal temperature of

about 1 meV T = 12 K) (see Refs. [11,12]). where Ly = Ly — AL/2, L, = Ly + AL/2, K(L;) =

In order to probe the final-state distribution of the DRRd+/(cL;)*> — R2?], and L, = 613 cm was the distance
process, we measured the kinetic energy release of tifeom the center of the cooler to the imaging detector.
dissociating molecules, using an imaging detector whiclEquation (5) describes the distribution corresponding to
was a 77-mm-diameter double-stage microchannel plata single value of the kinetic energy release.

(MCP) with a phosphor anode [13]. Each fragment, The results from the imaging experiment are shown in
which hit the detector, created a spot of light on theFig. 2 which is a plot of the distribution of measured
phosphor. The distance between these spots is a tw@rojected distances between fragments. The figure dis-
dimensional projection of the distance between the fragplays the data after background subtraction and a fit to the
ments. Light from the phosphor screen was detected bglata which is explained below. The fifth, energetically
a standard charge-coupled device (CCD) camera and allowed channel [{¢S) + N(*S)], which would produce
photomultiplier. The photomultiplier signal was used asa KER of 5.82 eV forv = 0, is not detected in our ex-

a trigger for a fas ws switch which lowered the volt- periment since there is no statistically significant signal
age to the phosphor anode. The time difference betweeat distances above 13.5 mm. Th¢HN) + N(*P) chan-

two fragments of the same molecule hitting the detectonel is irrelevant for the rovibrational ground-state ions but
was a few nanoseconds. Thus, for sufficiently low beanenergetically allowed fop = 1 and for p = 0, > 24).
rates, the fast switch ensured that only fragments origiThe transition fromv = 1, j = 0 to the N?>D) + N(*P)
nating from a single molecule created light spots on thdimit releases kinetic energy of only 0.13 eV. This
anode. By keeping the neutral beam rate below 5 kHzenergy may, however, be substantially larger when rota-
the probability of more than one event being registeredional excitation is taken into account. The jagged dash-
in the same video frame was less than 1%. The imagedotted curve in the 1-4 mm region of Fig. 2 shows the
recorded by the CCD camera were transferred frame bgxpected contributions of the = 1 andv = 2 levels to
frame to a special video-acquisition card [13] in the datathe N?D) + N(>*P) channel when no rotational excitation
acquisition computer. is considered [Eqg. (5)].
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%) 0eD fitted with the functionD(R) from Eq. (7) usingP(v, f)
T I and kT as fit parameters. We included four vibrational
1400 - levels ¢ = 0-3) and rotational levels up té = 60.
I The data show no measurable contributions fiom 3
1200 levels. This fact is interesting in itself. A calculation,
- which takes into account only dipole-allowed transitions
1000 [ D+ within the vibrational and rotational levels of the ground
Lo 2 ‘s+'D electronic state, shows that the lifetimes of the vibrational
800 h ,‘ ,r{’f levels are from 10 s for thes = 5 level to 46 s for
I A N 574 ‘S47%p v = 1 [14,15]. Assuming that the various DR cross
600 I ' '.4 + ' sections are not of different orders of magnitude, all these
R ] levels should contribute significantly during the measuring
400 | period from 4 to 16 s after injection. This vibrational
I cutoff may be explained by the proximity of theIl,
electronic state, for which the = 0 level is just above
200 ’L e v =4 of the X 22; ground electronic state (see Fig. 1
[ e and Ref. [6]).
L N If we denote the branching ratios for each vibrational

12 14
R(mm) level by b,:b,:b.:by, then, forv = 0, the fit yields

FIG. 2. The distribution of two-dimensional projected dis- (b,:by:b.:by) = (0.46 = 0.06:0.08 * 0.06:0.46 *+ 0.06:0)
tances R) between two nitrogen atoms (after background sub- .

traction) and the curve depicting the model function with fiteq@nd forv =1

P(v, f) are shown. The region under the fit is divided by . . .

dashed lines to show the contributions to the four final elec- (be:bg) = (1 £ 0.2:1 +0.2).

tronic limits. On the left hand sideR(= 1-4 mm) the dash- . . .
dotted line represents an attempt to describe the data WithOIYlVIIh the prgsent experm_wental _reSOIUt'O_n’ we were not
including rotational excitation. able to obtain the branching ratios for higher vibrational

levels and for the (a) and (b) channels for= 1.
To account for the wider features of the data in the 1-Moreover, branching ratios for different vibrational levels
4 mm region, rotational excitation was taken into accountéould not be compared due to the lack of knowledge
A general expression for the distribution of the distancePout the vibrational distribution in the beam. The

is temperature parameter resulting from the fit A% =
0.14 eV, which is reasonable for the type of source
D(R) = constX Z p(v,J) {0y f(VV)FkER(R), used. The quoted uncertainties are extracted from the fit,
v.J.f considering the uncertainty of the length calibration and

(6)  a variation of the temperature parameter. At the fitted

wherep(v,J) is the population of thév, J) rovibrational temperaturg, rotationally excited ions of the= O_Ievel
level in the molecular ion beamy, s ;(v) is the DR could contribute to the spectrum be_lovy_2 mm via _the_(d)
cross section which depends on the rovibrational levefhannel; however, no statistically significant contribution
and the final channef = (a),...,(d), v is the electron Was found. '

velocity in the molecular frame, and the brackets indicate The present work was performed withlN'N*. The

a folding with the electron velocity distributionFxgr(R) ~ Small energy difference of about 2 meV between the
is given in Eq. (5). Since the rotational dependence of th@round-vibrational level of "N'*N* and *N,* may,
DR cross section is unknown, we assume that the crodowever, justify that we compare our results with a
section has a negligible rotational dependence. Furthef€asurement [16] and calculations [5,8,17] performed
we assume that the rotational population in the moleculayith the homonucleat®N, . _

beam is independent of and is given by a Boltzmann _ Queffelecet al. measured the yield of (D) from the

distribution. Hence we obtain DR of N,* in a rowing—aftergIovv_ device [16]. 'I_'he_y
found that the average yield was higher than 1.85, indicat-
DR) = >.(2j + 1)e JU+DBAT ing that the major channel is the (c) channkl & 0.85
J andb, < 0.15) [18]. It was argued that their N popu-
@) lation consisted mainly of ground-vibrational level ions
X Z Z P(v, f)Fker(R), (7)  caused by a resonant charge-exchange reaction. When
v [=la) coupled with the assumption of a ground-vibrational level
where kT is the rotational temperature anél(v, f) =  population, their finding is inconsistent with our results

constX p(v){o,sr(V)v) the fit parameters which for [our N(>D) yield is1.38 = 0.13 for v = 0]. They further
eachw yield the branching ratios. The data in Fig. 2 wereclaimed that most atoms produced iR state would be
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quenched to théD state [19]. Assuming 100% quench- rotational features of the DR process witAN'*N*.
ing, ourv = 0 results give a KfD) yield of 1.46 = 0.15, We obtained branching ratios for the ground and first
which is still inconsistent with their results. excited vibrational levels and made a direct observation
Guberman has performed a multichannel quantumef the opening of the D) + N(>P) channel from the
defect theory (MQDT) calculation based on the PECsy = 1 level. The experiment as well as the MQDT
shown in Fig. 1. One PEC2€II,) crosses they = 0  calculation by Guberman show that th¢*sl) + N(>D)
level of theXZE; ground state of ', and this curve is and the N>D) + N(®D) channels are dominant. In the
particularly important when low-energy electrons are conexperiment, the channels are of equal importance, whereas
sidered. Guberman found that the dissociation followingheory predicts a larger (4S) + N(D) yield.
the initial capture fromv = 0 leads almost exclusively to ~ We thank Oded Heber and Daniel Zajfman for the use
the (a) and (c) limits. This is in good agreement with ourof their MCP, Lorne Levinson for the modification of the
experiment wheré, + b. = 92%. We find that (a) and “FTS” video acquisition card, and Jane Fox and Steven
(c) channels have equal branching ratios. The calculatioh. Guberman for helpful discussions. This project was
[5], which neglected the coupling between thell, and  supported by the Danish National Research Foundation
4°11, repulsive routes via Rydberg states and treated ththrough the Aarhus Center for Advanced Physics (ACAP).
avoided crossings at 1.3 and 1.9 A (Fig. 1) by a Landau-
Zener approximation, yieldetl, = 88% andb. = 12%.
In a more recent preliminary calculation [17], Guberman
obtainedb, = 70%, b, = 27%, and b, = 3% in better
agreement with the experimental values.
One of the major questions asked about the DR proces$1] D. Zajfmanet al., Phys. Rev. Lett75, 814 (1995).
of the N,™ molecular ion is the following: What fraction [2] E.R. Constantinidest al., Geophys. Res. Lett6, 596

of the molecules originally in the ground vibrational level (1979). o o

ends up in the (a) limit? This question is relevant to the [3] J.L. Fox, in Dissociative Recombination: Theory, Ex-
modeling of the evolution of the Martian atmosphere [3].  Periment and Applicationedited by B.R. Rowe, J.B.A
The Viking landers [20] measured tH&N:'“N ratio in Mitchell, and A. Canosa (Plenum Press, New York, 1993),

the Martian atmosphere to be 0.0060, which is 1.62 times and references therein.

the terrestrial value. The energy needed for the escapéd'] f‘éfé:r:gg::?];t’irf - Chem. Phys94, 7159 (1991), and
of a"*N from the Martian exobase is 1.74 eV, while the 5] S.L. Guberman Geophys. Res. Leit8, 1051 (1991).

limit for the heavier isotope is 1.86 eV. DR &6iN'*N* [6] A. Lofthus and P.H. Krupenie, J. Ph,ys. Chem. Ref. Data
from the ground-vibrational level to the final (a) limit will 6, 113 (1977).

result in a'*N with 1.78 eV kinetic energy, while the [7] R.R. Laher and F.R. Gilmore, J. Phys. Chem. Ref. Data
heavier isotope would not have enough energy to escape. 20, 685 (1991).

Thus a biasing effect is introduced via the DR process|[8] S.L. Guberman, inDissociative Recombination: The-

which preferably “ejects”*N from the upper Martian ory, Experiment and Applicatioredited by D. Zajfman,

atmosphere. J.B.A. Mitchell, D. Schwalm, and B.R. Rowe (World
Wallis calculated the probability of escape f6N and Scientific, Singapore, 1996).

15N from the Martian exobase due to DR &INMN* [9] S.P. Mdller, in IEEE Particle Accelerator Conference,

L . edited by K. Berkner (IEEE, New York, 1991).
to the (a) limit, including the electron temperature [21].[10] K O. Ni()allsen, Nucl. IrEstrum. Methods 289 (1)957)_

He found that the major contribution to this biasing [11] L. H. Anderseret al., Phys. Rev. A41, 1293 (1990).
effect comes from the DR oPN'*N* which originated  [12] L. vejby-Christenseret al., Phys. Rev. A53, 2371 (1996).

from the ground-vibrational level and ended in the (a)[13] D. Kella et al.,Nucl. Instrum. Methods Phys. Res., Sect. A

limit. Furthermore, it was found that the effect nearly 329, 440 (1993).

vanishes when the original vibrational level is higher. Fox[14] Z. Amitay et al., Phys. Rev. A50, 2304 (1994).

[3] has shown that combining Wallis’s and Guberman’s[15] Z. Amitay (private communication).

calculations into the Martian atmosphere model leads to B6] J.L. Queffelecet al., Planet. Space Sc83, 263 (1985).

higher 1N:!4N ratio on Mars than measured. According [17] S.L. Guberman (private communication).

to Fox, the lower ratio which was measured could bel8] To corltyert between the q“myzrg);"em; andz;he brgnch-
. . . n ratios one ma use = b, + ¢ an

explained by assuming the existence of an early, dense Y?N(4S)) o bb.yAssuming hat 16P) converts

atmosphere which damped the escape process. In view

. . rapidly to a?D atom one can add to the first equation
of our branching-ratio results the demand to use such an +1?,,. y g

assumption in the modeling of the Martian atmosphere iﬁg] K.A. Berrington and P.G. Burke, Planet. Space 2,
weaker. o 377 (1981).

In conclusion, an imaging method was used to resolvg20] A.O. Nier and M. B. McElroy, Scienc&94, 1298 (1976).
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