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Fine-structure populations and collision—induced energiransfer in atoms are of interest
for many elds, from combustion to astrophysics. In particliar, neutral carbon atoms
are known to play a role in interstellar media, either as pras of physical conditions
(ground state 3Pj spin-orbit populations), or as cooling agent (collisionaéxcitation

followed by radiative decay). This work aims at investigatj the spin-orbit excitation

of atomic carbon in its ground electronic state due to collimns with molecular
deuterium, an isotopic variant of H, the most abundant molecule in the interstellar
medium. Spin-orbit excitations of C?Pj) by H, or D, are governed by non-adiabatic
and spin-orbit couplings, which make the theoretical treanent challenging, since the
Born-Oppenheimer approximation no longer holds. Inelasticollisional cross-sections
were determined for the C¢Pp)C D, ! C(3Pj)C D, (withj D 1 and 2) excitation process.
Experimental data were acquired in a crossed beam experimert low collision energies,
down to the excitation thresholds (at 16.42 and 43.41 cm !, respectively). C-atoms
were produced mainly in their ground spin-orbit state 3Py, by dissociation of CO in a
dielectric discharge through an Even-Lavie pulsed valve hE C-atom beam was crossed

with a D, beam from a second valve. The state-to-state cross-sectioa were derived

from the C(""PJ-) ( D 1 or 2) signal measured as a function of the beam crossing ang|]

i.e., as a function of the collision energy. The results shodifferent quantum behaviors
for excitation to CEP1) or CEP2) when C@Pg) collides with ortho-D, or normakDs.

These experimental results are analyzed and discussed in ¢hlight of highly accurate
guantum calculations. A good agreement between experimeral and theoretical results
is found. The present data are compared with those obtaineddr the C-He and C-H,

collisional systems to get new insights into the dynamics ofollision induced spin-orbit
excitation/relaxation of atomic carbon.

Keywords: chemical physics, dynamics of molecular collisions , inelastic collisions, astrochemistry, crossed-

molecular beam, theoretical calculations, spin-orbit excit ation

INTRODUCTION

Keos J and Lique F (2019) Quantum
Behavior of Spin-Orbit Inelastic
Scattering of C-Atoms by D, at Low
Energy. Front. Chem. 7:164.
doi: 10.3389/fchem.2019.00164

Processes controlling internal state population distribn§cf atomic or molecular species are
of interest in many elds. This is especially the case for g@tysics. In particular, information
concerning the physical conditions prevailing in interstelmedia can only be retrieved from
spectra yielding the internal states relative populations efdhserved species, which result from
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the equilibrium between collisional and radiative proces$@r  TABLE 1| Characteristics of the molecular beams used in the determition of
that purpose, neutral carbon atoms are of particular interesthe integral cross-sections.

since they are known t'o play a}.role in interstellar r.nedia,Bealm Gas mixture Ta Wb e c dad
either as probes of physical conditions (ground st%f?pspln- () ms 1) (ms 1) (me) 0
orbit populations), or as a cooling agent (collisional exaia
followed by a radiative decay). Indeed, C atoms are veriC@P) CO:0.3%/Ne 300 815 11 135 8.6 11

abundant in many interstellar regions ranging from dense#2o-D;or Neat 100(117) 1180 19 53 9.9 1.69
molecular clouds to planetary nebulagnfuidzinas et al., 1988; "Dz

Bensby and Feltzing, 2006; Herbst and Yates, ROH8nce, #30-D2  Neat 45(68) 85 20 369 1 1.69
modeling the ne-structure population of C atoms is of major #3n-D2  Neat 45(68) 845 12 369 1 1.69
interest for astrochemical models. Such models rely on bott#o-D>  Neat 10(47) 694 10 38 129 165

COHISI_Onal a_'nd ra_ldlatlve data. Collisional CI’OSS.-SG’IBIG.I”Id. r_ate aTemperature set point of the cold head. The effective temperature of the pulsedalve

coe cients implying the C atoms and the dominant collisional s jimited by losses due to thermal radiation. The effective nozzle temperaés deduced

partners in the interstellar medium () He, H) have then to from the He beam velocity are given in parentheses.

be determined at low temperatures. However. when molecu|abIBeam velocity peak values and spreads were deduced from temporal pro les mrded
.. . . . ' at the crossing point by REMPI detection, and at dD 393.3mm downstream, with a

collisions (reaCtlve or melaStIC) occur atlow energy/mture' fast-ionization gauge (FIG) inserted perpendicular to the molecular beam.

in the near coldregime (1—50 K), resonances are predicted bYPuIse duration at the crossing point iwe) deduced from the REMPI signals.

theory for many systems. Such resonances have been cledriggular divergence HWE).

observed in the collision energy dependent integral cross-

sections (ICS) for spin-orbit excitation of é]'{o) by collisions PESs as for GP)-H, system and diering by the reactant
with He (Bergeat et al., 20)8nd Hy (Kos et al, 2008 reduced mass and rotational constant of:[x thus provides a
These processes are governed by non-adiabatic and spin-orhitther test of these potential energy surfaces that are raamyl

couplings, which makes the theoretical treatment challeggi to accurately describe and understand the dynamics of the
since the Born-OppenheimeBprn and Oppenheimer, 1927 title system.

approximation no longer holds. The challenge was successfully

overcome for the GP)CHe two-atomic systemHergeat et al.,

2019: the excellent agreement between experimental results aMETHODS
theory allowed a detailed description of resonance featbyes Experiment

theory to be obtained. The situation was quite more comple>f . .
for the CEP)CH,, three-atomic systemi(os et al., 2018 where ntegral cross-sections were measured using a crossed beam
S apparatus, with variable crossing angle. The C andbBams

multiple diabatic potential energy surfaces (PESs) along wit . " . - -
spin-orbit and non-adiabatic couplings are necessary torigsc with low velocities and high velocity resolution (s&able 1

its dynamics. A good agreement was also found, not su cientvere obtained using two cryogenically cooled Even-Laviespluls

. . valves Pentlehneretal., 200and collided at a beam intersection
however to allow for a clear assignment of resonances imglv

too great of a number of partial waves. Moreover, at hi heangle which could be continuously varied from 9@ 12.5
9 . . P - ' 19 EChefdeviIIe et al., 20)2C-atoms were produced by dissociation
collision energies, an intersystem crossing may occur with . . . . . X .
) . . - of CO diluted in neon in a dielectric barrier discharge
PESs emerging from the &)CH, insertion reaction. In the . -
. . . incorporated in the faceplate of the valveven, 201p ortho-
energy regions close to the intersystem crossing, one gagcgx

that the use of only triplet PESs will be too approximate toD2 (hereaftero-Dy) was produced after spin-conversion in a

describe the collisional excitation of the C atom, which Wa?(ilr_yogemc cell by liquefaction eformatD, (hereaftem-Do) on

; . . - iSOy catalyst at low temperature<@0K), every 45min. The
not investigated in the study of €H, collisions K os et al., n-D> and 0-D» beam velocities were chanaed by adiusting the
2019. Moreover, most recentlyShen et al. (20172lucidated 2 2 ged by acjusting

importance of the stationary points, in particular the so-edlll temperature of the valve cold head (Skble 1for the di erent

) . experimental conditions).
van der Waals saddles in the entrance channel region of th& P - ) . .
The collision energykr, in our crossed beam machine was

C(D)-H reaction. Therefore, it is also of interest to con rm the varied by changing the anale between the two supersonic beams
characterization of the entrance channel in théR)-H, system. y ging 9 i P b

Our experiments will allow to test the 8R)-H, PESs in the lower from$ D 90 to 20 or 13:Er D 3 VECVj, 2vovp,co$ .
region of collision energies. The carbon atoms were probed in their various spin-orbit
In order to get a clearer insight into the latter system,states via (€1) resonance-enhanced multiphoton ionization
new experiments and calculations have been performed on tH&EMPI) technique, using 2-photon %p3Pj ! 2p3p 3P,
isotopolog system so that the &) C Dy ! C(3PJ) C transitions (excitation laser tuned at 280.3nm) at 14019
D, (with j D 1 and 2) collisional process have been studiedl40.157 nm and 140.170 nm for the3@§), CGP1) and CEP,),
Measurements of state-to-state cross-sections as a fanctioespectively Geppert et al., 2003A third photon ionized the
of the collision energy for GpP)-D, scattering have been carbon atoms and € is detected by a time-of- ight (TOF)
achieved, using the same apparatus as the one describedniass spectrometer. Populations cd 90-96% for C{Py), 4—
our previous studies on GP)-He (H) inelastic collisions. 10% for C8P;), and < 1% for CEP,) were deduced from
Quantum dynamical calculations were performed with the saméhe intensities of these transitions, consistently with presgio
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FIGURE 1 | (3C1) REMPI spectra ofn-D, (A) and 0-D, (B) at crossing point
for different temperature set points of the cold head. Notehat for 0-D, (B) the
scale of the right part is magni ed by a factor of 10. Temperatres (100, 45,
and 10K) are the set point of the cold head and correspond to th
experimental conditions #2, #3, and #4 given inable 1.
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FIGURE 2 | REMPI or FIG pro les at crossing point, oh-D, (for a cold head
at 45K). D, molecules in the rotational level§ D 0 and 1, were detected using
the R(0) and R(1) transitions (blue circles and red diamong<C@P,) atoms,
produced by collisions with the B, beam at 70 of the C beam were also
detected (orange stars). Vertical error bars correspond tetatistical
uncertainties of 50 laser shots at 95% of the con dence interal. FIG signal of
the D, beam was also recorded at the crossing point using a small skimer of
1.26 mm aperture in front of the FIG (magenta solid line) and the average of
128 measurements done by the scope.

FIG, and by REMPI at the crossing point but not during the
ICS measurements: it was then detected indirectly via thitesk
carbon C?Pl or 2) produced by collisions of C atoms with,D

In the latter case, the trigger delay of the Beam for the ICS
measurements was adjusted to obtain a maximum REMPI signal
of carbon atoms in the3p;) or (3P,) states. Typical REMPI
pro les obtained for B produced in the experimental condition
#3 where the cold head temperature was set at 45d6l1€ 1)

are given inFigure 2 To con rm the beam pro les obtained
indirectly during the ICS measurements, two other experitsen
were also performed independently with the REMPI technique

studies Bergeat et al., 2018; K os et al., 20Tthe laser beam directly on D, molecules (se€igure 1) or with a FIG inserted
was perpendicular to the crossing beams plane, hence avoidipgrpendicular to the molecular beam. Typical results of tinfie-o
any Doppler shift while scanning the crossing andbe,for  ight (TOF) pro les are givenFigure 2 for n-D, beam in the
the ICS measurements. Spectra obtained By REMPI on experimental conditions #3. All the pro les of Xjp, D 0 and
the transitionsC5 , D 3,j° X6 $(v°D 0,j° were 1) may be superimposed: only the intensities di er due to the
employed to detect individual protational levels (seleigure ).  population distribution, which means that all the rotation&tes
Only the lowest rotational level of each nuclear spin modiioa, are generated during the expansion and uniformly spread into
i.e.jp, D 0and 1 foro-D, andp-Dy, respectively, was found to be the beam oh-D». Once the pro le at the crossing point achieved,
populated in the supersonic beams. The only exception was for the D, beam arrival time, measured with the FIGHD 393.3 mm
D>, 100 K: a small signal can be seen for the R(2) transition. Th@ownstream, yielded the Dvelocity. All pro les were tted
ortho converted-D was found to contairk 6% paraD». These to Gaussian functions, with peak positiotysand t1 and half-
values were found to change inappreciably over thev€locities width at 1/e we), yielding the peak velocities D d / (t1 —
(or the temperature of the valve) and over 1.5 h. to), and the velocity spreadivywe from the pulse broadening
The beam velocities and spreadBalfle ) were deduced (Naulin and Bergeat, 20).8The response time of the FIG was
from temporal proles recorded at the crossing point by previously determined to be 3 ms [see Supplementary Materials
REMPI detection or with a fast ionization gauge (FIG) insertedbf Chefdeville et al. (201B)and t1 values are thus accordingly
perpendicular to the molecular beam, and @tD 393.3mm corrected. With this method, the velocities of the, Deam
downstream, with a second FIG.,xan be detected with the were checked, before, during and after the ICS measurements
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FIGURE 4 | Evolution of the maximum intensities at crossing point meased
with the FIG. Black squaresn-D, beam under experimental condition #2 with
a distance from the valve to the crossing point of 138.7 mm. Rle open circles:
Ne beam with a distance from the valve to the crossing point 6850.94 mm.
Red stars, metastable Ne* probed with a null current of the FIG
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FIGURE 3 | REMPI or FIG pro les ofn-D5 at crossing point and at 880 900 920 940 960 980
d D 393.3 mm downstream under two experimental conditions (A) #2 and (B) ' T ' T ' T
#3]. Lower TOF scale: [ molecules in the rotational level§ D 0, were C-beam (#1)
detected using the R(0) transition (blue circles); @:IPZ) atoms, produced by 7
collisions with the B, beam at 70 of the C beam were also detected (orange
stars). Vertical error bars correspond to statistical unagainties of 50 laser
shots at 95% of the con dence interval. FIG signal of the B beam was also
recorded at the crossing point using a small skimmer of 1.26 i aperture in
front of the FIG (magenta solid line) and is the average of 128easurements
done by the scope. Upper TOF scale: far FIG signal of the Dbeam was also
recorded at 393.3 mm downstream using a screen with a hole of
6mm-diameter in front of the far FIG (black solid line).

relative intensity / a.u.

of each day to ensure the absence of any drift. Typical results
for 0-D» generated under the conditions #2 and #4 are given in
Figure 3 To determine the angular spread of the beam, the FIG 420 440 500
at the crossing point, mounted on a translation stage, wasadov TOF at the crossing point
perpendicularly to the beam axis to enable measurements at
various positions. A depth gauge allows the exact re-positgpni | FIGURE 5 | REMPI or FIG pro les of C and metastable Ne* at crossing point
of the FIG. It should be noted that the TOF proles don't | andatd D 393.3mm downstream under two experimental conditions #1.
change with the position of the FIG, which means that the Lower TOF scalel:C'(‘Po) atoms were detected by-(z.jl) REMP! tgchnique at
transverse velocity is negligible compared to the beam 'llEJOC 140.149 nm. Vertical error bars corre.spond to statlgtlcal ucertflntles of !_50
. . . ; laser shots at 95% of the con dence interval. FIG signal of Ne*npduced in the

The area of the TOF pro les or the maximum intensity varies| c.peam was also recorded at the crossing point using a smalllkimmer of
with the position of the FIG: the angular spreads giveable 1 1.26 mm aperture in front of the FIG (magenta solid line) and aufi current in
were determined by tt|ng the curves with Gaussian funcgon | the FIG. Each pro le is the average of 128 measurements done byhe scope.
(seeFigure 4) Upper TOE scale: Ne* far—FIG.signaI rgcorded at 393.3mm domeea}m .using

Carbon atoms can onIy be detected by REMP| at thaascreen with a hole of 6mm-diameter in front of the far FIG (bt& solid line).
crossing point, but not with the FIG, contrarily to metastabl
Ne atoms also generated within the discharge. They give
a signal due to surface ionization with the FIG operatedAgain, beam proles could also be measured at the crossing
with a null lament current. Since GP) and Ne proles point when replacing the mass spectrometer by a FIG. The
obtained by REMPI at the crossing point are very similar, ittwo proles obtained for metastable Neare identical (see
was assumed that their velocities were likely to be idehticaFigure 5. As for D,, Ne velocity values and spreads could
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be determined from proles at the crossing point and at

d D 393.3 mm downstream. Transitions j(D,)j(C)4(D,)/(C)

' ICS§ were obtained from the averaged REMPI signal 50; A 5021 5022
intensities Iremp; and the relative velocityy, of the C ] 2120 ——21-22
and D, beams adrevp=(Vy ML ti), wherehl ti is the mean “gxto— F---20-01 ----20-02
interaction time between the two beam pulses which takes <,

. ) 30
full account of the density-to- ux transformation under ou A

working conditions (Naulin and Costes, 20)4and assuming a 20
forward angular distribution of scattered C-atoms as foe {@- ]
H2 system K os et al., 2018 To monitor the e ciency of the

____________

discharge, the Nesignal from the FIG 393.3 mm downstream o J AR AN A fudatade Cd bl L Bt e S P R R
the crossing point was used. Moreover, the UV_ laser was 50; B 1011 10-12
detected by a photodiode at the entrance of the main chamber. | 1110 ——11-12

Data points acquired with poor discharge conditions and lase Ngﬂo-
power lower than 80% of the average over the whole sca ]
were discarded. Since the densities of the two beams we
not quantitatively determined, we could not extract abselu
cross-sections. Relative experimental cross-sections (f&#oC

C o, nDy ! C(3PJ|31,2) C o, n-D; inelastic collisions |

were obtained by accumulating at each angle signals from 0
several thousand beam pulses. They were normalized by the 50; c ——00-01 ——01-00
sum of the experimental cross-sections in the energy rang . ——00-02 ——01-02

22 114 cm® for CGPy) !  C(CPy) transition, and 26 — ~-=00-22 —--01-22
165 cm® for CBPy) !  C(P,) transition. All the plotted <]

vertical error bars represent statistical uctuations at 5%®
con dence interval.

Theory ]
The full set of electronic PESs is identical for G-Bnd C-D, 0 . T . T B
systems and depends only on the mutual distances of the three 50 100 150 200 _1250 300
atoms involved. Hence, in our scattering calculations otR)( Relative translational energy (cm’)
with o- and p-D2 we employed the most recent hlghly-correlgted FIGURE 6 | Theoretical cross-sections for G{P)C Dalp,)!  C@Po )C
C(3P])-H2 PESs oK os et al. (2018jhat were computed with D>('p,) inelastic collisions. Transitions are Iabe(I:eq'IE{2 ic —Zj'D2 i'ch e
the explicitly correlated multireference con guration graction (A) ortho-D; (p, D 2); (B) para-D; (p, D 1); (C) ortho-D; (p, D 0).
method (ic-MRCI-F12) $hiozaki and Werner, 2011, 2013;
Shiozaki et al., 20)Iwith large atomic basis set. Briey, the
interaction of the open-shell €p}) atom with the H, molecule is only about 0.008 A. Therefore, within these assumptions
gives rise to two adiabatic potentials of the®Symmetry and approximations we can use our GHPESs for the C-
(wave function anti-symmetric with respect to the re ection D2 system.
in three-atomic plane) and one of %Asymmetry (symmetric To obtain integral cross-sections we solved Close-Coupling
with respect to the in-plane re ection). The two adiabatic equations ofArthurs and Dalgarno (196Q)sing the HIBRIDON
potentials were diabatized before the dynamical calculatio packagé For the C8P))-D; scattering we use the reduced mass
and the diabatization procedure provided additional o -diagd ~ of 3.0158368 a.m.u. The rotational constant of therolecule
coupling. We refer the readers 1 os et al. (2018for more  (Huber and Herzberg, 1978 By D 29.9037 cm? and the spin-
details aboutb initio calculations of the PESs. The geometry oPrbit energy levels of €p)) atom (Cooksy et al., 1986; Yamamoto
the H, molecule in the C-H PESs is xed at theg D 0.767 A  and Saito, 1991 listed in NIST basic atomic spectroscopic data
distance corresponding to an average over the lowest vibrati are 0, 16.42 and 43.41cthfor CCPg), C@Py), and CEPy),
statev D 0 and considered as a rigid rotor. As we substitute botitespectively. The Close-Coupling equations are propagated using
H atoms with D isotopologs, we do not need to modify centernybrid Alexander-Manolopoulos propagator from the initial
of mass of the diatomic as the molecule is still homonuclear. distance oRD 1.0 to 80 a. The cross-sections were checked for
a case of a single isotope substitution to form an HD molecule,
one would need to shift the center of mass accordingly. ThéHibridon is a Package of Programs for the Time-IndependeanttQu Treatment
rigid rotor approach for C-H and C-D, can use the same set of Inelastic Collisions and Photodissociatiritten by M. H. Alexander, D.
of rigid rotor 2-dimensional PESs assuming that we neglagt a E. Mar\olopoulos, HJ Werner, and B. Follmeg, with contributioqs byFE

. ) . Vohralik, D. Lemoine, G. Corey, R. Gordon, B. Johnson, T. Orlikowski
mass e ects in de;crlptlon of Elar_ld D, that can chang_e S“Qh“y Berning, A. Degli-Esposti, C. Rist, P. J. Dagdigian, B. Pouillya® der Sanden,
the equilibrium distance. The di erence between vibratitypa . vang, F. de Weerd, S. Gregurick, J. K os and F. Lique. Availatieecat:
averaged distancey for the D, molecule and H molecule  {http:/imww2.chem.umd.edu/groups/alexander/hibridon/hib43/}
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FIGURE 8 | Experimental and theoretical cross-sections for (?(PO) C n-Dy

I C@Py)C n-D, inelastic collisions.(A) theory convoluted to experimental
resolution for individual transitions of éQDj) with D, (p, D 0) and D,(jp, D 1):
Cc@Pg)!  CEP;) (blue solid line and cyan dashed line), 8P1)!  CEP,)
(green solid line and dashed line), éPl)! C(3P0) (red solid line and pink
dashed line);(B) experiment (black stars in the conditions #1 and #3 describé
in Table 1); theoretical contributions of transitions C3(P0) ! C(3P1) (blue
dotted line), CBP1)!  CEPy) (green dotted line), &P;1)!  CEPy) (red
dotted line), and total (orange solid line), assuming that-D, is composed of
33% of jp, D 1 and 66% of jp, D 0 and a 7% initial population of C’{Pl):
c@p;) is populated by C8 Po)! C@P;) (main contribution) and depopulated
ICSit D 0.9359 1 —0.07 61 2 C sy o). To allow for easier comparison, by the CBP1)!  CEP,) and CBP;)! CEPy) transitions by collision with
experimental ICS scale is adjusted such that the area in the 22- 116] cm 1 D2(p, D 0) and D;(p, D 1), resulting in a total IC%; D 0.93

range is the same as for the theoretical ICS calculated. Vectl error bars (0-33s0 1j(D,)p1 € 0:66 S0 1j(D,)p0) —0.07 {03361 2D,)p1 C

represent the statistical uncertainties at the 95% con dene interval; each 1 0,i(Dy)p1) C 06661 2 (Dyp0 C 81 0,i(D)p0)}- To allow for easier

point corresponds to 2020 (experimental conditions #1 and #) and 1680 comparison, experimental ICS scale is adjusted such that tharea in the [22 —

(experimental conditions #1 and #3) laser shots per angle canning the beam 114]cm - range is the same as for the theoretical ICS calculated. Vestil
intersection angle between 90 and 13 , with 1 decrement. The plotted error bars represent the statistical uncertainties at the®% con dence interval;

error bars on energy are estimated from velocity and crossinangle each point corresponds to 2060 laser shots per angle, scanmig the beam
uncertainties. intersection angle between 90 and 14 , with 1 decrement. The plotted
error bars on energy are estimated from velocity and crossgangle
uncertainties.

FIGURE 7 | Experimental and theoretical cross-sections for é(Po) C o-Dy

! C(3P1) C 0-D;, inelastic collisions.(A) theory convoluted to experimental
resolution for individual transitions of G}) with 0-D;(jp, D 0): CEP)!
C@Py) (blue solid line), 3P;)!  CEPy) (green solid line), and GPy)!
C@Py) (red solid line)(B) experiment (red open circles in the conditions #1
and #4 and black stars in the conditions #1 and #3 described irffable 1);
theoretical contributions of transitions C:'(Po) ! C(3P1) (blue dotted line),
c@ry)!  CCPy,) (green dotted line), P;)! CEPp) (red dotted line), and
total (orange solid line), assuming a 7% initial populatiosf C@P;): CEP,) is
populated by C(3P0) ! C(3P1) (main contribution) and depopulated by
c@rPy)!  CPPy)and CBPy)!  CEPy) transitions, resulting in a total

convergence with respect to the inclusion of a su cient numbe

of partial waves and energetically closed channelsolbgbasis C(P,) C D, (Figures 7-11) all exhibit a threshold behavior

included all levels with a rotational quantum numbgy, 6. corresponding to the spin-orbit energy di erenceg(3P;) —

State-to-state excitation cross-sections were optgirmdzeten EGPo) D 16.42 cm? and EGP,) — E(3Pg) D 43.41 cm?. In

all the ne-structure levels of Cp) over the collision €Nergy Figure 6 are displayed the calculated ICSs for all transitions

range relevant to the experiments (0 — 800 cinon the grid of  ypich may contribute to the observed signals. It is worth

energies with a step of 0.1 crh(seeFigure 6). C-Hz and C-D, noting that the ICSs for relaxation transitions rapidly dease

calculations di er by the di erent energy structure of the pEr's 4t high energies. To allow for comparison with experimental

and by a di erent reduced mass. data, these ICSs were convoluted with the experimental gnerg
resolution Figure 12).

RESULTS AND DISCUSSION CGPy) C o(n)-Dy! CEPy)C

As expected, the excitation functions, i.e., the variatidn 00(n)-D» Transitions

the ICSs as a function of relative translation energy, foResults for the CPo) excitation by collision witto- andn-D,, are

CCPy) C Dy ! C(CPy) C Dy and C@Py) C D5 ! displayed irFigures 7 8, respectively. The convoluted theoretical
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FIGURE 9 | Partial waves calculated for the transition @Po) Co-Dy!
angular momentum value J.

C(3 P1) C 0-D,. Some of the most prominent partial waves are labeled with #ir total

FIGURE 10 | Experimental and theoretical cross-sections for P or1) C
0-D, ! CEP,)C 0-D; inelastic collisions.(A) theory convoluted to
experimental resolution for individual transitions: éPO)! C(3P2) (violet solid
line), C? P! C(3 P>) (green solid line)(B) experiment (blue open triangles in
the conditions #1 and #2 and black stars in the conditions #1 ad #3
described in Table 1); theoretical contributions of transitions @030) ! C(3 P2)
(violet dotted line), C?Pl)! C(3 P5) (green dotted line) and total (orange solid
line), assuming a 7% initial population of éPl): C@Pz) is populated by
C@Pg)!  CEP,) (main contribution), and P1)!  CEP,) excitation
transitions, resulting in a total ICStoD 0.93sg > C 0.07s; . To allow for
easier comparison, experimental ICS scale is adjusted suclhat the area in
the [26 — 167] cm 1 range is the same as for the theoretical ICS calculated.
Vertical error bars represent the statistical uncertaires at the 95% con dence
interval; each point corresponds to 630 (experimental conidions #1 and #2)
and 1500 (experimental conditions #1 and #3) laser shots peaingle, scanning
the beam intersection angle between 90 and 13 (experimental conditions #1
and #2) or 20 (experimental conditions #1 and #3), with 1 decrement. The
plotted error bars on energy are estimated from velocity androssing angle
uncertainties.

ICSs for involved transitions, given in the upper panels, are
also displayed in the lower panels weighted by their estimated
contributions to the total process: due to the presence of dlsma
amount of C@Py), transitions CEPy) ! C(3Pg) and CEPy) !

C(®P,) need to be taken into account. The resulting total ICS can
then be compared to experimental results.

For collisions witho-D» (Figure 7), two sets of experiments
were achieved, under dierent Pbeam conditions, with
di erent velocities: consequently, data for a given energy
have been acquired at di erent crossing angles. The excellent
agreement between both experimental sets ensures the &bsenc
of any bias in the method used to recover the ICS from the
REMPI signal, which involves estimating the mean interaction
timehl ti, which depends on the crossing andtigure 12. Only
transitions involving B (jp, D 0) are taken into account in the
overall convoluted theoretical ICS, which indeed is not thse
for collisions withn-D» (Figure 8), where transitions involving
D2 (jp, D 1) also need to be taken into account with relative
weights of 2/3 and 1/3, respectively.

Resonance structures observed experimentally are venasimil
to the theoretical ones, however slightly shifted in energy
The agreement is better far-D, than for n-D», since more
contributions are involved in the latter case. In particular
the rst two peaks atca 26.5 and 41.3 cnt for jp, D O
are well resolved in both theory and experiment foD»
(Figure 7A), but are blurred out by the peak ata.31 cm !
for jp, D 1 for n-D» (Figure 8B). In Figure 9 are displayed
partial cross sections for €Rg) ! C(Py) corresponding
to partial waves with total angular momenth from 1 to 20
that contribute within the 16-100 cnt total energy range.
The peaks around 20 and 40 already appearJatD 1
(thick black solid line) and are associated with opening of
carbon spin orbit channels. The rst lowest partial waves form
sharp peaks around 20 crh, whereas a broader peak around
30-40 cm? is due to the build-up of partial waves with
% D 8-12. The peak around 60 crh comes from a shape
resonance fod D 14. A sharp shape resonance also appears for
J D 17 near 90 cm?.
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FIGURE 12 | Interaction time(A,B), and collision energy spread(C),
calculated for the experimental conditions of previous Figes of the CC 0-D,
collision energy transfers: in blue dashed lines for the exgimental conditions
#1(C) and #3(D, 45K), in olive solid lines for #1(C) and #2¢D) 100K) and in
black dot lines for #1(C) and #4(B, 10K). Note that the angular spread is the
main source of collision energy spread. All data are plotteds a function of the

FIGURE 113| ExperimenFaI anq theor'e'tical cross-sections for GPo or 1) C collision energy,Et. For the interaction time, a forward distribution is
n-Dy | C(Py)C n-_D2 |ne_|asF|c_ coII|S|ons:(A) theory conyoluted to considered: (A) for the CBPg)!  CEPy) transition and(B) for the CEPg) !
experimental resolution for individual transitions of @IPJ-) with DZGD2 D 0) and C(3 P,) transition, same labels as for the collision energy spread

Da(p, D 1): CEPg)!  CEPy) (violet solid line and magenta dashed line),
c@r;)!  CEP,) (green solid line and dashed line]B) experiment (blue open
triangles in the conditions #1 and #2 and black stars in the coditions #1 and
#3 described in Table 1); theoretical contributions of transitions GPp)!
C@P,) (violet dotted line), &P1)! CEP,) (green dotted line), and total
(orange solid line), assuming that-D, is composed of 33% ofjp, D 1 and
66% of jp, D 0 and a 7% initial population of C{P1): CEP,) is populated by
C@Pg)!  CEP,) (main contribution) and G{P1)!  CEPy) excitation
transitions by collision with B(p, D 0) and D;(p, D 1), resulting in a total
ICStor D 0.93 (0.335g 2j(p,)p1 C 0-66 Sg 2j(p,)po) C 0.07

(0.33s1 2,j(D,)p1C 0.6651 2,j(p,)p0)- To allow for easier comparison,
experimental ICS scale is adjusted such that the area in the - 165] cm 1
range is the same as for the theoretical ICS calculated. Vectl error bars
represent the statistical uncertainties at the 95% con dene interval; each
point corresponds to 980 (experimental conditions #1 and #2and 1150
(experimental conditions #1 and #3) laser shots per angle canning the beam
intersection angle between 90 and 13 (experimental conditions #1 and #2)
or 20 (experimental conditions #1 and #3), with 1 decrement. The plotted
error bars on energy are estimated from velocity and crossgangle
uncertainties.

FIGURE 13 | Integral cross sections calculated for CP(PO)C M! C(3P1)C
C(3 PO) C O(n)-D2 | C(3 P2) C M with M D He (black solid line)Eergeat et al., 2018, p-H, (red solid line)

(Keos et al., 2019, and 0-D; (blue solid line).
o(n)-D» Transitions
Results for the GPy) excitation by collision witho- andn-D» are
displayed inFigures 1Q 11. The convoluted theoretical ICSs for
involved transitions, given in the upper panels, are also displayenot observed. The resulting total ICS can then be compared to
in the lower panels weighted by their estimated contribuida  experimental results.
the total process: again, due to the presence of a small amount In both cases, two sets of experiments were achieved,
of C(Py), transition CEP1) ! C(P,) need to be taken into under dierent D,-beam conditions, with di erent velocities.
account. Note that the collisional de-excitation of®€{) is not  Whereas both experimental sets are in good agreement-for
taken into account here since its initial population is nedllgi D (Figure 108 up to 160 cml, it is not the case fon-D»
furthermore, it would result in a negative o set below thredéd  experiments. However, the beam velocity mismatch is larger fo
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C(PPg) !  C(P,) experiments . D 815;vp, D 845 and 1180 for all systems, essentially due to the opening of théPg)(
ms 1, resulting inEr D 179 and 262 cm! at$ D 90) than — C(P,) excitation. Concerning C—p and C—tb systems,
for CBPg) !  C(Py) experiments . D 815;vp> D 694 and apart the resonances, ICSs are expected to be similar when no
855 ms 1, resulting inEr D 146 and 179 cm* at$ D 90 ): at  rotational (de-)excitation of H (D) is involved as can be seen
90, the interaction time is much shorter than at lower angles: an Figure 13
variation (even small) in its estimated value can result larger
variation of the ICS valuel{ Igemp=(v ML ti)). It is however CONCLUSION
worth noting that the increase of the cross-section at high
energies is too high to be due tohhti possible underestimate. In this work, we have presented a joint theoretical and
It could be due to an energy transfer involving relaxation ofexperimental study of the spin-orbit transitions of 30?()
D2 (jo, D 2!  0): however, ICSs involving such a relaxationby collisions with DB. Integral cross-sections have been
are monotonously decreasingrigure €), which would imply  experimentally observed in a crossed beam apparatus down
that their contribution should be much more intense at lowto collision energies belowa. 5.5 cm ! (66J mol 1) and
energies resulting in a signi cant positive o set not obsedv compared to state-of-the-art non-Born-Oppenheimer quantum
Furthermore, ICSs corresponding to rotational (de-)extita  dynamical calculations for CPp) ! C(Py) and CEPy) !
of D, are weak [igure 6). This is due to a weak anisotropy C(®P,) transitions. Results have been compared to similar
of the PES with respect to [Drotation that leads to a weak systems previously studied (%E’{) C Hp, and He) Bergeat
coupling between the Protational states. It also explains that et al., 2018; K os et al., 2018 he overall agreement obtained,
the magnitudes of the ICSs are similar for aji @tational state. in particular for CéP,) C H, and CEP) C D, for which
In addition, the energy splitting betwegs, D 0 andjp, D 2 state  calculations are performed using the same potential energy
of D2 is so large that the excitation probability is very small. surfaces, conrms the validity of these potentials which can

Another possibility to be considered is the coupling with thebe con dently used to compute (de-)excitation rates of C-
C(*Dy) state: its crossing with triplet PESs is estimated aroundtoms in the low energy domain relevant to astrophysical
300 cm ® by theory. Excitation to théD, state is closed but the modeling of cold molecular clouds. However, the present result
increase of the ICS may be due to indirect coupling that wilbfav validate the low energy data generated from theses PESs but
the 3P, state over théP;. This would result in a decrease of the the calculations at higher energy would require to revise the
ICS for the3P; in the same energy domain (not probed in the theoretical approach and probably to add the excited state
present experiments). of C-atom.

The cross-sections observed are di erent in shape, but almost
similar in average. Resonances are less visible for tBEo)C( DATA AVAILABILITY
I CEP,) than for CGPy) !  C(®Py) ICS: actually, there
are many more resonances for the 0-2 transition than for 0-1All datasets generated for this study are included in the
especially fojp, D 1, resulting in a smoother shape. On averagemanuscript and are available on request.
their amplitudes dier by a factor of 2. Similar di erences
were found for the O—H systenlque et al., 2003 The fact AUTHOR CONTRIBUTIONS
that the C8Pg) — CCP2), C(P1) — C(P,), and CEPy) — CCPy)
transitions have more of less the same magnitude may be parthB, SM, and CN carried out the experimental measurements and
explained by the huge well depth that would lead to a signi cantata analysis. FL and JK performed the theoretical calculgtion
redistribution of the ux over all open C-atom spin-orbitseeé.  The manuscript was written through contributions of

. . all authors.
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