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92.1% of nucleons in the universe are protons
7.8% are helium nuclei !



lon —1on recombination
H* + C,H =» products

H* + C;H =» products

Note added in manuscript—While this Letter was being
submutted, C;H ™, the next 1on in the series, was detected here—
a crucial confirmation of the present identification. Details will
be presented elsewhere. An astronomical search is underway:.
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@ 2006. The American Astrononyical Society. All rights reserved. Printed in US.A- FiG. 1.—Two rotational transitions of C;H™ in the laboratory and in TMC-1.
Frequencies are relative to the laboratory rest frequencies (Table 1). assuming
the standard mean radial velocity of 3.80 km s~ for TMC-1. The geometrical
structure of C;H™, the hexatrivne anion, obtained by removing H* from triace-
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ABSTRACT

The negative molecular ion C;H™ has been detected in the radio band in the laboratory and has been identified
in the molecular envelope of IRC +10216 and in the dense molecular cloud TMC-1. The spectroscopic constants
derived from laboratory measurements of 17 rotational lines between 8 and 187 GHz are identical to those derived
from the astronomical data, establishing unambiguously that C;H™ is the carrier of the series of lines with rotational
constant 1377 MHz first observed by K. Kawaguchi et al. in IRC +10216. The column density of C;H™ toward
both sources is 1%—5% that of neutral CcH. These surprisingly high abundances for a negative ion imply that
if other molecular anions are similarly abundant with respect to their neutral counterparts, they may be detectable
both in the laboratory at high resolution and in interstellar molecular clouds.




Recombination processes in plasma
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Single collision




Electron Neutral interaction
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H;*+e 2> H+H,; 3H

Concept of gas phase chemistry

Recombination in electron — ion plasma

Rate coefficient
Multiple collisions
H,*
.
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Electron neutral interaction

Born-Oppenheimer

P(v) oc <TAB(R) ‘ LPAB+(R)>

Vibrationally excited




Resonances
Resonances

Autoionizing and pre-dissociating Rydberg states

AB*(v)+e




Electron - lon Collision

H* + e=»~ no recombination

Ht*+e= H+ hv RR

H,"+e = H + H,
Dissoclative Recombination - DR

i

+ e(&€)

<1 e\
H2+(1SU) g
O

L

/o

)

Electron collisions with H,* - how to describe 7?7?77
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Capture

Autolonization

AB* resonant state(s)

To get high recombination rate, we need
(a) efficient capture
(b) predissociation faster than auto-ionization
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The states involved: exemple for He,*/He, system
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Electron - lon Collision- Recombination

Electron collisions with H,* _.\‘
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Dissoclative recombination

Energy (eV)

I |
0 1 2 3 4

Internuclear diStance {A] - L1 Lidl L Ll |J L L5 pneal 1 L Ll Lk 1 111k
5 o —1 i !

10 10 10 10
Relative enerpgy (eV)

TSR: M. Lange et al., PRL 83 (1599) 4979,
Al-Khalili et al., PRA (2003




Theoretical background

Dissociative Recombination without a Curve Crossing
Theory predicted: DR rate coefficient is vary small ~ 10-* cm3s?

HeH* and HCO* ions-
examples of a non-crossing case.

However, experiments gave
a~2x10% and a ~ 2 x10°7 cm?3st

7
:

Multi-step indirect
dissociative recombination
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Interstellar medium

92.1% of nucleons in the universe are protons

7.8% are helium nuclei !
0.1% C,N,O,SSi....

Cosmic abundance

~0.005%




Satum Environments with H3+
Uranus

Barnard 68 (Jodo Alves)

Cygnus OB2 (POSS)

Galactic Center (2MASS/MSX)



Interstellar medium
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Figure {. "The Astronomer's Periodic Table™. The area of cach clement is proportional to is
cosmic abundance.




Cosmic-ray ionisation rate v~3x10-17s1

Dense Clouds Diffuse Clouds
H, = H =™ H;

d[H, it v.[H,] [ R,

Barnard 68 (Jodo Alves)

Cygnus OB2 (POSS)

a) DENSE CLOUDS: b) DIFFUSE CLOUDS:

H,*+ CO d[H;*/dt ~ -k X[H;*X[CO]

H,"+e d[H,*)/dt  ~ - aye [H,'1[E]
(Keo=2x109cm3s?)

Olpr=2X10"7cm3st x(T/300)05 (the value from 2005)

[Hy'T=ylkeo - [H,}/[CO]= =1x10-*cm™ [H,1=y/ o - HC1= ~1x107cm-3

~ N O with observation
]

~OK with observation

History of experiments



... One remaining
problem is to understand

the plasma afterglow
experiments.

... history 1s repeating itself ....
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that the task was finished....

Doubts 2011

“Presently no rate coefficient measurement
with a confirmed temperature below 300 K exists*.

Petrignani et al. Phys. Rev. A (2011)

and ... history repeated itself .
M. Larsson et al, CP Letters (2008) ce and the caravan iS on itS way
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Tiunneling disseciative recombination

fumneling
electron process
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Internuclear separation

Figure 4.3: Sketch of tunneling mode dissociative recombination.




+ " In the case of H,*, a simple 2-dimensional picture of molecular states
H,* Potential curves 3, asimpl Sl
suggests that recombination should be very inefficient
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FIG. 1. Energy diagram of triatomic hydrogen (D, r_n pa
geometry) showing the location of the bound Rydberg states - - /

and the unstable ground state of H; in relation to the neutral
and ionic dissociation limits.




Dissociative recombination of H.*

H, (v=0)+H* Remote curve crossing

......................................

Electron capture via
Jahn-Teller coupling of
electronic and ro-vibrational
motion
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mechanisms in
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Formation of: H;™ In He/Ar/H,
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FALP —Flowing Afterglow Langmuir Probe
Formation of H;* in He/Ar/H, mixture (10 Torr)
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Line intensity H,* High sensitivity required
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Stationary afterglow + Spectrosco
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Laser absorption spectroscopy
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Pulsed discharge — plasma decay
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History of experiments —“time evolution*
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Nuclear spin dependence of H;* recombination

B. J. McCall, et al. Physical Review A (2004)
H. Kreckel, J. Glosik, et al. Phys. Rev. Lett. 2005,

....2008, new improved calculations

Astron o1my c A ‘:TTI'DI_}II}"SI-{“S L. Pagani'. C. Vastel’. E. Hugo’. V. Kokoouline*, Chris H. Greene”, A. Bacmann®, E. Bayet', C. Ceccarelli®, R. Peng®.

October 13 2008 and S. Schlemmer’

M. Larsson, B.J. McCall, A.E. Orel (2008)
J. Glosik, R. Plasil, et al. Phys. Rev. A, 2009.

H. Kreckel, O. Novotny, et al., Phys. Rev. A (2010).

sl

K. N. Crabtree, N. Indriolo, et al., Astrophys. J. (2011)
J. Varju, M. Hejduk, J. Glosik, et al. Phys. Rev. Lett., 2011.
P. Dohnal, M. Hejduk, J. Glosik, et al. J. Chem. Phys., 2012.
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‘olor online) The present theoretical thermal rate coefficient for

ination of HY i I with the experimental rate

coeffic rom the storage ring experiment of McCall and co-
workers (Refs. 9 and 10).

Doubts 2011

“Presently no rate coefficient measurement
with a confirmed temperature below 300 K exists*.

Petrignani et al. Phys. Rev. A (2011)

. Unfortunately the experiments on storage rings were stopped .... @ o @

3D 60K



State of the art in 2013777

The dissociative recombination of H,* — a saga coming to an end?

‘Yes, the saga 1s coming to an end; but slowly.’

M. Larsson, B.J. McCall, A.E. Orel (2008)

Presently no reliable recombination rate coefficient for H3+ measured with storage rings below

300 K exists. .....

H. Kreckel, O. Novotny, K. N. Crabtree, et al., Phys. Rev. A (2010).
A. Petrignani, S. Altevogt, M. H. Berg, et al., Phys. Rev. A (2011).

The recent observations made towards several diffuse molecular clouds showed large difference between
excitation temperatures T10(H2) and T(H3+), for details see ref. [crall].

These observations lead to conclusion that in reliable chemical models the nuclear spin dependences of the
reactions, including recombination of para- and ortho-H3+, have to be considered.
The dependences on spin, rotational excitation and temperature have to be measured.

K. N. Crabtree, N. Indriolo, H. Kreckel, B. A. Tom, and B. J. McCall, Astrophys. J. (2011) ... and the caravan is on its way

Help! Theory for H;* Recombination Still Needed

.... We still badly need theory ...

Takeshi Oka, DR2013

.... It 1s time to present some recent results from afterglow experiments ... @

SAaFALP
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DR2007 - Dependence on He and H,, pressure at 260 K Afterglow in He/Ar/H, mixture
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Binary + He assisted ternary recombination
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HY +e”—Zo 5 H, +H H+H+H

Qotr =Cere(Ter Tin N, [He], [H,], OPF)
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By solving the set of balance equations we obtain:
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In the low density limit ([He] and [H,]— 0), linear approximation
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Experiments -State of the art 2015



Experiments - State of the art in 2015
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10P Publishing

Plasma Sources Sci. Technol. 24 (2015) 065017 (10pp)

Recombination of H ions with electrons

in He/H2; ambient gas at temperatures from
240 Kto 340 K
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300 K
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Colisional Radiative Recombination -CRR Anti hydrogen formation

CRR Ar+ theory of alpha



Kvantovka na kazdy den

H" +te+e=2H+ €

We consider the simplest TBR in the case of hydrogen
formation, in which two free electrons interact with a
proton. To inve 0dy '
we numerically solve the six-dimensional (6D) time-
dependent Schrodinger equation. which has the following
form (atomic units are used throughout):

2 - 1

i l -
f_{—(-p[l'], r ) = [_ _(An +A) ——

ar
l _ 1)
+——— |D(ry, 19, 1), (1)

r; — 1o

where r; and r; are the position vectors of each electron,
with respect to the proton. We obtain a more tractable

PRL 98, 133201 (2007)

PHYSICAL REVIEW LETTERS

Three-Body Recombination of Atomic Ions with Slow Electrons

(. Hu

Laboratory for Laser Energetics, University of Rochester, 250 East River Road, Rochester, New York 14623, USA

with respect to the proton. We obtain a more tractable
solution by using the close-coupling recipe [12
panding the 6D wave function ®(r, r,|f) in terms ¢
bipolar spherical harmonics }""'LS (Q, Q,). P(r,ry]2) =
Sis Sl 1»;, 5 (ry a0/ 11 ]YE (Q4, Q). for a specific

mmetry (LS). We can also ex )'-'md the Coulomb repul-
sion term 1/|r; —r,| in terms of spherical harmonics.
Substituting these exp: insions into the th\C Schrodinger
Eq. (1) and inte and (), y ields a
set of coupled partial clittelentm] equat 1s with only two
radial variables r; and r, left:

1(_”‘1"}(}‘], rlt) =[T, + T, + V. I¥(r, rlt)

+ Vi, )Wy, mln, - (2)

where the partial-wave index j runs from | to the total
number N of partial waves used for expansion. In Eq. (2).
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Kvantovka na kazdy den H* + e+ e DH + e
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Kvantovka na kazdy den

H*+e+e =22H + e
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Anti hydrogen formation
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H,;" and its interaction of with e"Is
FUNDAMENTAL

If you understand hydrogen,
you understand all

that can be understood.

(V. Weisskopf & G. Herzberg).
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Absorption studies
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Observation of high population of deuterated molecules

The first detection of deuterated molecules were made in the early 1970s....... Observed enhancement of D in molecules

H,D* Stark (1999) 1,0-1;, transition of ortho- emission from young stellar object NGC 1333 IRAS4A.
H,D* Caselli (2003) detected towards L1544.
HD,* Vastel (2004) the first detection
CH,DOH... Parise (2003, 2004) have detected 4 isotopomers of deuterated methanol
NHD,/NH; Roueff (2000)
Loinard (2001) IS 0.005 in the cold cloud L134N and 0.03 in the low-mass protostar 16293 E
D,CO/H,CO Loinard  (2002)
Bacmann  (2003) Is between 0.01 and 0.4 in a low-mass protostars and prestellar cores
NH,D/NH; J. Hatchell (2003) high ratios~4-33% in protostellar cores

) : f (GHz)
ND4/NH,|Lis (2002) |rat|o ~10-3 ;Iold dense Barnard 1cloud 3006 3098 310 310.2
(2002) Class 0 protostar NGC 1333 IRAS4A g " e g ¥

M Observed ratio ~1073 3
_ statisticl ratio ~ (/H)3 @10-14 -)Enancement of 1011 bobotrttMinain MWWJ "
' -?*‘My!.—MMMW);‘
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B
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Cosmic D/H ratio = 1-2x105 =
2: Spectrum of ND, towards the dark cloud B1.
: (Lis et al. 2002 ApJ 571 L55)
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Deuterated molecules that have been detected
in interstellar clouds as of February 2005.

Gas phase reactions,
ion-molecule reactions,

recombination

Grain surface reactions
Physics of condensation and evaporation from grain surface




Calculated life time from Slava

2.65 d8/dE (1/cm )

time (ps)

Slava 30 08 07

—_
(=]
TTT

10

10

| L ITTII]

&

T lY'llY1] T lllllr[ T | D P JE 21 1A

|

1 111131

— E=25meV, T_=600K
- F.L=6meV_T =40K
!
« McCall et al., E =2meV

oo Jensen et al., E =25meV

1

vl

1

10 |
L 10 ]
10* M
“

- ™
= 4l
- 10 L
r ™ ."r
i 10 1 l 1 o 1
- 090 02 1
lll 1 L 1 lll‘ll A 1 llllll L I LAl All ' 1 1 IIL'II&;A

4 3 2 I ()
10 10 10 10 10

Electron energy, E (eV)

Dear Juraj and Chris, I'm sending you the figure with the DR
probabilities for two different symmetries (red and black
curves). The red curve corresponds to the rotational

autoionization region. Fro this figure you can have an idea
about the widths of the resonances. With best wishes, Slava




Recombination rate coefficients
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FIG. 5. (Color online) The present theoretical thermal rate coefficient for
dissociative recombination of H3 is compared with the experimental rate
coefficient deduced from the storage ring experiment of MecCall and co-
workers (Refs. 9 and 10).
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FIG. 3. (Color online) This figure compares the theoretical DR rate coeffi-
cient to the high-resolution storage ring experiment of Kreckel et al'? car-
ried out at TSR. The experimental resolution parameters are AE, and AE |
are 25 peV and 0.5 meV, respectively. The theoretical curve shown has
been calculated with these parameters and rotational temperature T,
=1000 K. The figure also shows the theoretical DE. rate coefficients calcu-
lated separately for ortho- and paraconfigurations of H3 with the same pa-
rameters AE,, AE |, and T,,.




Tunneling dissociative recombination




Recombination of HCO* - state of the art
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Cross sections comparison
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Cross sections comparison
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New “state selective” study with “cold 1on source” observed faster recombination of para Hj"
comparison with ortho Hs* ......

B. J. McCall, et al. Physical Review A (2004) H. Kreckel, et al. Phys. Rev. Lett. 2005,

Before 2007 2008, new improved calculations

ndence derived
Griment....
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Its quantitativ
section, The rec m’< hmmm is understood. »3. direct
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.... Unfortunately the experiments on storage rings were stopped ....® ... ®...

State of the art 2013
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