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Radiative recombination
Art+ e > Ar + hy

Dissoclative recombination
Bf+e=2A+B
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AB* resonant state(s)




AB* resonant state(s)

To get high recombination rate, we need
(a) efficient capture
(b) predissociation faster than auto-ionization



Electron —1on recombination

H* + e =» products
H," + e =>» products
H," + e-=>» products

H:.* + e =>» products



Processes: at low impact energies

Elastic scattering
B+e — B+e

Electronic excitation
B+e — B* +e

Vibrational excitation
B(v’=0)+e —» B(v’) +e

Rotational excitation A|| go via ( B—. .”)**

BIN))+e —— ABN’)+e
Dissociative attachment /
B+e — /A~ +B

— A + B-
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B+e —— +B+e

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

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



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

Electron collisions with H,* - how to describe 7?7?77
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The states involved: exemple for He,*/He, system

R (a.u.)

2004 DR6 Mosbach
|. Schneider, et al., DR2004 Mosbach

Charles University Prague 1/9/2025 4:12:22 PM




potential energy, U(r)
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Electron-cold molecular ion reaction: Dissociative Recombination

Indirect process

Kinetic
Energy
Release

AB* + e = A(n) + B(n") + KER

\InTerference
\ 7

Rydberg state

Direct process

A(n)+B(n’)




Indirect process

Kinetic
Energy
Release

Recombination of Hs* : No ion-neutral crossing

AB* + e = A(n) + B(n") + KER

Interference

Rydberg state

[Direci‘ Srocess

A(n)+B(n’)



H;*+e 2> H+H,; 3H

Single collision
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recomblnatlon Cross section

Multiple collision

recombination rate coefficient



Concept of recombination rate coefficient (plasma binary reactions)

at T

e+ A* = products
dN p/dt= -an,N

o= o)

Collision rate coefficient, Recombination rate coefficient
a=<ou>

Direct and indirect process



Recombination processes in plasma

Binary Recombination

H"+e—>H+hv

0, +e—>0+0

Fe™ +e —» Fe™”




Recombination processes in plasma

Binary Recombination

RR

H"+e—>H+hv

0, ¢ o-oflie

0, +e—>0+0

Fe'" +e — Fe° IR

Ternary electron assisted recombination

. _ A[Ar]
dt dt

Collisional Radiative Recombination CRR

= _Ke[Ar+]ne2 = et [Ar+]ne

Ar - +e+e— Ar+e

Ternary neutral assisted recombination

dn, d[Ar']

e

=—-K,[Ar"In.[He]=— Ar'n
dt dt M[ ]e[ ] aeff[ ]e

Ar"+e+He —> Ar + He




O, +e—>0+0

"

234311-2 Petrignani ef al.

14

_— —
= ]

o

o('S) + O(' D}

o('D) + O('D)|

=
)
=
]
[t
@
[ -
QO
&
—
[
L
[=]
o

o('D) + OFP)
v

1
11, ofpP)+0°P)

—_—

1.5 ' 25
R (Ang)

FIG. 1. Schematic of the diabatic potential curves relevant for the DR of
0,". The dissociation limits connected with each valence capture state are
given on the nght. The labels (a)—(c). and (e) refer to Eqs. (1a)—~(1c) and
(1e), respectively.

Five exothermic channels are available for vibrational
ground state O, ions in zero relative energy collisions with
electrons. They are summarized as follows with the associ-
ated kinetic energy releases:

O, (X*II,.v=0)+e —O(P)+O(°*P)+6.65 eV  (la)
—O(P)+0O('D)+4.99 eV (1b)
—0('D)+0('D)+3.02 eV (l¢)

—o(P)+0(!s)+2.77 ev  (1d)

—O(ID)+0(15)+0.80 V. (le)

6682 J. Chem. Phys., Vol. 114, No. 15, 15 April 2001
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collision energy (eV)

FIG. 2. DR rate coefficient k as a function of electron collision energy from
1 meV to 5 V. Statistical errors are shown at the 1o level The dotted line
shows the threshold £~ behavior. Both the rate coefficient and the enersy
are shown on a logarithmic scale.




Electron - lon Recombination

Electron collisions with H,* _.\‘
= | e'-._f.-’

H,"(1s0) + e(e€)

S
2
>
o
=
o
c
L

H,* [ (2po)?] 1 A
@

o
Internuclear distance (A) I




Resonances Resonances

Autoionizing and pre-dissociating Rydberg states

AB*(v)+e

DR of HD+



Dissoclative recombination Resonances
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Details of DR of HD+



Dissoclative recombination
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Dissociative recombination HD+

Energy (eV)

Internuclear distance [ﬂ}

-3

1 e R i
Relative energy (eV)

Scan of electron ion relative energy E

Electron temperature KTpe,=4meV (30meV for E>0.3eV)
kTp,,=0.1meV

Energy resolution ~4....8 meV (E< 0.08eV)

Absolute accuracy of cross section ca. +- 30%

Details of DR of H2+



Recombination H,*

Electron collisions with H," —e-_

H. Takagi, J. Phys. B, 26, 4815 (1993)
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Recombination only one rotational guanta change the whole spectra

H. Takagi, J. Phys. B, 26, 4815 (1993)
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Recombination calculation and theory H,* .....vibrational excitation

- v } -
Potential energy curves in the (H, ,e) system

COMPUTATIONS vs MEASUREMENTS: H,"/H,

Ngassam et al 2003
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Recombination NO*

Comparison with ASTRID

Schneider et al 2000

NOY(X'E v=0) dissociative recombination
MQDT modelling based on R—matrix molecular data v. experiment

Vejby-Christensen et al 1998
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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
o~ 2x108 and o~ 2 x10°7 cm3s

7
:

Multi-step indirect
dissociative recombination

05 10 15 20 35 30 35 40 (“tunneling mode” recombination)
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Science

Quantum-state-selective electron recombination st
suggest enhanced abundance of primordial HeH*

]  Saurabh’, Arno Becker', Klaus Blaum?,
k', Manfred , Florian Grussie!, Robert von Hahn!, Claude Krantz!,
rer?, Preeti M. Mishra!, Damian Muell’, Felix Nuesslein!, Dmitry A. Orlov!,
ornikov', Aleksandr S. Terekhov?*, Stephen el’, Daniel

The epoch of first star formation in the early universe was dominated by simple atomic and molecular
species consisting mainly of two element ydrogen and helium. Gaining insight into this constitutive era
requires thorough understanding of molecular reactivity under primordial conditions. We used a cryogenic
ion storage ring combined with a merged electron beam to measure state-specific rate coefficients of
dissociative recombination, a process by which electrons destroy molecular ions. We found a dramatic
decrease of the electron recombination rates for the lowest rotational states of HeH*, compared to
previous measurements at room temperature. The reduced destruction of cold HeH* translates into an
enhanced abundance of this primordial molecule at redshifts of first star and galaxy formation.



At HeH" @ 250 keV

Room-temperature
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Fig. 1. Dissociative recombination
in the cryogenic storage ring CSR.
(A) Scheme of the CSR ring
structure with injected and stored
HeH® ion beam (red). d
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Fig. 2. DR for rotationally cold
HeH*. (A) Blue dots: merged-beams
rate coefficient ay, as a function of
the detuning energy E; after
relaxation to >50% J = 0 (this
xperiment, 10 s <t <50 5, mean +

); absolute scaling uncertainty

)% (SEM). Red symbols: room-

nperature data from Ref. (11)
(squares, absolute scaling
uncertainty +10% SEM) and from
ef. (12) (triangles, scaled to Ref. (11)
at 0.03 eV). 1Eh Fragment distance
distribution projected into the
detector plane for Es = O (blue) with
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distribution (red). (C) Projected
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= 0.044 eV (blue) with fit (19) for a
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Fig. 4. Rotational-state selective DR rates for HeH*. (A) Merged-beams
rate coefficients a;,’R{Ed} for J = 2 and average for J = 3 (mainly 3 and 4;
mean + 50). The dashed lines mark the shift of the maximum as Jincreases.
(B) Full lines: single-J plasma rate coefficients ai'R_p]{I;l) for J = 2 and
average for J = 3 (mainly 3 and 4; mean with shaded areas as + SD). Dotted:
fully thermal rate coefficient epg o (T = T]i]. Dashed-dotted: values

appliedin early-universe models (21, 22) and astrochemistry databases (23—
25). See (19) for further discussion, numerical fitting functions and
parameters.
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Dissociative recombination of N,H" ions

with electrons in the temperature range of 0
80-350 K H" +e — neutral products

Cite as: J. Chem. Phys. 152, 024301 (2020); https
Submitted: 18 September 2019 . Accepted: 19 December 2019 . Published Onllne 08 January 2020

Dmytro Shapko, Petr Dohnal ', Miroslava Kassayov4, Abel Kélosi ', Serhiy Rednyk - $tépan Roucka:
Radek pj,z;) ', Lucie D. Augustovidovar Rainer Johnsen "/, Vladimir Spirko , and Juraj Glosik

Recombination of NoH™ ions with electrons was studied using a stationary afterglow with
cavity ring-down spectrometer. We probed in situ the time evolutions of number densities
of different rotational and vibrational states of recombining NoH™ ions and determined the
thermal recombination rate coefficients for NoH™ in the temperature range of 80 — 350 K.
The newly calculated vibrational transition moments of NoH™ are used to explain the dif-
ferent values of recombination rate coefficients obtained in some of the previous studies.
No statistically significant dependence of the measured recombination rate coefficient on

the buffer gas number density was observed.

I. INTRODUCTION

N>H™, an important interstellar ion, has been observed in different interstellar environments
such as dark and translucent clouds!?, protostellar cores?, protoplanetary disks* and is considered
to play a role in the atmospheric chemistry of Titan®>. NoH™ serves as an important tracer for Ny
in dark clouds. therefore detailed information on production and destruction processes of NoH™
could help with the prediction of N, abundance in this environment. N,H™ in the interstellar

medium is mainly produced in proton transfer from Hi to N, and its main destruction mechanisms

are proton transfer to CO and dissociative recombination with electrons®.

astro



_ O
NoH" + e~ == neutral products

II. EXPERIMENT

The recombination rate coefficients’? are measured in a stationary afterglow (SA) in conjunc-

tion with cavity ring-down spectroscopy (CRDS) to monitor the decay of the densities of different
rotational and vibrational states of NoH™ 1ons. The plasma is generated in a pulsed microwave
discharge in a fused silica tube (inner diameter ~ 1.3 cm). The microwave generator is equipped
with an external fast high-voltage switch to cut off the power to the magnetron within a fall time of
less than 30 us. A low microwave power in the range of 10— 25 W, with = 40% duty cycle, is used
to avoid excessive heating of the gas during the discharge. The discharge tube temperature (

is measured by a thermocouple outside of the discharge and can be varied between 80 :

0

100

200 300 400
t{us)

o
500

astro
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All the displayed data were obtained in helium buffer gas. Insert: An example of the Boltzmann plots used

for determination of the rotational temperature obtained at T =200 K and T =78 K.

T=sm110k  ——NH©10) 4
——N,H(0,0,0) FIG. 3. An example of measured time evolutions of number densities of NoH™ ions in the ground and
—Sum

the first excited vibrational state. The lower panel shows the relative fractions of the vibrational states and

the dashed lines denote the corresponding fraction in thermal equilibrium at temperature of 321 K. The

a Ik\,\ﬂﬂ, * /!l 17 particular vibrational states number densities were calculated from the measured number densities of the J
10°¢ I |
| . . - - . . -
1.0~ | ) 'l | i ﬂ |‘ ‘qu JLAN ,k( A = 6 rotational state of the ground vibrational state and of J = 9 state of the (01 10) vibrational state under the
. T T
c =TT TRV M T T T T T T T T assumption of the same rotational temperature in both vibrational states.
o 08; ]
= + L
S o02] ' 1
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0.0 M"‘u |||
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FIG. 4. Dependence of the measured vibrational temperature 7, ;, on kinetic temperature Ty, of the NoH*

ions measured in the discharge. The kinetic temperature was obtained from the Doppler broadening of the

P(6) line of the (200) + (000) vibrational band of NoH™*. It was assumed that the rotational temperature of

(000) and (010) states is equal to Ti;,. The vibrational temperature was then evaluated from the P(6) line

of the (200) < (000) vibrational band and from the R(‘~)}r line of the (210) < (010) vibrational band of the

N>H™ ion. The full line denotes equality of Tyjp = Ty and the dashed line indicates Tyjp = Tyin + 30 K. The

displayed errors are statistical errors of the fits.



200 300 400
T (K)

300 Pa, 140 K —sexperiment

FIG. 9. Time evolution of the measured overall number density of NoH

FIG. 8. The temperature dependence of the measured recombination rate coefficients of NoH™ (full
circles, the value of oy, at 350 K was obtained in H, buffer gas, for the rest of the data points, he-
lium buffer gas was used) compared to values obtained in previous experiments. Rhomboids: FALP'!,
squares: FALP!3, stars: FALP!, triangles: stationary afterglow with absorption spcctroscop}-'”. full
line: ion storage ring®, double-dot-dashed line: mereed beams® and to recent theoretical calculations
by Fonseca dos Santos”' (dot-dashed line, the rate coefficient was calculated from the cross sections

for the direct and indirect recombination process in ref.2!). The dashed line denotes fit to the data:

o, = (2.81£0.04) x 1077(7/300)~ 08120100 ¢3s=T for T > 240 K and o, = (3.29 £0.04) x

I(}_?(T_HUO]_'fo'%:o‘oz:' em’s~! otherwise. The dotted lines show 15% deviation from the fitted value
(estimated systematic error of the measurement reflects mainly the uncertainty in the effective discharge

column length and in the calculated vibrational transition moments).

ions (full line) compared to

the results obtained from the model of chemical kinetics. The data were obtained at T = 140 K, [He] =

1.5 x 1017 em=3, [Ar] = 2.5 x 10" cm—3, [Hy] x 10 cm~—2 and [N;] =4 x 1013 cm— (same as in

t (us) Figure 1) and [NH3] =5 x 10" em=3. [He™](r = 0) = 1/3 ne(t =0).




Ternary recombination
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Ternary electron assisted recombination

dn, d[Ar"] i1 2 .
Art +e+e— Ar+e g aq - GlArn = e [ArTn,

Collisional Radiative Recombination CRR

Ternary neutral assisted recombination

dne = d[Ar ] I—KM [Ar+]ne[He] :_aeff [Ar+]ne

dt
Ar +e+ He — Ar + He dt
Aot = KM[H?]

Charles University Prague 1/9/2025 4:12:22 P




Art+e +e H +e +e

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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= = Theory - collisional term
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electron process

Internuclear separation

Figure 4.3: Sketch of tunneling mode dissociative recombination.



Tiunneling disseciative recombination

fumneling
electron process

BNergy Ee /

Internuclear separation

Figure 4.3: Sketch of tunneling mode dissociative recombination.
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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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Three atomic 1ons
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H+H+H

1 FIG. 4. The figure demonstrates how the Jahn-Teller effect pro-

! 2 50/ duces a high rate of dissociative recombination. One 2p o potential
0 surface and two 2p 7 potential surfaces [47] of the neutral molecule
——H 9 (V:0)+H(1 S) are shown. The conical intersection is produced by Jahn-Teller cou-
pling. When an electron arrives, it scatters first into a low-lying
vibrationally excited Rydberg state {01'}. Then, after the nuclei
vibrate, the system finds its way with high probability into a 2pm
state having high vibrational excitation, near the point of conical
intersection. The contour plot at the bottom of the figure represents

EleCTr‘on CapTur‘e via the lowest 2pr; surface. All three potential surfaces are shown in

ahn—Te“er‘ Couph ng of the reduced 2D space of dimensionless normal coordinates. The
mmetric deformation . A . coordinates used here are the normal asymmetric Q,, O, coordi-
leCT ronic and ro-vi braTlonal nate, with p and ¢ their polar components [17,18]. The third vibra-

mo-‘-lon tional coordinate—the symmetric stretch coordinate Q;—is kept
constant for this graph.
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1.5 2 2.5 ) 3
Hyperradius (a.u.)

FIG. 1. The problem of DR of H;" in the hyperspherical adia-
batic approximation. The lowest hyperspherical adiabatic potential
(thick full line) of the H; ™ and number of hyperspherical adiabatic
potentials of the neutral molecule (thin lines). Lower family of lines
(darker lines) dissociate to the H,+H channel: the upper family
(lighter lines) dissociate to the H+H+H channel. To calculate hy-
perspherical adiabatic curves we used the three-dimensional H3+
potential from Ref. [48] and the H; potential from Refs. [35-37].
Since the density of hyperspherical states is high, only every tenth
H; potential curve is shown in the figure. The dashed line shows the
position of the ground vibrational level of the ion, which is the only
one populated in the relevant experiments.

FIG. 4. The figure demonstrates how the Jahn-Teller effect pro-
duces a high rate of dissociative recombination. One 2p o potential
surface and two 2p 7 potential surfaces [47] of the neutral molecule
are shown. The conical intersection is produced by Jahn-Teller cou-
pling. When an electron arrives, it scatters first into a low-lying
vibrationally excited Rydberg state {01'}. Then, after the nuclei
vibrate, the system finds its way with high probability into a 2p 7
state having high vibrational excitation, near the point of conical
intersection. The contour plot at the bottom of the figure represents
the lowest 2par; surface. All three potential surfaces are shown in
the reduced 2D space of dimensionless normal coordinates. The
coordinates used here are the normal asymmetric Q,. Q, coordi-
nate. with p and ¢ their polar components [17,18]. The third vibra-
tional coordinate—the symmetric stretch coordinate Q;—is kept
constant for this graph.
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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 1)

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

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

~ N O with observation
]

~OK with observation

History of experiments



... One remaining
problem is to understand

the plasma afterglow
experiments.

... history 1s repeating itself ....

H; +e = H+H,3H
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1970 1975 1980 1985 1990 1995 : .... many times it was concluded,

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) JERATh ' m

-

and ... history repeated itself .
M. Larsson et al, CP Letters (2008) ce and the caravan Is on Its Way
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Pulsed (stationary) afterglow

Discharge pulse

microwave, UV, x-ray, e-beam

Plasma chamber

He: ~ 1 -20 Torr

Ar:  10to 30 %
+ molecules

Measure n(t)




We measure effective — apparent binary recombination rate coefficient

Quasineutral H;* dominated plasma

p = 6.2 Torr
[H] = 4x10™ cm”
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processes at high densities at low T



We measure effective — apparent binary recombination rate coefficient

Quasineutral H;* dominated plasma
P.= 6,2 Torr
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o
e
(&)

—

A

(@»)
=,
—
o
T
=
—

100.00p 200.00p
t [s]

processes at high densities at low T



Decay in diffusion and recombination governed plasma

time [ms]




Decay in diffusion and recombination governed plasma




I ' Experiment: ' ' ' .
10" P = 3300 Pa, T = 300 K ]
[H,] = 2x10" cm”, [Ar] = 6.7x10™ cm™ ]
—H, - = fit diffusion
10
107 F
m/'\
'E ol Model:
S 10"k o, =2x10" cm’s™, a  =2x10° cm’s” 3
C [ -
8
10 ¢
,
10

0 200 400 600 800
t (us)

Srovnani modelu a experimentu. Pocatecni podminka: [H;*] = n, = 2x10%* cm=.



fractions

'Experiment: ' ' '

R P = 3300 Pa, T = 300 K dn
10" H]= 2><10f16 cm”, [Ar] = 6.7x10" cm”® € = —[Olll’]1 (t) + a,N, (t)]ne
H, = = fit - - diffusion dt
-~
10" F e =W = oy (1) = [ T, (1) + a, £, (V)]
N e TASYAN
i P TTo o TEeee I+ =1
o r i\ WYV\' o NV 1 2
107 F - VIANWYTY YA A
AT ' i
108? \‘\"'~._ -

Model: i~ ]

Model + data. Pocatecni podminka: n, = He™ = [H,].
Poznamka. Namerene t difuznich ztrat 1.6 ms. Teoreticke T pri danem tlaku je 1.8 ms (odpovida cca 4x101°
cm-3 koncentraci necistot (pri 2x10-° cm3st rychlosti reakce H;* s necistotami). Namerena koncentrace vody
[H,0] =5x10'° cm3 ([He] = 8x107 cm3).



If there are 2 or more ion species, the fast recombining
species disappears first

dn,

dt = —[a,n (1) + a,n, (t)In,

= Qg (1) =[e 1,(1) + o, T, (1)]
T




Formation of H;* in He/Ar/H, mixture

TIPS 99/1/<0.01%

Ar

Ar H,

H
A\ ArH*, H,* 2 H3+

+e(300K)
hv

HeH*

+He+He

FORMATION:
lon molecule reactions during the early afterglow




He/Ar/H,
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Formation of: H;™ In He/Ar/H,

= . He He,* (1017/1014/1011-14)
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Changes due to the ion molecule reactions during the early afterglow
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Recombination
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Recombination

260
time (minutes)

A\\ \'\,G

--- A1 stage\\ %
——B2"stage "
C Resonator .\,

---- G Heat shield

time (minutes)

- - - A 1™ stage
——B 2" stage
C Resonator
---- G Heating shield
SREEEE H Discharge tube holder

time (minutes)




Recombination

T.=96K, T,=104K, T, =(99+3)K
o T =21KT,=265K T, =(@B1t2)K
P, =10W,D =15%
p:P,, =25W,D=27%
v:P,,=10W, D =50%

absorption (a.u.)

T.=96K, T, =104K, T, =(108+7)K
T.=21K, T, =265K, T, =(32£3)K
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Examples of H,* absorption line profiles The dependence of the kinetic temperature (T,;,) of H;* ions
: on the temperature T,, (temperature of the discharge tube
holder.
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[A"]=[4"], exp(~Dt/ N*) =[ A" ], exp(~Dpt | pA>) =[ A" ], exp(~D, p,L / vp/)
~[A"], exp(=D, p, L/ vpA*) ~[A*], exp(—const.L/ Q)

v

He - * DETEKTOR

[A"]~[A4"], exp(—const.L/ Q)




FLOWING AFTERCEOW

A® + B—— products,
d[A"]/dt =—k[B][A"], at[A"] << [B]

(A7) =41, exp(-KIBY) =[4" Ty exp(kLBIL, /) |
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The CRESU technique at Rennes

Carrier gas (He, Ar or N,) + reactants

Kinetics of Reaction in Supersonic Uniform Flows (CRESU)

- 1 02
c,To=c,T+"%u

Laval nozzle

_ T=cte

Vacuum chamber

Throat diameter

Supersonic uniform flow
3mm-5cm

T=15-220K




Kinetics of anion-molecule reactions at low temperature

Electron gun
(200 pA, 125 kV)
moveable reservoir :

moveable quadrupole mass
filter

Laval | 109 e/cm?3
nozzl

e
——

v
Pen

He —BrCN He —HC;N
mixture mixture

CN-+ HC;N ( L. Biennier, S. Carles, J-C
Guillemin et al_ lcarus, 227, 123, 2014)

CsMN-+ HC5N (in progress)

Collaboration with C. Alcaraz and co-
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Outlook: Electron-beam collision studies

Electron capture and dissociation
Dissociative recombination

ABC* - Fragment detectors

Fast (stored) C
molecular ion beam

-

Ecoll =7 me (ve - Vi)z

can be scanned from ~ 1 meV ... 50 eV




EXxperiments

SA and FA - multi collisions {a(T)}
- single collisions {o(v)}
- TSR, Cryring, Astrid - single collisions {o(v,)}

Dipole—
\ /\_ magnet

Ion beam

MC p/

detector! Neutral fragments
i

i i
i .
- — 1
5 =37 ilj_:||1]1114|—| i " :
' i Toroid —
=7210mm sections

G ——)
INTERACTION




____ 4 Merged Beam Kinematics

‘~ meV resolution for zero relative kinetic energy!



TSR electron target

TSR electron target

Electron source
Cryogenic (77 K)
photocathode
or
thermal emission
(1300 K)

Cathode magnetic
fleldupto4T
(magnetic expansion
up to 100)8
Adiabatic '
acceleration

Electron temperature lower limits:
longitudinal ~0.1 K(0.01 meV)
transverse ~1 K (0.1 meV)

Stored ion beam

94
Charles University Prague 1/9/2025 4:12:24 PM




Reality - TSR (MPIK Heidelberg)

Injection of INTERNALY COLD H,* IONS(12-50K) with kinetic energy 1-2 MeV

s 1inll e ——1
Q

~

Detection INTERACTION at meV collision energies

of neutrals




PLASMA PHYSICS I/7

Electron—cooler / .
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TSR Heidelberg, 1on injection and ion source

lon storage rings
TSR, Heidelberg H, HD", D,

H.*, H,D", D,H*, D?,

He,",

Mass limit LiH.-. .

RFQ: g/A <9 *

Post Accelerator High current injector
~4omy Linac

Bp=1.51m
Pressure - 3:-10"" mbar




State diagnostics
State diagnostics methods at the TSR

1.5...7 MeV
H,* H,D* D,H* D,*

3D imaging detectors

Target foil
M

i - 0&:;‘,{ \ g
] Electron cooler {1)') vy i e e
sl 2 . T Coulomb explosion imaging (CEI)

etect < . - :
. Stripping time

~0.1fs

| =] | (3o |

e ' e €¢—

d / Recombination measurements .
. Mcp / At

target fail
<10 nm

3D deteclor

|
)

Charles University Prague 1/9/2025 4:12:24 PM
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The CSR — overview

circumference

beam energy: 20 keV x q ...
300 keV x q

Electrostatic ion optics Fully cryogenic . temperature: ' 300K

(mass independent) (10 K) beam line L e
Ies. gas press

(@ <10 K): 10-% mbar
(~100 cm™)
Full set of

diagnostic tools

Beam profile monitors (3x)

L\ Current pickup
8\ Electron cooler [ Schottky pickup
ESt  phase space cooling |

up to 160 v/e d Position pickups (6x)

m/q range: 1..160 u/e
(@ 300 kV)

R. v. Hahn
M. Grieser

: ; multi-hit imaging
inner cryogenic
vacuum chambers

product analyser

electron

. i e

Cryogenic Eoen St
Storage

. neutral
beam
extraction
section

transfer bea C ( at
< ‘. eamlin N 2 Cryost:
) n source r > S
rom 1on sourc . chambers

platforms) "

PHILOSOPHICAL | | = g
oS A Astrochemical studies at the Tk |
CWDQEH \C StO rag e R\ ng photodetachment laser (neutral atom beam creation)

H. Kreckel, 0. Novotny and A. Wolf Figure 1. Overview of the (SR. The experimental set-ups relevant for astrochemical studies are labelled in the insets. Theimage
includes the new low-energy electron cooler as well as the photodetachment section for the neutral beam creation in the
injection beamline, the neutral beam extraction and some of the corresponding detector units.

royalsocietypublishing.org/journal/rsta

Max Planck Institut fiir Kernphysik, 69117 Heidelbera, Germany
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circumference
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