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

The negative molecular 1on C.H™ has been detected 1n the radio band in the laboratory and has been 1dentified
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™ 1s 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 1s 1%—5% that of neutral C;H. 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 1 interstellar molecular clouds.

Note added in proof—A third member in the series, C,H ., has now been detected in the laboratory at centimeter and millimeter
wavelengths. A full account of this work will be presented elsewhere.




Interstellar Molecules
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Negative 1ons

Interaction of electrons with atoms and molecules



Existence of negative ions

It is in case of H- second electron in the field of proton and first
electron

Total potential energy of electron of the charge -e

U (rl)totaI: —(1-B)(1 _a)ezlrl




Calculation of H- potential

The calculation of the potential energy of an electron in the field
of a hydrogen atom may be carried out to a first approximation as
follows. If we neglect polarization effects (which are actually
decisive in determining the stability of H~) the probability of
finding the atomic electron at a distance between r and r + dr
from the nucleus is 4772 * dr, where = (mad)~'/? exp(—r/a,) is the
wave function of the ground state of hydrogen. The potential
energy due to the atomic electron at a point distant 7, from the
nucleus is

2 r w 12 .2
4me J' 1 Y2ridr + 4mer f Hb r dr,
0 r

" r

the first term arising from the charge within 7, the second from that
without. Carrying out the elementary integrations involved gives

I 1 I
e | — —exp(—27,/ag) | — + — |}
7 r, 4,

Adding the potential energy —e?/r, due to the nucleus we find for
the total potential energy
|

—e exp(—2r./ag) (i = i)-

) Qg




Electron Affinity : Attraction of e to neutral atom kJ/mol
96kJ/mol~1leV
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Attachment (to molecule) and detachment

Fig. 11. Born-Oppenheimer
potential energy curves illustrat-
ing electron affinity (EA4) and
Distance R -X vertical detachment energy
(VDE).
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Figure 6-9-1. Approximate potential energy curves for O, and O;. Nuclear separation

Fig. 9.1. Potential-energy curves illustrating three possible ways in which
negative ions may be formed from a molecule XY by electron capture.




Vibrational predissociation

Figure 1.10 illustrates vibrational predissociation. The coordinates @ and Q, rep-
resent different molecular motions in a polyatomic molecule. The anion M~ formed
on electron attachment has sufficient energy to dissociate but the energy is initially
in vibrational modes that do not correspond to the reaction coordinate Q.

Fig. 1.10. Schematic potential
energy curves illustrating disso-
ciative electron attachment via
vibrational predissociation. @,
and @, represent different
motions in a polyatomic ion.
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H roen molecule
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Eig. 9.23. Potential-energy curves of H3 responsible for dissociative attachment
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The discovery of large concentrations of H- 1ons (30%) in low-temperature hydrogen plasmas [1] has provided the
possibility of producing intense beams of H- ion sources for neutral beam heating [2, 3] of thermonuclear fusion
devices [4, 5]. Modelling of such plasmas requires a detailed knowledge of the mechanism of dissociative electron
attachment (DEA) of electrons to molecular hydrogen. Schematically the process may be written as a two-step
process:

e-+H,(v/)>H,,>H +H

where vand /denote the vibrational and rotational quantum numbers of the target hydrogen molecule. The incident
electron is trapped by the neutral molecule in a resonant state, this trapping increasing the electron residence time
sufficiently to allow the relatively slow moving nuclei to dissociate. In the present case the H,” (17, 10,2+ 2% )
resonance formed at a range of electron energies of around 4 eV is characterized by a very short lifetime against
autodetachment when formed from the V= 0 level. Hence the cross section for product H- is low.



Hydrogen molecule EA calculated by J. Horacek
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Fro. 11.31. C i for innal and vibrational itation of nitrogen.

Q) ie the cross-section for the rotarionsl excitation S — 4 —J = 6. E,Q.is

the sum of tho cross-sections for vibrationu! excitation consistent with the
swarm data.

Transmitted current {arbitrary units)

20 30 3-8
Electron energy (eV)

Fie. 10.32. Fine structure observed by
Clolden and Nakano in the transmission of
electrons through N, The points are
obtained from a number of plots of the
transmitted current. Because of electron
optical effects no significance attaches to
the relative magnitudes of peaks and
troughs,

POTENTIAL ENERGY ({electron volis)

of a theory such as that outlined above. Haas suggested that we
must regard the collisions as taking place in two stages—the incident
electron is first captured to form a negative ion N, that is energetically

unstable but has a Jifetime greater than a vibrational period. It eventu-
ally breaks up, becoming a neutral molecule that may be in an excited
vibrational state—in other words, the process is regarded as a resonance
one of the same type as that found in elastic scattering of electrons by
helium and other atoms and molecules (see Chap. 9).
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Fraurr 1. Potentinl cnergy curves for Ny and Np*.*
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Shimamura (1984).]
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Cross section of electron attachment — idea of experiment
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Fig. 1. Absolute electron attachment cross section vs. electron energy for the reaction CCLF, + e — Cl™. The present data (full line with full
squares) were derived by using the calibration method outlined in the text [Eqs. (4) and (5)] involving mtegration of the measured anion signal.
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Electron Attachment Spectroscopy (
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EA Sk, temperature dependence
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Figure 6-8-9. (¢) Schematic potential energy curves for SFg and SFg. (b) Electron
attachment to form SF; from SF versus electron energy, for various gas temperatures.
[From Chen and Chantry (1979).]




Attachment NO to-particular channel

— Dissociative electron attachment to NO close to
threshold may in principle proceed via the following
channels:

]0: ’/NO‘_(IIJ ¢ )
_ Pt NO +e — O (°P) +N(*s). (1a)
% 8 NO" T S . ﬂ
o 6: 0+ NC'S) \ j‘ NO +e — O_(_P) —I—I\'*(‘D)_ (1b)
g 1 B ]
‘] : NO+e — O (CP) +N*(°P). (1c)
] 2/ N | The threshold energies of 5.074, 7.457 and 8.650 eV,
0] M e 1 respectively, can be'derived using/the bond dissocia-
R(N-O) tion energy D(N—O)\=6.535 eX [10]. the electron

affinity EA(O) = 1.461\ eV [1i] and the excitation
energies E(N *("D)) =2\383/eV and E(*N('P)) =

Fig. 5. Schematic potential energy curves for the ground states of
NO and NO~ and two exited states of NO * 7 after Ref. [8]. Also
shown is the relative DA cross-section curve for the reaction
NO+e — 0~ (P)+N*(*D) obtained by applying the reflection

principle. 4000 P11/ T T T T
3500 — | ~ - -
] L criccl, O/NO |
Faraday cup —— E 3000 ': 100 meV 120 meV _’
neutral beam = ion beam % 2500 -
. — 5
filament 'E 2000 "_ X _'
- lens oplic SE. - B
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Fig. 4. Formation of O~ from NO by electron impact. The
C17 /CCl, cross-section curve is used to calibrate the electron
energy scale and to determine the electron energy resolution (120
meV). The arrow points to the presently determined threshold
energy of the reaction NO+e — O~ CP)+N*(CP).

Fig. 1. Schematic diagram of the apparatus. Electrons are emitted
from a hot filament, formed into a beam, pass the hemispherical
energy selector at a constant energy of ~ 2 eV and are focused
and brought to the final collision energy before they interact with
the neutral beam and are collected at a Faraday cup.
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Energy levels In clusters
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Negative ions, formation of negative clusters
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Also shown i1s a close-up of the monochromator in a three

dimensional view.
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Rydberg atom attachment apparatus
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Figure 6-6-2. Dunning’s Rydberg atom attachment apparatus. [From Dunning (1987).]

X* are produced by laser excitation

X*"+AB = < + AB-

X*and AB- are detected by the pair of opposing detectors. Time-of-flight technique can be used to determine the mass
of the negative ions The density of Rydberg atoms in the interaction region can be determined by applying sufficiently

strong electric field to ionize the atoms and then counting the ions thus formed.



Electron attachment from laser excited Rydberg atoms - Hotop

X" are produced by laser excitation

X"+AB = X"+ AB
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Figure 6-6-6. Results from Hotop's experiments on electron attachment from laser-
excited Rydberg atoms and photodetached threshold electrons. [From Klar et al. (1991).]




Of negatlve 10NS Atomic Collisions — Heavy particle projectiles (1993)

E.W.McDaniel, J.B.A.Mitchell, M.E.Rudd,

6-10. DETACHMENT PROCESSES Threshol Studies

A, Photodetachment of Negative Ions

The detachment of electrons from negative ions by photon impact has been the
subject of intensive investigation since the pioneering work of Branscomb and
collaborators in the 1950s and 1960s (Branscomb, 1962). Recent reviews of
progress in this area have been given by Miller (1981), Drzaic et al. (1984), Mead
et al. (1984), and Ervin and Lineberger (1991}. By measuring the location of
photodetachment thresholds, it is possible to obtain extremely accurate values
of electron affinities for atomic and some molecular negative ions, as discussed
in Section 6-2. The high photon flux available from laser light sources has led to
improvements in accuracy of many orders of magnitude for such measurements.

A typical apparatus used for photodetachment studies is that shown in Fig.
6-10-1. Negative ions are produced in a hot-cathode arc discharge or cold-

Negative lon
Source
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Electrostatic Laser Beam
Quadrupole Dump

18
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PHOTODETACHMENT CROSS SECTION (arb, Units)
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Diffuser

Dye Cell —————— Photodicde

Sample
and
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Grating [I Computer I 2P,z
Stepping Motor

ACPy, - 2P,

Beam Expander

Figure 6-10-1. Apparatus used by Lineberger and Woodward (1970) for studying
photodetachment with a tunable dye laser as a light source. -EA #P32

(&)

Figure 6-10-3. (g) Photodetachment cross sections for Se ™, measured with a tunable dye
laser as a light source, by Lineberger and Woodward (1970) and by Hotop et al. (1373),
respectively. (Not all measured data points are shown. (b) Energy levels of Se and Se~.




Photodetachment
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Fig. 11.15. Photodetachment cross-sections for O~. @, O, observed by Brans- 8500 8000 7500 7000 6500

comb ef al. (1965), (1) derived from analysis of arc emission spectra by Boldt Wavelength
(1959) (see Chapter 8, p. 253), (2) calculated by Cooper and Martin (1962), (3)

caleulated by Robinson and Geltman (1967). Figure 6-10-6. Photodetachment cross sections for O~. [From Lee and Smith (1979).]

Electron affinity of O is 1.46eV
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Photodetachment
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Figure 6-10-8. Compatison of calculated photodetachment ¢ section for H™ (Broad
and Reinhardt, 1976) with experimental results measured using the LAMPF accelerator.
[From Gram et al. (1978).]
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Figure 6-10-7. Theoretical photodetachment cross sections for H-. [From Broad and
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Fig. 11.8 shows a typical arrangement used in the study of
photodetachment from NO~ and O3 which is very similar to that
used for He™.
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Fig. 11.8. Arltangement of the apparatus used for measurement of the angular
a_nd energy ch_strlbution of electrons resulting from photodetachment by laser
light. From Siegel et al. (3972). Dy, D,, D,, vertical and horizontal deflectors;

{..m Ly, L, einzel lenses; Q, Qz, O3, Ou, twelve-element symmetrical quadrupole
enses.
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Fig. 11.32. Energy spectrum of the photoelectrons arising through photode-
tachment from O3 by argon ion laser light, as observed by Celotta et al. (1972).



Hanspeter Helm - Photoelectron spectrometer - Experimental setup

Photoelectron
Spectrometer

Acceleration = Beam
~, + Einzel Lens 1 = Monitoring
(7. )
. Beam

s all T Deflection
<

Wien-Filter

Differenthal
Apertures

Focused Laser
S + Ion Beam
Quadrupole

Schematical view of the fast negative ion beam imaging spectrometer. A fast beam of negative hydrogen ions is formed in a hollow cathode
discharge ion source, and shaped by an einzel lens 1. The einzel lens 1 collimates the 3 keV beam for optimal passage through the Wien-
Filter. The settings of the Wien-Filter also prohibit the passage of electrons co-propagating in the beam into subsequent vacuum chambers.
The einzel lenses 2 and 3 serve as an electrostatic telescope to control the collimation and convergence properties of the beam in the
interaction chamber. and arrives at the center of the photoelectron spectrometer with a beam
waist of 400 m. The 90 degree beam bend in the quadrupole deflector removes neutral hydrogen atoms from the beam. These are
produced by collisional detachment with residual gas atoms in the first two vacuum sections where a higher residual pressure prevails. The
three vacuum sections are differentially pumped to maintain a residual pressure of 5 10-1° mbar in the third section during operation. Intense
laser pulses of an energy of 56 J, a pulse length of 250 fs and a wavelength of 2.15  m cross the ion beam under 90 degrees and
interact with atomic particles at a repetition rate of 1 kHz. We use a standard Ti:Sapphire laser system with a regenerative amplifier and an
optical parametric amplifier (OPA). The outgoing pulses are linearly polarized along the ion beam propagation axis and focused at the
center of the ion beam. The heart of our setup is an imaging spectrometer that was first introduced by Helm et al, see following box.



Hanspeter Helm Photoelectron spectrometer

The principle of our Photoelectron
spectrometer is shown on the right.
Electrons produced in the interaction
volume by laser irradiation of atoms,
ejected in a solid angle of 4 = are mapped
onto a 2D position sensitive detector. The
projection is achieved by homogeneous or
weakly inhomogeneous electrical fields of
80 V/cm? in the inner spectrometer region.
The detector consists of a Chevron stack of
2 inch diameter high-quality Multi-Channel
Plates (MCPs) and a phosphor screen
coated by a transparent, conducting gold
layer. The amplified signal of an electron
Impact is drawn onto the phosphor screen
by a potential of 2 keV to enhance in
phosphorescence yield. This finite-sized
light spots are accumulated and integrated
by a 12 bit charge-coupled-device (CCD)
camera and the data are taken by a frame
grabber. The total electron yield is 107-108
spatially resolved electrons per hour
acquisition time. Conventional
photoelectron spectroscopy usually requires
higher repetition laser systems in order to
achieve similar statistics.




Hanspeter Helm 3D

Projection of a continuous 3D electronic wavefunction in momentum space onto a 2D imaging
detector. It consists of a mixture of different partial waves and discrete energies. Their energetic
spacing corresponds to the photon energy of the laser (EPD Excess Photon Detachment). The
modulus of the 3D wavefunction can be reconstructed using numerical inversion routines, since
dipole transitions possess an intrinsic cylindrical symmetry.



22 pole trap

Lasaror W

THE JOURNAL OF CHEMICAL PHYSICS 130, 061105 (2009)
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Absolute photodetachment cross section measurements of the O~
and OH- anion

P. Hiavenka, R. Otto, S. Trippel, J. Mikosch,® M. Weidemoller,® and R. Westar™!
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Absolute total stachment cross sections of O- and OH- anions stored in a multipole radio
frequency tr n measured using a novel laser depletion t raphy method. For OH™ the 20 50
total cross sections of 8501 ol 3 and 8. 101 )gn(7 g = 1078 . measured at 662 and 632 Storage time [s]
respectively, were found constant in the temperature range of §-300 K. The O~ cross sections o . i .
5.9 Ul 2 gy andl 6.3 2 107" cm? measured at 170 K at 662 and 532 nm, respectively, F]G. 2. Measured OH™ ion sxgnu! as a function of storage time
agres within emor estimations with preceding experiments and increase the accuracy of the widely in the trap. The upper set of points shows the signal in the
used calibration s for relative photodetachment meas : of diverse atomic and absence of the photodetachment laser. The lower points show
molecular species. 'y o af | " - 101063 e that, when the laser is switched on at 10 s, a fast additional loss
channel due to photodetachment appears. The decay rates are
obtained from exponential fits (solid lines).

o

FIG. 1. (Color) Histogram of the measured photodetachment rate for O~ as
a function of the transverse position of the laser light in the ion trap. The
graph reflects the ion density distribution in the 22-pole trap, as the ion
column density is proportional to the detachment rate. The insets show two
examples for individual loss rate measurements.

Branscomb et al,
+ Leeetal
- - - Zatsarinny st al
& this work

,
25
photon energy [eV]

FIG. 2. (Color online) Measured cross section of O~ as a function of the
photon energy. Our data (large full circles) is compared with the relative|
measurements of Refs. 13 and 25 (squares and small triangles), which were
calibrated to hydrogen anion measurements. The dashed line shows the ab
initio calculation of Ref. 15.

FIG. 1 (color online). Schematic view of the 22-pole ion trap
with the rf electrodes for radial and the cylindrical dc end-cap
electrodes for axial confinement. The position of the photo-
detachment laser 1s scanned along the vertical axis.
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Fig. 3 Photodetachment cross section of OH ™ at a trap temperature of 50 K for
varying photon energy. The steps in the cross section are due to the opening of
loss channels corresponding to the J = 2, 1 and 0 rotational states of the anion.
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d+n —aH+ Y 102 wd ot In a diffuse cosmic gas of primordial composition,
' : = molecular hydrogen (H2) forms via a sequence of reactions
H3+p—’He4+*{ ydrogen (H2) q

s H+e=2H +y

d+p—bH83+"{ g

He® + n —0H94+‘;’

g - nd 3
w 10 H
-ﬂ i neutrons - 9 =
i oo H + H>H, + e
10
" I
w2 e = H2 molecules so formed induce the initial cooling and
10

3X1W0 1X10 3 x ¥ 8

temperature (hotvingd collapse of primordial clouds.




History of the Universe
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® oo - Hydrogen Chemistry
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A 50 - K The formation of H,™ and H, in the recombination era

was first suggested by Saslaw and Zipoy (1967).

Radiative Attachment Radiative Association

H+e——H +y H+ H* Hy* +y

H+H——{H,+ e H+ H,*—[Hy+ H*

Associative Detachment Charge Transfer

rate coefficient (10-9 cm3s-1)

temperature (K)

Gerlich, D; Jusko, P; Roucka, S; Zymak, I; Plasil, R; Glosik, J o
lon Trap Studies of H- + H — H2 + e— Between 10 and 135 K, Astrophys. J., 794 (1): , 2012. Doc. M. Cizek




Experimental Results for H2 www.sciencemag.org SCIENCE VOL 329 2 JULY 2010
Formation from H_ and H and During the epoch of first star formation, molecular hydrogen (H,) generated via associative detachment

(AD) of H™ and H is believed to have been the main coolant of primordial gas for temperatures below
10* kelvin. The uncertainty in the cross section for this reaction has limited our understanding of

Im p I I c atl 0 “ s fo r FI rst sta r Fo rm atl 0 n protogalax;f formation during this epoch and of the characteristic masses and cooling times for the first

stars. We report precise energy-resolved measurements of the AD reaction, made with the use of a

H. Kreckel,l*T H. Bruhns,li M. éiiek,z s. C. 0. Glover,3 K. A. Miller,* X. Urbain,® D. W. Savin® specially constructed. merge.d—beams apparatL.ls. Our resulvts ag.reed \n{ell with the most recent theoretically
calculated cross section, which we then used in cosmological simulations to demonstrate how the reduced
AD uncertainty improves constraints of the predicted masses for Population IIl stars.

{mpte) (107 cm’s7)

Fig. 1. Schematic of the merged-beams
apparatus used to measure the H, asso-
ciative detachment reaction. Infrared laser
photons are denoted by vg.
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lon trap study of O™ + H, at low temperatures
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Experimental techniques — ion traps

ES-MPT — Electron Spectrometer

22PT — 22-Pole Trap
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Spectra of detached electrons (ES-MPT instrument)
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Interaction of O™ and H, at low temperatures
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FIG. 3. Panel (a)—PES of HO™ and H,0 along the minimum energy path
going from O~ + Hy to OH™ + H on the 12A* PES. The anionic curves in the
autodetachment region, where they are above the neutral PES, are indicated
by points. The local minimum of the 1?A’ PES, where some metastable
H;0" states may exist, is magnified in the inset. In Panel (b), the path is
constrained to the linear geometry, @ = 0°. In this case, the potential energy
of the neutral H;0 is too high—outside of the graph.
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FIG. 4. Panel (a)}—Section of the three potential energy surfaces for # = 07,
r = 1.4014aq, showing the attraction of O~ and H3 and the conical inter-
section at 4.6aq, coupling them. The sum of quadrupole and polarization
potential is marked with a dotted line. Panel (b)—Typical classical trajectory
on the 2A’ PES for a collision energy of 5 meV projected on the # = 0°
plane. The conical intersection at & = 0° is marked by the dashed line.
The equipotential lines for V. = 5 meV are also shown for the indicated
values of #. This picture shows a section of a trajectory with a duration of
700 vibrational periods of Hy. Most trajectories remain trapped for typically
10*-10° vibrational periods. passing beyond the conical intersection several
hundred times.
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FIG. 5. Comparison of the measured total reaction rate coefficients k| + k
with the values calculated with the 1D capture model deseribed in the text.
The data are normalized with the Langevin capture rate coeflicient. Sensitivity
test of the model is indicated with the gray area. The part of the theoretical
curve which is significantly sensitive to the parameters of the absorption
potential, is shown as a dashed linc. Experimental results of McFarland
er al"" and Viggiano er al'> are shown for comparison.

Total reaction rate coefficient estimated from temporal evolutions of electron pro-
duction at 300K (see Fig. 10). Only the statistical error is shown. The results are

accurate within a factor of 2 due to systematic errors.

Reaction k (this work) k (McFarland et al.
(1010 ¢em? s 1) [34])(10-12ecm3s-1)
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