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Experiments at low temperature
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Motion in fast oscillating field

mt = qE(r) cos(Qt + 6) + qE(r)
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Kapitza 1951, Landau-Lifschitz Classical Mechanics 1962




Motion in fast oscillating field

r(t) =r(0) — a cos(Qt) r(t) = Ry(t) + R, (¢)
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B oy DAL R, (t) = —a(t)cos Qt

Eo(Rg —acos Q) = Ey(Ry) — (a-V)Eo(Rg)cos Qe + ---

V*(R,) = g2E2/4mQ?

effective potential

adiabaticity parameter n =2q|VE,|/mQ?




RF trap mr = QEO(]') COS(QI + (S) - QES(I') THE ENCYCLOPEDIA OF

Mass Spectrometry
Homogeneous electric field Inhomogenenus electric field volume 1

r(?) = r(0)—acos(Qs)

2.2  Adiabatic Approximation

This observation can be derived in a more funda-
mental way by using an adiabatic approximation for
solving Eqn. (1). For treating time-dependent pro-
blems adiabatic theories, in which fast and slow
components are separated, are well established in
inhomogeneous theoretical physics and mathematics. Here, the rather
simple calculation, which can be found elsewhere (1),
is based on the idea that a solution of Eqn. (1) has the
form of Eqn. (2), i.e., consists of an oscillatory part
superimposed on a smooth drift term. The mathe-
matical result leads to several important conclusions.
One is that the field gradient force, acting on the
particle as illustrated in the right-hand part of Fig. 1,
Figure 1 can be derived from the time-independent mechanical
Motion of a charged particle in an oscillatory electric potcntial * iiven by

field. If the field is homogeneous (left) the particle
V* = g E2 /4mP + g, | (4)
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oscillates with an amplitude a given by Eqn. (3). In time
average, it remains centered at r(¢}/r(0) = 1. In the

inhomogeneous field (right) the charged particle scems o
to be pushed away from the center by a force that is where @, is the electrostatic potential. A derivation o

called “field gradient force.” It is a general and . <1 . .
important rule that charged particles are seeking regions the effective potentlal V*’ which is also called

of weaker fields. ponderomotive potential, pseudopotential, or quasi-
botential, can be found in Landau and Lifshitz (2).
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Confinement of charged particles in rf or AC fields
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RF lon Trap

lon trapping in rf fields
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22-pole ion trap

sapphire insulation
ground plate

end electrode

side plates

Figure 10.13: Three-dimensional numerical simulation of the trajectory of a singly charged
ion (mass 3) in a 22-pole trap. RF parameters as above, static voltages at the end caps +0.1 V,
kinetic energy of the ion Ey;, = 7.5 meV (~ 90 K). For clarity, only part of the side plates are
drawn and the upper rods and part of one of the side plates with the end electrode inside is cut

away.



22-pole trap

Figure 10.6: Isometric view of the 22-pole ion trap. The diameter and length of the 22 rods is

1 mm and 40 mm, respectively.
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Figure 10.6: Isometric view of the 22-pole ion trap. The diameter and length of the 22 rods is
I mm and 40 mm, respectively.

Figure 10.10: Two-dimensional numerical simulation of the trajectory of a singly charged ion
(mass 3) in a 22-pole trap. RF parameters as above, kinetic energy of the ion Eyy, = 7.5 meV
(~ 90 K).

Figure 10.12: Zoom into a region close to the electrodes. At the turning points the ion performs
small wiggling motions under the influence of the radio frequency field.
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Effective potential V*
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parameters: q, m, Ey, Q, scaling: m¢<2
-2)/(2n-2) _ 9/20
’7 ~ Emax(n HE )_ Emax

. Gerlich Physica Scripta, T59 (1995) 256




~inner | 5utef

cap | lcap_

1 -
18
axial coordinates [mm]

Fig. 1. 22-Pole rf ion trap consisting of 22 rf electrodes for radial confinement
(arranged at an inner diameter of 10 mm) and of two pairs of cap electrodes in
the two axial directions. The trap is mounted on a cold head and surrounded with
the thermal radiation shielding (not shown). The five vertical shaping lenses placed
around the rf electrodes are set to the same potential as the DC potential of the trap.




Figure 3.3: The 22-pole ion trap forms the central element of the new ion trap
setup. It is mounted on a helium cryostat and can be cooled to temperatures between
8 — 300 K. The base plate of a 50 K thermoshield can be seen, which reduces the
heat input on the trap housing caused by blackbody radiation. The 22 rf electrodes

are surrounded by five electrostatic ring electrodes, which can be used to shift the

stored ions inside the trap. Cylindrical endcaps are used to confine the ions in axial

direction.
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RF trap —Multipole fields

2.4 Multipole Fields

In a real experimental device, the electric field Eq(r) is
determined by the boundary conditions imposed by
suitable electrodes. For guiding and trapping ions a
variety of electrode arrangements have been devel-
oped (I). The best-characterized examples are linear
multipoles, which are used in many applications.
Their ideal potential is given by

®(r,p) = Oy cos ne (7)

where ®y= Uy—V,cosQt is the applied potential, 2x
corresponds to the number of poles, and 7 =r/rpis a
reduced radius. In general one operates a multipole
“RF-only”, i.e. Ug=0. From this potential one can
derive the electric field
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Effective potentials
22-pole
n=11

octopole




Figure 2
Trajectory of an ion illustrating the motion in the

vicinity of two octopole rods (hatched semicircles). It
can be seen that the trajectory can be composed of a
smooth part ry(?) and an oscillating part. The turning
radius can be calculated from the effective potential
indicating the adiabatic conservation of kinetic energy.
If the ion moves towards a rod, the momentary energy is
modulated between 0 and 3E,. This is shown in the
right-hand part of the figure, which shows the exact ion
kinetic energy as an ion approaches a rod directly (upper
trajectory shown on the left).

octopole
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Figure 10.2: Effective potentials for quadrupole, octopole and 22-pole geometrics as a function
of the distance from the symmetry axis




CHAPTER

Photodetachment O- and OH- &

l. ABSOLUTE PHOTODETACHMENT CROSS SECTIONS STUDIED

IN A 22.POLE TRAP

Absolute photodetachment cross sections of
O~ and OH

Photodetachment via 2D tomography
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Figure 4.1: Schematic of the photodetachment tomography technique. Anions are

stored in the 22-pole ion trap and are depleted via photodetachment induced by

a laser beam propagating parallel to the symmetry axis of the trap. The position

of the laser beam can be scanned over the trapping volume using a moveable lens,

which 1s mounted on a 2D translation stage. — —
1

OH X &

and OH for the first rotational states. Thy

Figure 4.5: The energy levels of OH

arrows indicate dipole allowed transitions from the first three rotational levels.
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Figure 4.2: Histogram of the measured photodetachment rate for 07 as a function
of the transverse position of the laser light in the ion trap. Each bin represents
an individual decay measurement at a given position. 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 individunal loss rate

measurements with laser light induced ion loss.
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0. Asvany, S. Schlemmer / International Journal of Mass Spectrometry 279 (2009) 147-155
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Figure 4.6: Measured OH™ photodetachment cross sections at threshold. The
datasets show measurements at two different trap temperatures. Different rotational
branches open up with increasing photon energy. The single branches have been
fitted with the relation (¢ — EA)?** which represents a modified Wigner threshold
law [76]. From the relative contribution of the branches we can derive an internal
temperature of the molecule assuming a Boltzmann distributed population of the

levels.

p = 0.28 which was used in the fits in Fig. 4.6. The threshold energies of the P,()
and R branches of EA(P) = 14628.70(10)em ™!, EA(()) = 14703.60{10)cm ! and
EA(R)

14740.96{10) cm ! were taken from [56].




Molecules Tomography of the trapping potential
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Figure 4.10: a) Measured density distribution of trapped OH™ ions at 300 K buffer
ras temperature with the rf amplitude set to 160V, The sketched geometry shows
the layout of the ion trap, viewed along its symmetry axis. It includes the copper
housing, the 22 rf electrodes (end-on), a surrounding shaping electrode, and the
end electrodes. b) Zoom into the measured ion density distribution, each pixel
represents an individual decay rate measurement. ¢) One-dimensional cut through
the density distribution along the horizontal axis. d) Effective potential derived
from the density distribution by assuming a Boltzmanm distribution of the trapped
ions at 300 K.
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Figure 4.11: a) Ion density distribution at 170 K with an rf amplitude of 160 V. It
shows a substructure of ten clearly distinct maxima. b) Cut through the effective
potential, derived from the the density distribution. Owverall, the potential is in

accordance with the effective potential of an ideal 22-pole (solid line).
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Internal state thermometry of cold trapped
molecular anions

Cite this: Phys. Chem. Chem. Phys.,
2013, 15,612 . b ¢
Rico Otto,71*" Alexander von Zastrow,7§” Thorsten Best® and Roland Wester*®
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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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Fig. 2 Laser-induced trap loss of OH™ above the J =10
photodetachment threshold. All rotational states contribute to this
decay channel. The inset shows a two-dimensional tomography

scan, which represents the column density of the ions in the 22-pole
trap (see methods).
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Fig. 4 Rotational temperatures of OH™ anions determined from the
ratio of the observed photodetachment transitions originating in

J =1 and J = 2 levels. respectively. for different temperatures of the
helium buifer gas in the 22-pole trap.




Energy distribution

Figure 22. Numerically determined kinetic energy distributions calculated for H* under
inclusion of collisions with room-temperature normal-H;. The details of the model are described
in the text. The two left panels show results for an 8-pole and a 16-pole. For comparison, the
right panel depicts thermal distributions at three temperatures. The scales have been chosen to
stress the high-energy tail of the distributions. For an octopole, a weak potential distortions of
only 20mV has a dramatic effect.




Trajectories of ions in 22-pole trap
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With collisions
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Figure 45. Perspective view of the major elements of a typical guided-ion-beam apparatus.
Tons are created in a storage ion source, are mass and energy selected in a quadrupole and
are injected into an octopole via a funnellike electrode. The scattering cell usually consists of a
gas-containing cylinder surrounding the octopole. The ion beam is pulsed by opening the gate
at the exit of the ion source and by pulsing the two halves of the middle element of the lens system.
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Experiment

filter

storage ion
source

detector

study. H" ions are produced in the ion storage source from hy-

, selected by the quadrupole mass filter and injected to
the 22-pole trap via the electrostatic quadrupole bender. The
22-pole trap is situated in the central chamber (22PT). Ex-
tracted ions are analyzed by the second quadrupole mass spec-
trometer and detected using Daly detector. The background
pressure is lower than 10" Pa.




Radiative decay of ions in ion trap
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Figure 32. Direct determination of radiative lifetimes of
Eﬁhly excited Hy** and Ds** ions using the method of laser
induced dissociation. The radiative decayof Hs* is2.73 times
faster than for the deuterated ion in accordance with the
mass dependence of an infrared transition, r ~ m1% = 2,83,
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CH, +hy —> CT+H,
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Figure 33, Measurement of the radiative decay of highly
excited CH;** ions by CO, laser induced dissociation. The
different lifetimes may be taken as an indication for com-
petition between infrared and electronic transitions. The
dashed line below 200 us indicates symbolically the veryshort
lifetime derived in section IV.B from the measured rate
coefficient for radiative association of C* with H,. The
microsecond range is outside the time window of the exper-
iment due to the transport of the ions from the ion source to
the ion trap.
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22pole trap, reactions at 10 K

Variable temperature ion trap studies of CH;" + H:, HD and D1:
negative temperature dependence and significant isotope effect

0. Asvany, I Savic, S. Schlemmer, and D. Gerlich

Department of Physics, Technische Universitit Chemnitz, 09126 Chemmitz, Germany
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Fig. 1. Tha H:’ and H,D™ ions are stored in a linear if multipols wap,
consisting of 22 stainless steel rods with diameter | mm. The indicatad
copper box is mounted onto a cold head that can reach 10 K. There is
one input and one exit electrode for filling the trap with primary ions and
for extracting the product ions for mass analysis and counting the ions
using a Daly detector.
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Measurement of the rate coefficient  Decay curve

T=1.88ms

He' + 0,—= He + 0; —= He +0" + 0

5 t {ms) 10

Figure 62. Measurement of the rate coefficient for the exothermic reaction He* + O, —
O™ + O + He by real-time registration of the O* products using a multichannel scaler. In this
experiment, the He™ ions are safely enclosed in the ring electrode trap, the only loss being due
to reactions with O,. A fraction of the fast O* products escapes over the properly adjusted dc
barrier at the exit electrode. Their rate is directly proportional to the reactive decay rate kn,
of the He™ ion cloud.




Para and ortho hydrogen

1073
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Fig. 9. Exponential decay of H due to formation of clusters in terna
collisions with hydrogen ([H,] = 1.2 x 10"*em™?). The formation of Hj
ions and larger clusters is about four times faster in collisions with p-H
than with n-H, The ternary rate coefficients are k;(n-H,)= 1.4
x 107 cm®/s and k4(p-H,) = 5.8 x 1072 cm®/s.




Assoclation and clusters

Fig. 11. Artists view of the possible H]; geometric structure,
abundant ion in the 10K equilibrium distribution.
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Fig. 10. Time dependence of the mass composition of the ion trap contel
after initial injection of H3 (T, = 10K, [H,] =3.5x 10'"*cm™?). Le
panel: p-H,, right panel n-H . The spectra are in relative units, normalize
to the maximum. Note the difference in the storage times which are give
in ms. The two lowest mass spectra are in both cases already very close t
thermodynamic equilibrium. Their similarity is completely unexpected du
to the rotational energy which can be provided by the n-H,.
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Deuteration was not so easy

436-440

— 1s
— 25
5s
—— 10s
20s

- —
S

800

Counts pe
N )
o o
(@] (@]




H-atom source

hexapole
QP mass
spactrometar

o -| ST I
[

VT T W

P £

modator

[ Y

=t

filter

e

&
e

storage
ion
source




Page 10of9 o Phyls:ical Ch‘en]is:ry Chemicgl Physics .
CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronichiles FOR DETAILS ()H nE I:'}_' y [:}I:'} _|_ H[:}_ .I'jl:H — ] _|'r.2 mﬁ". X [ ‘I :I

ARTICLETYPE www. rsc org AR FREERISBHE
0D +H, — OH™ +HD, AH=240meV. (2)

H/D exchange in reactions of OH  with D, and of OD " with H, at low
temperatures

Dmytro Mulin,* Stépan Routka,”® Pavol Jusko,® Illia Zymak,” Radek Plagil,” Dieter Gerlich,” Roland
Wester,” and Juraj Glosik?

Using a cryogenic linear 22-pole rf ion trap, rate coefficients for H/D exchange reactions of OH™ with D, (1) and OD™ with
H, (2) have been measured at temperatures between 11 K and 300 K with normal hydrogen. Below 60 K. we obtained k; =
5.5% 107" cm® s™! for the exoergic reaction (1). Increasing the temperature above 60 K, the data decrease with a power law,
k) (T) ~ T%7, reaching = 1 x 10~'% em® s~! at 200 K. This observation is tentatively explained with a decrease of the lifetime
of the intermediate complex as well as with the assumption that scrambling of the three hydrogen atoms 1s restricted by the
topology of the potential energy surface. The rate coefficient for the endoergic reaction (2) increases with temperature from 12 K
up to 300 K, following the Arrhenius equation, k2 = 7.5 % 10~ exp(—92 K/T}) em® s~! over two orders of magnitude. The
fitted activation energy, Espep = 7.9 meV, is in perfect accordance with the endothermicity of 24.0 meV, if one accounts for the
thermal population of the rotational states of both reactants. The low mean activation energy in comparison with the enthalpy
change in the reaction is mainly due to the rotational energy of 14.7 meV contributed by ortho-H,(J = 1). Nonetheless, one
should not ignore the reactivity of pure para-H, because, according to our model, it already reaches 43 % of that of ortho-H, at

100 K.
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Energies OH™ +D, — 0D~ +HD, AH=—172meV, (1)
OD~ +H, — OH™ +HD, AH=240meV. (2)

OO H (W) OH(0)+ HD(D)

OH + HD

....,--.....;.--.....---......-"..............---.1...

SRR

OH™ (HD)

+HD. The energies are corrected

OD™ (H,), OH™ - (HD) and H™ . (DOH). Left panel: Rotational energy levels Y723 of OD ™ and H.,. The two arrows indicate the energies

required for fonming ground state products.




Energies of H, and D,
1eV corresponds to ~ 11604K
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Decay curves OH~ +D, —: OD~ +HD, AH = —17.2 meV,

0D +H, — OH™ +HD, AH =240meV.

i
di
d
dr

N, H- = ki J'1""1[:|H— [D'-_-. +-£72*'~""r{'a[j‘.-— [H_‘_]

Nop- = kiNpp- [D5] — kaNgp- [H,) respectively. The free parameters of the fit were the reaction

ates r; = k1 [D, ] and ry = k3 [H,| as well as the initial numbers

"
100 K

60
OH oD T,
v vV 25K
B O 60K
® O

0.1
ik -3,
Fig. 2 Normalized number of primary ions (OH ™, closed symbols) [D_] (10" em™)
and product ions (0D, ope ols) as a function of storage
time. Operating conditions were Tapr = 25,60, 100 K, the densities
of D,. He. and H, are listed in Table 1.

Fig. 3 Rate ry of the reaction (1} as a function of deuterium oumber
densily [12,] at trap temperatures Tapp = 20, 125, 150 K.



Exothermic reaction [N iR 1) AH = —172meV. (1)
OD +H, — OH +HD, AH —240meV. (2)

& this work

QO Vviggiano
@ Grabowski

V Meot-Ner

Fig. 4 Mecasured temperature dependence of the rate coefficient &y
for H/ID exchange reaction (1). The calculated Langevin collisional
rate coefficient is indicated as k.. The assumption that exclusively
the rotational ground state of D, can react leads to the dash-dotted
line (see text). Thermal FDT data of Viggiano and Morris 40 SIFT
data of Grabowski er al. 3%, and HPMS data of Mautner ez al. *! are
also included. The dashed line shows &k (T') calculated from
equation (5) with the parameters given there.



Exothermic reaction [N iR 1) AH = —172meV. (1)
OD +H, — OH +HD, AH —240meV. (2)

OH +D,—- OD +HD

& this work
QO Vviggiano

@ Grabowski
V Meot-Ner

[ OH + D, > OD + KD

1 lllllll
1 IIIIII!

present data
Viggiano
Fig. 4 Measured temperature dependence of the rate coefficient ky Grabowski

for H/D> exchange reaction (1). The calculated Langevin collisional
rate coefficient is indicated as kyr.. The assumption that exclusively
the rotational ground state of D, can react leads to the dash-dotted

line (see text). Thermal FDT data of Viggiano and Morris *°, SIFT
data of Grabowski ef al. *°, and HPMS data of Mautner e7 al. *! are

also ipcluded. The dashed line sho‘ws ky(T) calculated from Fig. 5 Plot of (kig/k; — 1) versus T for the data shown in Fig. 4
equation (5) with the parameters given there. emphasizing on the power law 7', Data with a statistical error
above 100% in this representation are not shown.




Endothermic reaction OH™ +D, — 0D~ +HD, AH = —172meV, (1)
OD +H, — OH~ + HD. AH =240meV. (2)

oH oD T,
v T 5K
B O 680K
OH +D, - OD +HD ® O 100K

25 S0 s 100 125
fims)

= Ll

Fig. 2 Normalized number of primary ions (OH ™, closed symbols)
and product ions (0D, open symbols) as a function of storage
time, Operating conditions were Taapr = 25,60, 100 K, the densities
of D,. He. and H, are listed in Table 1.

Fig. 6 Normalized number of primary ions (OD™, closed symbols)
and product ions (OH™, open symbols) as a function of storage
time. The trap was at Toopr = 12,21,78,200 K, the densities of D,,
He and H, in the trap are listed in Table 2.




Energies OH™ +D, — 0D~ +HD, AH=—172meV, (1)
OD~ +H, — OH +HD, AH =24.0meV. (2)

OO H (W) OH(0)+ HD(D)

SRR

OD +H, OH" +HD

OH™ (HD)

OD™ (H,), OH™ - (HD) and H™ . (DOH). Left panel: Rotational energy levels Y723 of OD ™ and H.,. The two arrows indicate the energies

required for fonming ground state products.




Temperature dependence OH™ +D, — OD~ +HD, AH = —172meV, (1)
OD~ +H, — OH~ + HD. AH =240meV. (2)

OD +H,—»OH +HD

® this work
© \Viggiano
& Grabowski

OH™ (HD)




Temperature dependence OH™ +D, — OD~ +HD, AH=—172meV, (1)
OD~ +H, —: OH~ +HD, AH=240meV. (2)

OD +H,—»OH +HD
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3
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o0-

: AE j3Jop.
f 9.3 meV o i Kpindop.(T) = kaoexp (_ 7}(2}013 ) .
— ] : i s

J=1

othoH, 240mev| /& : OH(HDY

The activation energy is given by

AEy,, jop. = max{0; (AH —EJHZ —EJOD_ )b
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LOW-TEMPERATURE ION TRAP STUDIES OF N*(*Pj,) + Ha(j) — NH* + H

1. Zvmak!, M. HEmpuk!, D. MuLin®, R. PLasic!, J. Grosik!, anp D. GErLicH! 23
! Faculty of Mathematics and Physics, Charles Ur y. Prague. Czech Republic

N'CP,)+H,('s, j)

°Py 16.2 meV

B 6.1 meV

3Py 0 meV

k = kpexp(—Ty/T),

k=f (é/okl,o + glkl,l) + (1_ f)(éVOkO,O + §1k0,1)

100K/ T
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hematics and Pt

°Py 16.2 meV

B 6.1 meV

3Py 0 meV

k =kaexp(—Tx/T),

100K/ T

k=f (é/okl,o + glkl,l) + (1_ f)(éVOkO,O + §1k0,1)
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Collisions of electrons with atoms

Classical or quantum approach?

levV - v=5.9x10’cm s
t~a,/v ~108/ 5.9x107=2x10-16s
A~2A = 2x108cm de Broglie

leV - v=2x10°cm s?
t~ay/v ~108/ 2x10°~6x1014s
A~ 9x10tcm de Broglie



Understanding plasma

Classification of collisions =» elastic
e 4 Inelastic

The concept of collision cross-section

Hypothetical gas of rigid spheres of cross section

Slow decrease of interaction potential - Small deviation ....

—> problem with concept of integral cross section

Electronic and ionic impact phenomena

\Volume 1 — Collisions of electrons with atoms
H.S.W. Massey and E.H.S.Burhop, Oxford, Clarendon Press, 1969




Collisions of electrons with atoms — Ramsauer’s method

Photo cathode §

Lenard 1903
Akesson 1916
Ramsauer 1921

o(V)

|\\ Io= 1, exp(- oNXx)




Cross sections - details
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Freguencies of elastic collisions

51=-NQI, 8x
1= 1 exp(- QNX)

lo(V) PR I

F T T,
3 4 S 6 7 8 9 10
Electron velocity (vvolts)

Electron velocity (v volts}

Fic. 1.9, Observed total eollision cross-sections of
A, Kr, and Xe.

Fic. 1.10, Qbserved total collision cross-sections of He and Ne

8,=0.53x10-8cm~0.5A ettt
Radius of the first Bohr orbit of H atofgg

4§ 72 15 20 2428 5236 7 4 8 12 1 20 24 28 32 36

Puc, 2.5. YacToTel yIPYrHX CTOJKHOBeHHMH 3/1eKTpOHOB, p=1 Ttop: a — 3B H, u
He; 6 — B MHepTHHX ra3axX; IITPHXOBHE JHHHH — yIOOHAf aNNpPOKCHMAaLHs [MpH

Collision Frequencies pacterax [24]



Total collision cross sections comparison

N

2 3 4 6 7 8 1y}
Electron velocity (v volts}

. Qbgserved total collision cross-sections of He and Ne

. S S T S B
e 07 2 3 4 s 6 7 8 9 10
Electron velocity (v/Volts)

F1e. 1.9. Observed total collision cross-sections of
A, Kr, and Xe.

2 3 4 5
Electran velacity (V'Volrs)

Fic. 1.16. Obeerved total collision eross-sections of Li, Na, K, and Cs.




Franck-Condon Principle This is for recombination ??!1
be careful

>
o
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[11]
z
wl

INTERNUGLEAR DISTANCE

Internuclear distance

Fic. 21. Illustrative diatomic molecule

and molecule-ion potential energy curves. F ranc k_ CO N d on F aCtO IS

The actual energy difference between
curves a and b, ¢, and d is much

greater than represented. .y 2
P~<Winitial. Vinal™




Interaction of Electrons with Molecular 1ons



Electron — molecule collision
calculations using the R-matrix
method

- Jonathan Tennyson's
Defartment of Physic and’Astr nomy
ver3|ty Co ege Londan

Jupiter Aurora HST
NASA and J. Clarke (University of Michigan) ¢ STScl-PRC00-38



Dissociation of H,

. Potential energy curves for electronic states of H, and
H lying within 20 ¢V of the ground st

Electron energy (eV

—— best fit to experimental points. — -— — estirated true Qg for electron
ries heyond the ionization threshold,




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
BIN)+e — B(N’) +e

Dissoclative attachment / Dissociative recombination
B + e —_— - +B
e + B—
Impact dissociation

B+e _ + B +e

All go via (# B)**



Electron impact dissociation of H,

Important for fusion plasma and astrophysics

> >

R-matrix calculations based on
adiabatic nuclel approximation

extended to dissoclation



Including nuclear motion (within adiabatic nucleli
approximation) in case of dissociation

« EXcess energy of incoming e~

over dissociating energy can be
split between nuclei and outgoing ‘ do(Eyp)
e~ In any proportion. dE,

\
 Fixed nuclel excitation energy

changes rapidly with bondlength Determine choice of T-

>~ matrices to be averaged
« Tunnelling effects significant




The energy balance method

D.T. Stibbe and J. Tennyson, New J. Phys., 1, 2.1 (1999).



Energy (eV)
no
o
o

Bond length (a,)

Explicit adiabatic averaging over T-matrices using continuum functions




Need to Calculate:

Total cross sections, o(E;,)

Energy differential cross sections, do(E;,)
dE

out

Angular differential cross sections, do(E;,)
do

Double differential cross sections, d?c(E;,)
dOdE

out

C.S. Trevisan and J. Tennyson, J. Phys. B: At. Mol. Opt. Phys., 34, 2935 (2001)



. . . New Journal of Physics 1 (1998) 2.1-2.9
Collisional dissociation Near-threshold electron impact dissociation of

H> within the adiabatic nuclei approximation

Darian T Stibbe{i and Jonathan Tennysonj
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1% . e 3 : :
fe e+ Hy(X!EF) — Hy(b*TF) + e — H(ls) + H(ls) + e.
‘ 1,
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Figure 1. The molecule is excited from the X 'EF to the b *E} state and
then dissociates as it falls down the potential curve. Also shown are the ground

state v = 0 nuclear wavefunction (dashed black) and continuum wavefunctions
(ranging from red to blue) for different asymptotic kinetic energies of the
dissociating molecule (E).). The figure can be downloaded as an XMGR file
(see Appendix A) from the article multimedia page.
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Figure 1. The molecule is excited from the X 'S¥ to the b *EF state and
then dissociates as it falls down the potential curve. Also shown are the ground
state v = 0 nuclear wavefunction (dashed black) and continuum wavefunctions
(ranging from red to blue) for different asymptotic kinetic energies of the
dissociating molecule (E}.). The figure can be downloaded as an XMGR file
(see Appendix A) from the article multimedia page.
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Dissociation cross section as a function of incoming electron
energy,Ein, and initial vibrational state, v.

Dissociation rate as a function of electron temperature and
initial H, vibrational level. Note the log rate scale.




Collisional dissociation
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Figure 1. The molecule is excited from the X 'S¥ to the b *EF state and
then dissociates as it falls down the potential curve. Also shown are the ground
state v = 0 nuclear wavefunction (dashed black) and continuum wavefunctions
(ranging from red to blue) for different asymptotic kinetic energies of the
dissociating molecule (E}.). The figure can be downloaded as an XMGR file
(see Appendix A) from the article multimedia page.
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Fre. 13.4. Apparent cross-scction, @y, for dissociation of H, into neutral I

atoms by electron impact as observed by Corrigan. . Experimental points.

—— best fit to experimental points. — -— — estimated true Qg for electron
energies heyond the ionization threshold,
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Electron impact dissociation of H,

Effective threshold about 8 eV for H,(v=0)

hermal rates strongly dependent on initial
H, vibrational state

For v=0: Excess energy largely converted
to Kinetic Energy of outgoing H atoms
For v > 0: Source of cold H atoms ?



Rotatlonal and vibrational excitation - H;*+e

Mon. Not. Astro 3 , 1195 ) doi:10.11114

Calculation of rate constants for vibrational and rotational excitation
of the H:,," ion by electron impact

Viatcheslav Kokoouline,"?* Alexandre Faure,? Jonathan Ten
H. Greene®

ABSTRACT

We present theoretical thermally averaged rate constants for vibrational and rotational
( xcitation of the HY ion by electron impact. The constants are calculated using the
multwmnnel quantum -d approach. The calculation includes processes that involve a
change |AJ| < 2 in the rotational angular momentum J of HY . The rate constants are cal-
culated for states with J 5 for rotational transitions of the HY ground vibrational level.
The thermal rates for trans s among the lowest eight vibrational levels are also presented,
averaged over the rotational structure of the vibrational levels. The conditions for producing
non-thermal rotational and vibrational distributions of Hi in astrophysical environments are
discussed.

Key words: molecular data — molecular processes — plasmas — ISM: molecules.




How Is o/p-H;* produced in H, plasma

o/p-H,* + o/p-H,~> o/p-H;* + H

&

o

=
|

I

(]

=
|

h'dl
—
=
(8]
—
@
-
LLl

L&

Fig. 1: Rotational energy levels of H:™ 1n the ground vibrational state.”




3 atomic molecule H;*

U(a.u.)

Unified theoretical treatment of dissociative recombination of D,; triatomic ions:
ot + +
Application to H; " and D,







State specific recombination H;*(v=0)

Rotational levels for v, SN\
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Rotational and vibrational excitation - Hs*+ e

Mon. Not. R. Astron. Soc. 405, 1195— 010 doi:10.11114j.136:

Calculation of rate constants for vibrational and rotational excitation
of the H:,," ion by electron impact

) B e - cmh T . || P
Viatcheslav Kokoouline,"** Alexandre Faure,® Jonathan Tennysc (DL h(11) 017 }21) 017131 {0 ; {10711
and Chris H. Greene®

ABSTRACT
We present theoretical thermally averaged rate constants for vibrational and rotational
tation of the HY ion by tron impact. The constants are calculated using the
multichannel quantum-defect approach. The calculation includes proc that involve a
change |AJ| < 2 in the rotational angular momentum J of HY . The rate constants are cal-
ated for states with J < 5 for rotational transitions of the Hf ground vibrational level.
The thermal rates for transitions among the lowest eight vibrational levels are also pres
averaged over the rotational structure of the vibrational levels. The conditions for producing
non-thermal rotational and vibrational distributions of Hi in astrophysical environments are
discussed.

Key words: molecular data — molecular processes — plasmas — ISM: molec
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total energy, with respect to {00

Figure 1. Probabilities of rovibrational e: tion of the H.i" ion calculated
using the full rovibrational frame transformation. Only transitions from the

und vibrational level {00°] 'm: shown. The {00°} — {01'} probabilities
am:j]]nte a lot below 3000 cm~! and become less energy-dependent above.
The oscillations are due to the str rotational coupling between individual
rotational levels of the initial and final states of the ion. When averaged over
the initial and summed over the final rotational states and averaged over
the appropriate energy distribution, the resulting probabilities are similar
in magnitude to the probabilities shown in Fig. 2. The labels on top of the
figure indicate different rovibrational ionization limits. Note that the zero of
energy in the figure is set to the energy of the forbidden rovibrational level
[00Y}{00




Rotational and vibrational excitation -
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Figure 1. Probabilities of rovibrational excitation of the l—l;’ ion calculated
using the full rovibrational frame transformation. Only transitions from the
ground vibrational level {DDO} are shown. The {DIJC'} — {01 l} probabilities
oscillate a lot below 3000cm~! and become less energy-dependent above.
The oscillations are due to the strong rotational coupling between individual
rotational levels of the initial and final states of the ion. When averaged over
the initial and summed over the final rotational states and averaged over
the appropriate energy distribution, the resulting probabilities are similar
in magnitude to the probabilities shown in Fig. 2. The labels on top of the
figure indicate different rovibrational ionization limits. Note that the zero of
energy in the figure is set to the energy of the forbidden rovibrational level
{00°}00).

5

excitation probabilities

Figs 1 and 2 compare our calculations with and without rota-
tional structure included, for the probabilities of rovibrational and
vibrational (de-)excitation of the ion. Fig. 1 shows in detail the rovi-
brational transitions from the ground to the first excited vibrational
level {01'} with Ji« = 2 in para-HF. In order to compare with the
results in Fig. 2, one would need to take a sum over final quanta and
average over initial J and K, and account for all possible J, and
Ko similar as it is done in equation (2). This would mean that to
achieve a converged result at reasonably high energy (~2000 cm~!)
calculations would be needed for all Ji,, up to 10. This would re-
quire a tremendous numerical effort if the fully quantum approach

ras to be applied.
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Figure 2. Probabilities of vibrational excitation from the ground vibra-
tional level {007} to several excited vibrational levels calculated using the
vibrational frame transformation only. Energies of vibrational thresholds are
labelled with arrows and the corresponding vibrational quantum numbers.




Vibrational excitation - H;*+e

excitation probabilities

¥

AT ' I
3000 4000 5000 G000 7000 B000 Q000 10000

-5 I
15000
. -1
electron scattering energy (cm )

Figure 2. Probabilities of vibrational excitation from the ground vibra-
tional level {00°} to several excited vibrational levels calculated using the
vibrational frame transformation only. Energies of vibrational thresholds are
labelled with arrows and the corresponding vibrational quantum numbers.

The thermally averaged rate constant «,(7) (in a.u.) is obtained
from the enerEv—dependent cross-section o ( £) as

87T 2 E,
Fth{ TJ = m f al Eﬂ}ﬂ_ﬁEddEd , {4}
LT / 0

where T is the temperature. Temperature dependencies aw(7T) for
different rovibrational transitions v — v’ obtained using equation
(4) are shown in Fig. 3 as solid lines.

For further discussion, it is convenient to represent the cross-
section o( Eq) in the form
T
K2
where k is the wave vector of the incident electron, P(E,) is the
probability for vibrational (de-)excitation at collision energy E,.

o(Ea) = 5 P(Eq), (5)

joo” =q10°

i o
(o001} {007} {02}

thermally averaged (de Jexcitation rate (cy

Coovvvd v vvnml vl 1y

Lol N P Y A
100 1000
temperaturs (K)

Figure 3. Thermally averaged rate constants for several (de-)excitation
transitions obtained by direct integration using equation (4) (solid lines)
and the approximate formula of equation (7) (dashed line). The averaged

probabilities for vibrational {de-)excitations are listed in Table 1.




Rotational excitation - Hj;*+e

4 RATE CONSTANTS FOR ROTATIONAL
(DE-))EXCITATION

Rotational excitation - Hj*+e
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Figure 4. Thermally averaged rate constants for several rotational (de-
Jexcitation transitions (JK) — (J'K") of the Hi jon (sond nnesy The
vibrational level, {IIH}G}, is the same in the initial and final state of the
ion. The dotted lines show a few examples of the numerical fit using
equation (9).

Vibrational excitation - Hs*+e
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Figure 3. Thermally averaged rate constants for several (de-)excitation
transitions obtained by direct integration using equation (4) (solid lines)
and the approximate formula of equation (7) (dashed line). The averaged
probabilities for vibrational (de-)excitations are listed in Table 1.




Rotational excitation - calculations B Faure' and Jonathan Tennyson
Electl‘(}n-impact rotational excitation of J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 3945-3956
symmetric-top molecular ions

Electron collisional selection rules are found to be consistent
with the CB theory. In particular, dominant transitions are
those for which AJ <2 and AK = 0.

HY is the simplest polyatomic molecule, consisting of only three protons (fermions) and two

4.1. HY and D3

electrons. As a consequence of the Pauli principle, which demands that the total wavefunction
be antisymmetric with respect to permutation, the J = K = 0 state of the vibrational ground
state cannot be occupied (Oka 1992). Therefore, the ground rotational state of H3 is the
(J = 1, K = 1) state and the next level 1s (J = 1, K = 0) (Pan and Oka 1986). Morcover,
like the NH3 molecule, H3 has both ortho- and para-modifications, with K = 3n ortho and
K = 3n=+£1 para. On the other hand, D% is composed by three bosons and its lowest rotational

levelis (J =0, K =0).

1000 ————rrr————
[n summary, propensity rules in H{/D¥—electron collisions are found to be E (a) I(b)
iy - S o ortho—H," I - para-H,*
- _ ~_ (LK)=(1,01(3.0) ] 2 (W K)=(1,1)=2,1)
if K #0, AJ ==£1,42 100 . :
and AK =0, (25) :
if K =0, AJ =42
which correspond to the quadrupolar selection rules derived from the CB theory (see 105’
section 2.1). It should be noted that radiative selection rules for the forbidden rotational <
transitions in Hf are (Pan and Oka 1986) =
:ig 1 ¥ + ] | |
g : . . . .
AT =0, 41 and AK = £3. (26) o b () para—H,’
& WR)=(1,113.1)
100 £
10
1 1 1 i 1 1
0,01 0.10 1.00 0.10 1.00

Electron impact enargy (eV)

Figure 1. Rotational excitation cross sections for transitions with AJ = 1,2 and AKX = 0 in
ortho-, pum—H_J{ and Df{ by electron impact. The T-matrix results, with and without threshold
correction, are represented by the solid and dot—dashed curves, respectively. The long-dashed
curve denotes the CB results.




Rotational excitation - calculations B Faure' and Jonathan Tennyson
Electl‘(}n-impact rotational excitation of J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 3945-3956
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Figure 2. Rotational excitation cross sections for transitions with AJ = 1,2, 3, 4and AK =10, 3
in ortho- and par a-H}' by electron impact.
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Rate coefficients

Rate coefficients for electron-impact rotational excitation
of Hf and H;O*

Alexandre Faure® and Jonathan Tennysonf
ABSTRACT

Molecular R-matrix calculations are performed to obtain rotational excitation rate coefficients
for electron collisions with the symmetric-top ions HY and H:O™T up to electron temperatures
of 10000 K. De-excitation rates and critical electron densities are also given. It is shown
that short-range interactions. which are ignored in the standard Coulomb-Born theory, are
crucial for studying electron-impact rotational excitation of molecular ions. In particular, our
calculations show that electron collisions could help to create and maintain the predicted
population inversion between the (J, K) = (4, 4) and (3, 1) levels of Hj’ and populate the
rotational levels of H3OF up to the (4, 1) level.
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Figure 1. Rotational excitation rates for ortho- (K = 0) and para-HY
(K =1)

Figure 3. Rotational excitation rates for para-H1O%.



Dissoclative recombination of NO*

NO* important ion in ionosphere of Earth
and thermosphere of \enus

Mainly destroyed by
NO* + e~ N +0O

Need T-dependent rates for models

Recent storage ring experiments show
unexplained peak at 5 eV



NO™* dissociation recombination: potential energy curves
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NO* dissoclation recombination:
Direct and indirect contributions
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NO™* dissociation recombination:
comparison with storage ring experiments
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NO* dissociation recombination:
Temperature dependent rates

Calculation

Experiment
Mostefaoui et al (1999)

Rate coefficient (cm3s1)

Electron temperature, T, (K)



Conclusion

R-matrix method provides a general method for
treating low-energy electron collisions with
neutrals, ions and radicals

Results should be reliable for the energies above

100 meV (previous studies of Baluja et al 2001 on
OCIO).

Total elastic and electron impact excitation cross
sections.

Being extended to intermediate energy and
lonisation.
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Fia. 13.1. Potential energy curves for electronic states of H, and
Hy lying within 20 ¢V of the gronnd state.
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Fic. 13.37. Cross-sections assumed by Engelhardt and Phelps in their analysis of swarm

data in H, and D, for electrons of characteristic energy greater than 1eV. (33 momentum-

transfer cross-section, @j, ionization cross-section, Qs dissociation cross-seetion, @py

photon excitation cross-section, @y vibrational excitation cross-section ( H,,
———D,).




Cross sections for vibrational excitation, dissociation, 1onization...H,
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Figure 3. Optical excitation function for VUV photons measured with channeltron and
MgF, window (1120-1300 A); pressure 4 x 1077 bar: collection time 7 h; 4-9 meV/chan-
nel. Energy positions of known resonances are indicated. The dissociation energy for
Hi2p} = H(1s) is marked by an arrow.
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Cross sections for ionization...H
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Maxwell distribution and excitation
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Fic. 8. Ionization efficiency curves for several ions from acetylene (493).




lonization cross section data from
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I\/Iultlple lonization Multiple ionization of helium and krypton by electron impact
close to threshold: appearance energies and Wannier exponents

J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 46854694
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re 1. lon signal as a function of electron energy for the formation of He' ions (top) and He=*

ttom) in the near-threshold > shown as open ¢ the fits are

are indicated, are the AEs for the individual data sets shown
ted in table 1 which were obtained from a comprehensive

Table 1. AE values in eV for the formation of He* and He®" ions in comparison with other
culated AE values.

c value 1] Redhead [45]  This work

24.6 £0.15
71905 £ 0.3




MUItlpIe lonization Multiple ionization of helium and krypton by electron impact

close to threshold: appearance energies and Wannier exponents

J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 46854694
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Figure 2. Ion signal as a function of electron energy for the formation of Kr™* ions (n = 1-6) in
the near-threshold region. The measured data are shown as open circles, the fits are shown as solid
curves. The AEs, which are indicated, are the AEs for the individual data sets shown and may
differ from the AE values listed in table 2 which were obtained from a comprehensive analysis of
many individual data sets.




Multiple 1onization
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Multiple 1onization

Several theoretical models describing the low-energy behavior of atomic single and multiple ionization cross sections have
been discussed in the literature. The most frequently cited model is the Wannier model [7] which is based on arguments from
classical physics and which describes the electron impact ionization cross section o(E) in the near-threshold region as a
function of the electron energy E by a power law

o(E) = constant(E - E >~/ ()
with
u(n) = (1/2)[(100Z - 9)/(4Z ~ 1)]1/ 2)

where Z denotes the charge state of the final ion and E refers to its AE (threshold energy). This yields the well known
Wannier threshold law for the case of single ionization of a neutral atom by an electron (originally developed for hydrogen

)]
o(E)=0 (E - ET )%’ 3)

It is important to note that this law predicts the cross sectional behavior starting at the threshold, but does not give the energy
range over which it is valid.



lonization of C60
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Distribution of carbon clusters produced under various experimental conditions.
a) Low helium density over graphite target at time of laser vaporization.
b) High helium density over graphite target at time of laser vaporization.
¢) Same as b), but with addition of "integration cup" to increase time between vaporization and cluster analysis.
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Electron-Impact Induced Fragmentation of Fullerene Ions

The measurements were performed employing the electron-ion crossed-beam setup. A commercially available powder of fullerenes was
evaporated with an electrically heated oven. The neutral vapor was introduced into a 10 GHz Electron Cyclotron Resonance lon Source (ECRIS).
The extracted ion beam was collimated to 2x2 mm? after mass to charge analysis and crossed with an intense electron beam. The energy of the
electrons can be varied between 10 and 1000 eV. After the electron-ion interaction the fragment ions Csg 9* were separated from the incident ion
beam of C,9* by a 90° magnet and detected by a single-particle detector. The flight time between the interaction of the C4,9* ions and the
analysis of the product ions is in the order of 10 us. The current of the parent ion beam was measured simultaneously in a Faraday cup.

Binding energy value of about 11 eV FRAGMENTATION

12

(e}

Cross section ¢ [10™'"em’]

L
100

Electron energy [eV]

Absolute cross sections s for the electron-impact induced C, fragmentation of Cg, %
ions.




Electron-Impact Induced Ionization of Fullerene Ions

IONIZATION A semi-empirical concept for the calculation of electron-impac
ionization cross-sections of neutral and ionized fullerenes
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lonization of fullerene Scaling behavior of cross-sections for electron-impact
multiple-ionization of negatively-charged fullerene ions

D. Hathiramani, P. Scheier ", K. Aichele, W. Amold. K. Huber, E. Salzborn

Institut fiir Kernphysik, Justus-Liebig-Universitat Giessen, D-335392 Giessen, German)

T ] Received 16 November 1999; in final form 17 January 2000
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Dissociative attachment Resonances in Electron Impact on
Atoms and Diatomic Molecules
H 2

George J. Schulz

Fi6. 11. The energy dependence of T T T i I T 1 T [
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experimental results of Schulz and
Asundi (1967) and part (b) shows 15— —
the unfolded cross sections as re-
orted by Chen and Peacher (1968a).
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shown on the left side of the diagram,
have peak cross sections differing by
orders of magnitude (1.6{1072 cm?
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10~% em? for D;) . Whereas the H-/H,
cross section was obtained with an
electron energy distribution of 0.1 eV
the curves for HD and D; had to be
taken with an energy distribution of
0.45 eV in order to gain sensitivity.
This accounts for the difference in
the threshold behavior. The rising
portion of the D=/D, cross section,
indicated by dashes, is real having
beenr roduced by Ziesel and Schulz -
blished) . It ‘could result pa.r-
tl y from the wings of the 22,7 | ! l ] |
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Reprinted from
Reviews of Modern Physics
Vol. 45, No. 3, pp- 378-486, July 1973
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F1c. 6. The real and imaginary parts of the potential energy curves for the 2Z,* and *Z,* states of Hy~._On the left-hand side are
shown the potential energy curves for H; (—), and the potential energy curves for H;~ derived by Bardsley éf al. (1966a) and by Chen
and Peacher (1968a). The dotted curve indicates the real part of the potential curve for the 'Z,* state which is needed to obtain agree-
ment with the vibrational cross section of Ehrhardt, ef al. (1968). The repulsive curve for Hz(2Z,%) of Chen and Peacher (1968a) is
in very good agreement with the curve derived by Eliezer, Taylor, and Williams (1967), which is shown in Fig. 25(a). The potential
energy curves for the lowest states of Hy(\Z,* and 3Z,*) are taken from Kolos and Wolnicwicz (1965). The right-hand side of the figure
shows the calculated widths of the 2, and 2Z,* states. [From Chen 1969.]
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Hydrogen
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Fi16. 14. Formation of stable negative ions, H-, by dissociative
attachment in hydrogen via a repulsive curve. Shown are the
results of Rapp ef al. (1963) and Schulz (1959a). The broad peak
around 10 €V is interpreted as the reaction e+Hy—Hy~ (32,*) —
H~+H. The peak near 14.2 eV is interpreted in terms of the
formation of excited H, e+H.—H +H(2:5, 2!P). The small
structure near 12 eV shown on Schulz’s curve has been studied
in detail by Dowell and Sharp (1968) and is shown in Fig. 16.
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Fig. 15. Isotope effect in dissociative sttachment in the neighborkood of 10 €V in H;, HD, and Dy. [Taken from Rapp, Sharp, and
Briglia (1965).]
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Fia. 11.30. Momentum-transfer cross-section for electrons in N,. i
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Rotational excitation N,

106 EXCITATION, DISSOCIATION, AND ENERGY TRANSFER
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Figure 2-2-1. Vibrational-rotational levels (quantum numbers v and J) of a few diatomic
molecules. The (v =1, J = 0) level of H, lies 0.54eV above the ground state (v = 0,
J = 0). Rotational level spacings for H, are uniquely large, about 15/ meV, where J is the
quantum number for the upper level. For the ortho species of H,(0-H,), the nuclear spins

are parallel; for the para version (p-H,), the nuclear spins are antiparallel. [From
Shimamura (1984).]

Fie. 11.31. Cross-sections for rotational and vibrational excitation of nitroger'x.
Q% is the cross-section for the rotational excitation J = 4 —>J = 6, _2va is
the surn of the cross-sections for vibrabional excitation consistent with the
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swarm data.
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Fic. 13.47. Excitation spectrum of nitrogen obtained by Schulz using the
trapped-electron method. (a) with well depth of 0-2 V. (b} with well depth
of 48 V.

Resonances in Electron Impact on
Atoms and Diatomic Molecules

George J. Schulz

Department of Engineering and Applied Science
Yale University
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Reprinted from
Reviews of Modern Physics
Vol. 45, No. 3, pp. 378-486, July 1973

Resonances in Eleciron Impact on Atoms
George J. Schulz

Resonances in Electron Impact on Diatomic Molecules
George J. Schulz




EXperiments o Bt T SR ¢

MEASURED
CROSS SECTION

'

= ELASTIC

F—b VIBRATIONAL

[ ELECTRONIC

M

ELECTRON ENERGY

F1G. 5. Schematic diagram of a
transmission experiment (top) and
the details of the trochoidal mono-
chromator  (bottom).  [From
Sanche and Schulz {1972) and
Stamatovic and Schulz (1970).7]
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Fic. 3. Schematic overview of experiments which are useful for the study of resonances in atoms and molecules.
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F16. 6. Schematic arrangement of a modified Ramsaver ap-
aratus for the measurement of total scattering cross section.
EFrom Golden and Bandel (1965).]

~<——— POTENTIAL
POS. © NEG.

1716 -—
1% Moveable
F16. 4. Schematic diagram of a typical ic monoc with el i I . Angular distribution can be ob-

F1c. 7. Schematic diagram of a trapped-electron experiment
and potential distribution at the axis of the tube. I is the filament,
P, is the retarding electrode, G is the cylindrical grid forming
the callision chamber, M is the cylinder for collection of trapped
electrons, E is the electron beam collector, Va is the accelerating
voltage, and W is the depth of the well. The double line in (b)
indicates the energy of the electron beam and the arrow indicates
the energy lost by an electron in an inclastic collision. The electron
ener%r in the collision chamber is (Va+W). [From Schulz
1959).

tained by rotating the analyzer with respect to the monochromator. Elastic and inelastic differential cross sections can be obtained
with such an instrument. [From Pavlovic, Boness, Herzenberg, and Schulz (1972).]
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Fic. 13.50. Excitation function for metastable states of N, observed by Olmsted,
Newton, and Street.
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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)
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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*.*




lonization of N, fine structure
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Fic. 13.58. Variation of the fonization cross-section of N, near the threshold as observed
(a) by Fox and Hickam, {b) by Frost and MeDowell, (¢) by Clarke.




Excitation N, and other diatomic
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Fic. 10.21. Total collision cross-sections of diatomic molecules
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Partial cross section for excitation

Fig. 4. Cross-section set for NO (1986}).

€ (aV)

Fig. 6. Electron collision cross-section set for NH3 (1986).




Molecular Oxygen Cross Sections

Molecular Oxygen Cross Sections

* O, cross section consistent with electron transport data

» Metastable excitation and dissociation dominate at modest electron energies.

AN, Phelps (1985)
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Next = IONIZATION

Swarm Analyzed Cross Section Set: Argon

Comparison of calculated and measured 1onization coetficients for several Ar cross
section sets
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How IS o/p-H;* produced in H, plasma

o/p-H,* + o/p-H,~> o/p-H;* + H
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Fig. 1: Rotational energy levels of H:™ 1n the ground vibrational state.”




Energy levels of H,..... D3 In K
Rotational excitation
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3 atomic molecule Hj*

Unified theoretical treatment of dissociative recombination of D,; triatomic ions:
ot + +
Application to H; " and D,







State specific recombination H,*(v=0)

Rotational levels for v, SN\
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Measured transitions in NIR — second overtone

H. (3v, < Ov,) infrared transitions
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How Is o/p-H;* thermalised
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Energy levels -

EXCITATION, DISSOCIATION, AND ENERGY TRANSFER

Rotational states

1eV corresponds to ~ 11604K
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Figure 2-2-1. Vibrational-rotational levels {(quantum numbers v and J) of a few diatomic
molecules. The (v =1, J = 0) level of H, lies 0.54eV above the ground state (v = 0,
J = 0). Rotational level spacings for H, are uniquely large, about 15/ meV, where J is the
quantum number for the upper level. For the ortho species of H 2(0-H3), the nuclear spins
are parallel; for the para version (p-H,), the nuclear spins are antiparallel. [From

Shimamura (1984).]
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HCN / HNC NIR spectra
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lon traps

Date: 23 Apr 2010
Satellite: Hubble Space Telescope
Depicts: Detail of the Carina Nebula

Photoelectron spectrometer
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