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K čemu jsou potřeba účinné průřezy pro
excitaci
nepružné srážky – vliv na EDF

X + e− → X∗ + e−
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Srážkově-radiační modelování
koronová rovnováha – populace excitovaných stavů elektrony,
depopulace spontánní emisí
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Výpočet rychlostních koeficientů
rychlostní koeficient

k =

√
2e
me

∫ ∞
0

σ(ε)f0(ε)εdε

Topical Review

where σ(v) is the electron impact cross section for the reaction
at electron speed v, and fe(v) is the electron distribution
function. The quantity 4πv2fe(v) dv is the number of
electrons with speeds between v and v + dv. This also equals
ge(ε) dε, the number of electrons with energies between ε

and ε + dε, where ge(ε) is the EEDF. It is more common to
report an electron energy probability function, gp(ε), where
gp(ε) = ε−1/2ge(ε). When ln gp(ε) is plotted versus ε, a linear
behaviour indicates a Maxwellian distribution, with a slope
equal to −1/Te. The units for ge(ε) and gp(ε) are eV−1 and
eV−3/2, respectively, and

∫ ∞
0 ge(ε) dε = 1. Since eε = mv2/2

(where ε is expressed in units of electronvolts), the rate constant
is expressed in terms of gp(ε) as

k =
√

2e

me

∫ ∞

0
σ(ε)εgp(ε) dε. (2.3)

EEPFs are usually reported as the product gp(ε)ne and are
therefore in units of eV−3/2 cm−3.

EEDFs usually deviate from a thermalized, Maxwellian
distribution, sometimes severely [45–47]. Since electrons
thermalize through collisions with other electrons and lose
large amounts of energy through inelastic collisions with
the gas, higher electron densities and lower pressures favour
Maxwellian distributions, at electron energies below the
plasma potential. However, other considerations such as
inelastic scattering at lower energies in molecular gases and
the pressure-dependent ambipolar fields (non-local effect) can
often cause higher-pressure ICP EEDFs to become more
Maxwellian [47]. High-energy electrons (at energies above
the plasma potential) are also lost at the walls, where they
can overcome the confining sheath electric fields, and hence
ICP EEDFs above the plasma potential are depleted. Large
rf electric fields, large sheath potentials, stochastic electron
heating, and secondary electrons created by ion bombardment
of surfaces and accelerated through sheaths create a high-
energy tail in the EEDF, and consequently, CCPs generally
have non-Maxwellian EEDFs with the high-energy electrons
at a ‘temperature’ that is higher than that of the lower-energy
electrons [48]. Conversely, electrostatically shielded ICPs tend
to have EEDFs that are more Maxwellian. (The higher electron
densities and generally lower pressures for ICPs, compared
with CCPs, also favour this trend.) Unshielded ICPs can also
have an enhanced high-energy tail, due to some capacitive
coupling.

The EEDF is also spatially dependent. When the electron
mean free path for inelastic scattering is smaller than the
characteristic plasma length, the EEDF is cooler far from
the regions where most of the power is deposited. When
the inelastic mean free path is large compared with the
plasma length, the shape of a non-Maxwellian EEDF will
also vary throughout the discharge. This non-local effect
is well understood [47, 49, 50]. Electrons are attracted to
regions of the plasma that are at a higher potential, where the
positive ion and electron density are highest. Higher-energy
electrons can escape these regions of higher potential and move
throughout the plasma; their ‘total’ energy (kinetic energy plus
the potential energy overcome by escaping the potential well) is
conserved. Low-energy electrons on the other hand are trapped
and therefore build up in the regions of high potential. In ICPs

near the regions of highest electron density, this non-local
effect, combined with inelastic scattering and loss of high-
energy electrons above the plasma potential, creates what is
sometimes described as a ‘three-temperature’ EEDF, in which
the low-energy and high-energy electrons are at lower (but
different) effective temperatures than those of the intermediate
electrons [47].

For high-density (>1011 electrons per cm3), low-pressure
(<10 mTorr) ICPs EEDFs near the centre of the discharge
are usually close to a Maxwellian distribution and can be
characterized by an electron temperature, Te. For an electro-
positive, weakly ionized plasma (negative ion density �
electron density � neutral gas number density), it is easy to
show that Te is related to the ionization potential of the gas by
the ‘global’ relationship [4]

Te = Ei

ln((Angleff)/vB)
, (2.4)

where Ei is the ionization potential of the neutral gas, present at
a density ng, the ionization rate constant, kiz, is approximated
by the Arrhenius expression kiz = A exp(−Ei/Te), leff is the
effective length of the plasma for positive ion diffusion, and
vB is the Bohm velocity.

Most common atoms and molecules have ionization
potentials between 10 and 15 eV, the exceptions being He and
Ne. If we take Ei = 13 eV and A ∼ 5 × 10−8 cm3 s−1 as
being representative of many gases, then for a typical value
of leff = 5 cm, Te would be 4.5 eV at 1 mTorr and 2.5 eV at
10 mTorr. The ge(ε) corresponding to Te = 3 eV is plotted in
figure 1, along with the cross sections, σ(ε), for electron impact
excitation of the Paschen 2p5 levels of Ne, Ar, Kr, and Xe from
their ground states. The product σ(ε)ge(ε) is relatively large
for Xe and Kr, considerably smaller for Ar, and extremely
small for Ne. Consequently, if trace amounts of Ne, Ar, Kr,
and Xe were to be added to the plasma, relatively intense Xe
and Kr emission would be observed, with weaker emission
from Ar and extremely weak Ne emission. Hence Ne emission
is difficult to observe in discharges with near-Maxwellian

Figure 1. EEDF, ge(ε), corresponding to a Maxwellian distribution
with an electron temperature, Te, of 3 eV. Also shown are cross
sections, σ(ε), for electron impact excitation of the Paschen
2p5 levels of Ne, Ar, Kr, and Xe from their ground states.
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Stavy Ne, Ar
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Optické metody

měříme intenzitu světla vyzařovaného atomem na konkrétních
přechodech v závislosti na energii elektronů v
monochromatickém svazku
použití elektronů s obecnou rozdělovací funkcí nevede k
srovnatelným výsledkům
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Optické metody

měříme Φ – počet fotonů emitovaných za jednotku času svazkem
jednotkové délky, [Φ] = s−1m−1

σ

S
[ngSL][neSv∆t ] = [Ai∆t ][niSL]

ngneσv = Aini

Φ = niAiS

I = enevS

σ =
Φ

ngneSv
=

Φ

ngI/e

komplikace: Ai =
∑

j
Aij , prostorový úhel
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Optické metody
Optický účinný průřez (optical emission cross section)

σ
opt
i→j =

Φi→j

(I/e)n0
, (2)

Zdánlivý účinný průřez (apparent cross section)

σ
app
i =

∑
j<i

σ
opt
i→j . (3)

Kaskádní účinný průřez (cascade cross section)

σcasc
i =

∑
k>i

σ
opt
k→i . (4)

Přímý účinný průřez (direct cross section)

σdir
i = σ

app
i − σcasc

i . (5)
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Kaskádní příspěvky

σ
opt
i→j =

Φi→j

(I/e)n0

σ
app
i =

∑
j<i

σ
opt
i→j

σcasc
i =

∑
k>i

σ
opt
k→i

σdir
i = σ

app
i − σcasc

i

obtížně změřitelné všechny
přspěvky
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Vliv tlaku

kaskády jsou ovlivněny koncentrací atomů v základním stavu
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Vliv tlaku
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kaskády jsou ovlivněny koncentrací atomů v základním stavu
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Vliv tlaku

Zejména účinné průřezy rezonančních čar a stavů vykazují díky
samoabsorpci závislost na tlaku (Heddle & Samuel, 1970)

σ
opt
i→j = Ai→j

σdir
i + σcasc

i
Ai + (g(p)− 1)Ai→ground

, (6)

a pro zdánlivý účinný průřez rezonančního stavu

σ
app
i = Ai

σdir
i + σcasc

i
Ai + (g(p)− 1)Ai→ground

. (7)

Ai je suma Einsteinových koeficientů Ai→j pro všechny přechody
ze stavu i a funkce tlaku g(p) udává pravděpodobnost, že
rezonanční foton opustí kolizní nebo výbojový prostor (Gabriel &
Heddle, 1960; Phelps, 1958).
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St John et al. (1964) – helium
ABSOLUTE ELECTRON EXCITATION CROSS SECTIONS OF He A891
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FIG. 1. Apparent excita-
tion functions of I8 helium
levels. Cross sections are
relative; electron energy
varies from 0 to 500 eV.
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The measurements of Yakhontova are consistent
with those reported herein. The ratio of Yakhontova's
peak cross sections to ours averages 0.99 and each lies
within the range of 0.83 to 1.16 with the exception of the
4'S and 5 'D cross sections. In those cases the factors
were 0.77 and 1.37. This rather good agreement
throughout the levels including 'D, and 'D verifies that
the pressures used in both investigations were below
those which cause transfer effects."

' "Yakhontova determined the absolute value of the peak cross
section of lines from the 3 and 4'I' levels by operating at a gas

Stewart and Gabathuler do not quote directly the
pressures used in their determinations of the apparent
cross sections, but they were well aware of the pressure

pressure high enough to cause complete imprisonment (which
would yield a value near that of the level cross section) and then
determined the line cross sections (5016 and 3965 L) by dividing
by the appropriate branching factor. Due to a spreading of the
beam with increasing imprisonment which is concommitant with
increasing pressure, the measured line intensity will not increase
as much as the branching ratio when imprisonment changes from
a nil to its full value. Thus, the line cross sections given by
Yakhontova were not converted back to level cross sections and
hence are not tabulated in Table, II.

na ose x – energie elektronů
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Electron Excitation Functions of Mercury*

RzcHAnn J. ANDERSON t EDWARD T. P. LEE AND CHUM C. LrN)

Departmertt of Physecs, Unsversety of Oklahoma, Normal, Oklahoma

(Received 10 October 1966)

Absolute excitation functions of some 40 transitions of the mercury atom have been measured. As in the
case of helium, the excitation functions of the singlet states have the common feature of a broad maximum
around 30 eV, whereas the triplet states show the characteristic sharp peaks at lower voltages. The excita-
tion functions of the lower states exhibit fine structure near the threshold, which may be attributed to
cascade from the states of higher energies. The cascading e6ect has been examined for the excitation of the
7 Sp 7 Sy 7 P2, 6 'D3, and 6 'D~ states. At 15 eV the cascade corrections are small for 7 'P2, 6 'D3, and
6 'D&, but amount to approximately 42% for 7 'Se. The major source of population of the 7 'S& state is found
to be cascade transitions from the 7 3P2 state rather than direct excitation. Direct-excitation cross sections
of the 7 'So, 6 D2, 6 D3, and 7 'P2 states at 15 eV have been determined and the results are compared with
the theoretical calculations.

I. INTRODUCTION'

ECENT studies of the electron excitation of
helium have revealed many interesting aspects of

the collisional-excitation processes. The excitation cross
sections of the triplet states are found to be much larger
than the theoretical values, leading to the conclusion
that the population of the triplet states is produced
primarily by indirect processes. ' The pressure depen-
dence of the cross section of the 3 'D state at 100 eV was
ascribed to the e 'P—eF collisional transfer followed by
cascade transitions to the 3 'D state. ' 4 This explanation
was further con6rmed by the measurements of the
lifetime of the excited states' ' and by the excitation-
transfer experiments of Robertson et at. ' '

To further the study of the excitation processes of
atoms we have undertaken a detailed investigation of
the electron excitation of mercury, which was chosen
because it is structurally similar to helium and is
readily available in a gaseous phase. The mixing of the
singlet and triplet states which is responsible for the
intercombination lines adds some interesting features
to the excitation functions. We have determined the
optical excitation functions for some 40 lines of mercury
from which the general shapes of the excitation func-
tions for the various states are established. A cascade

*Supported by the U. S. Air Force Weapons Laboratory,
Kirtland Air Force Base, New Mexico, a part of the Research and
Technology Division of the Air Force System Command, under
Contract No. AF 29(601)-6020, and by the U. S.Office of Scientific
Research.

$ Present address: Department of Physics, University of
Arkansas, Fayetteville, Arkansas.

f, Alfred P. Sloan Foundation Fellow.
' R. M. St. John, F. I . Miller, and C. C. Lin, Phys. Rev. 134,

A888 (1964).
2 R. M. St. John and R. G. Fowler, Phys. Rev. 122, 1813 (1961).
3 C. C. Lin and R. G. Fowler, Ann. Phys. (N.Y.) 15, 461 (1961).
4 C. C. Lin and R. M. St. John, Phys. Rev. 128, 1749 (1962).
'R. G. Fowler, T. M. Holtzberlein, C. H. Jacobson, and

S. J.B.Corrigan, Proc. Phys. Soc. (London) 84, 539 (1964).
'W'. R. Pendleton and R. H. Hughes, Phys. Rev. 138, A683

(1965).' R. B.Kay and R. H. Hughes, Phys. Rev. 154, 61 (1967).
SM. P. Teter, F. E. Niles, and W. W. Robertson, J. Chem.

Phys. 44, 3018 (1966).' M. P. Teter and W. W. Robertson, J. Chem. Phys. 45, 2167
(1966).

analysis is carried out for the 7'So, 7'P2, 6'D3, 6'D2
states, and the direct excitation cross sections of these
states are compared with the theoretical calculations.
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FIG. 1. Block diagram of the experimental apparatus.

' F. M. Ernsberger and H. W. Pitman, Rev. Sci. Instr. 26, 584
(1955).

31

II. EXPERIMENT

The apparatus involves three basic components: (1)
an evacuated excitation tube with a source of mercury
atoms, (2) an electron gun to provide a constant flux
of electrons into a field-free collision region, and (3)
auxiliary equipment to detect and record the radiation
emitted as the excited atoms return to states of lower
energy. A block diagram of the apparatus is displayed
in Fig. 1. The source of ground-state atoms consisted of
a small mercury droplet placed in a thermally regulated
appendage of the excitation tube. The tube was sealed
oR from the vacuum system and the atom-number
density was estimated from the saturated vapor pres-
sure data of Ernsberger and Pitman. "

The electron beam was produced by an oxide-coated
cathode, and directed into the collision region by an
electron gun of pentode design as shown in Fig. 2. The
electron Qux is kept constant over the range of 5 to
100 eV by a degenerative feedback system in which the
collision chamber current is sampled by a current sensor.
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Adjacent portions of the plate were exposed for equal
periods of time by the ribbon lamp and the excitation
tube. The values of the emissivity of tungsten at
1200'K were obtained by extrapolating the emissivity
data of DeVos."The plate was processed immediately
after its exposure and the photographic density of the
two images was determined to yield an intensity com-
parison of the two sources.

FOCUSING ELECTRODES
6cm

FIG. 2. Schematic diagram of the excitation tube. The
spacings between adjacent grids are about 2 mm.

When the electron current exceeds the desired level, a
current comparator converts the difference into a
voltage signal, which is amplified by an operational
amplifier. The cathode is referenced to a variable nega-
tive potential; therefore, for the purpose of isolation the
control signal is used to modulate a carrier. The modu-
lated signal is amplified, demodulated, and applied to
the first grid. Its application results in a change of the
voltage-current characteristics of the excitation tube.
Thus, if the potentials of the first two grids are properly
chosen the beam current will be decreased to the desired
value. The third electrode is held at cathode potential
while the remaining grids and the Faraday cage are held
at ground potential. In this manner, the energy of the
electron beam entering the collision chamber is deter-
mined solely by the negative potential applied to the
cathode. The current stability of the system is better
than 0.5%, with an electron energy spread within the
range of 0.4 to 0.8 eV. The latter is determined by the
appearance of fine structure in the 7 'S~—6 'P2 excitation
function and retarding potential measurements. As a
test for possible distortions of the electron beam due to
instrumentation, the excitation functions of some
selected transitions were measured at diferent beam
currents. The excitation functions of a given line taken
at diGerent currents do indeed have the same shape and
their magnitudes are in proportion to the beam currents.

The radiation produced by the excited atoms is
modulated at a frequency of 1 kc/sec. The detection
system (tuned ampliler and phase-sensitive detector)
for the photomultiplier output is similar to that de-
scribed by St. John et a/ "However. , it is no longer
necessary to divide the photomultiplier current by the
electron beam current since the latter is maintained at
a constant level.

The method used to obtain absolute measurements
of the excitation cross sections has been described by
St. John et al.' Measurements of the cross sections of the
transitions 7 'Ps 7'Sr (11 287 A) —and 7 'Se—7 'E&

(10140A) were obtained by replacing the photo-
multiplier detector with type I-Z Kodak spectroscopic
plate. The type I-Z emulsion was hypersensitized in
order to extend its spectral sensitivity to 12000A.

R.. M. St. John, C. C. Lin, R. L. Stanton, H. D. West, J. P.
Sweeney, and E. A. Rinehart, Rev. Sci. Instr. 33, 1089 (1962).

III. THEORY

The mercury atom is treated as a two-electron
system. The Hartree-Pock wave functions for the 6s,
6P, 6d, and 7s states have been computed by Mishra. "
These atomic orbitals are used to construct the basis
functions of the two-electron system in the I.SJMz
representation for each configuration. The spin-orbit
interaction which is approximated by

causes a mixing between states of the same I., J, Mg but
diferent S. The wave functions for the 'P~ and 'P~
states should be written as

(2)

and the same applies to the 'D2 and 'D2 states. The wave
functions for the other states are simply taken as the
I.Sag eigenfunctions of a single configuration, For the
P states the mixing coefEcients can be determined from
their fine structure. Here one uses the experimental
values of the three energy spacings between the n 'P'&

and n'P2, &, 0 levels to determine parametrically the
exchange integrals E6, „„andthe spin-orbit coupling
constants X„„,from which the mixing coefficients can be
obtained. Because of the approximate nature of the
theory, a reasonably satisfactory fit of the three fine-

structure spacings can be achieved by employing a range
of values for E and for X. The mixing coefBcient so ob-
tained for the (6s)(6P) conlguration is P=0.16+0.04.
Alternatively, one can determine the mixing coeKcient
from the experimental g factor. Lurio'4 gave p=0.1725,
in good agreement with the value derived from the
measurements of the lifetime'4 of the 6 'P~ state
(p=0.1714). For the (6s)(7p) states, we get p=0.54
&0.08 from fine-structure energies, but no g factor or
lifetime data are available.

The D states are in contradiction with the theory
outlined above in that experimental observation shows
the 'D level lying below the 'D. This discrepancy could
be due to the neglect of configuration interaction and
spin-other-orbit interaction in the present approxi-

n J. C. DeVos, Physica 20, 715 (1954).
r8 B.Mishra, Proc. Cambridge Phil. Soc. 48, 511 (1952).
'4 A. Lnrio, Phys. Rev. 140, A1505 (1965).
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Anderson et al. (1967)ELECTRON EXCITATION FUNCTIONS OF Hg

TABLE III. Comparison of optical excitation cross sections.
(All cross sections are expressed in units of 10 "cm'. )

Transition

Q(j,&)

This
work

at 15 eV

Jongerius

Q(j,k) at 60 eV
Hanle-

This Scha6'er-
work nicht Thieme

7 'Sg-6 'Pg
7 'Sy—6 'Pz
7 'Sx—6 'Po
7 'So—6'Pq
8 'So—6 'Pg
9 'So-6 'P
8 'Pj —7 'Sg
9 jPg—7'Sg
6'D3—6'Pp
6'D2—6 'Pj
9 'P)-7 'So

6 'D2
6 8Dj

6 1D

70&7
59&6
19~2
13+1.5
11&1.5

2.7w0.3
5.4~0,8
4.3&0.7
75&13
28~3

6.5a 1.2

45&5
36+4
13&1.3

9.6a1
8.4m 0.9
2.0&0.25

3.0+0.4
78w9
24~3

25&3
21&2

6.8m 0.7
14~2
16~2

4.1a0.5
7.0a1
6.9&1
9.5+1.7
20~3
10+2

67
82

13
52

42~5 36~4 30~4 105

5.7&1 6.3&1.2 4.6~0.9

57
~ ~ ~

31
56
20
94
18
18

92

"S.Frisch, Spectrochim. Acta 11,350 (1957);I.P. Zapesochny,
Vestn. Leningr. Univ. , Ser. Fiz. i Khim. 9, 67 (1954}.

'4 I. P. Zapesochny and 0. B. Shpenik, in Proceedings of the
fourth International Conference on the Physics of Electronic and
Atomic Collisions (Science Bookcraf ters, Inc. , Hastings-on-
Hudson, New York, 1965), p. 391.

25 W. Hanle and W. Scha6ernicht, Ann. Physik 6, 905 (1930)."O.Thieme, Z. Physik 78, 412 (1932).

by Frisch and Zapesochny. "The excitation functions
reported by Jongerius were limited to the energy range
0—20 eV, while those of SchaGernicht and Zapesochny
extended the range up to 70 eV. Schaffernicht's results
did not possess the 6ne structure observed by Jongerius
and by Frisch and Zapesochny. The appearance of such
structure near the onset of the excitation function is
related to the energy distribution of the electron beam.
Employing an extremely univelocity electron beam
(AE= 0.08 ev), Zapesochny and Shpenik'4 have recently
increased the resolution of the fine structure appearing
in the 7'S~—6'P2 excitation function. The improved
technique has only been applied to the most intense
transitions of the mercury and helium spectra. The
energy distribution of the electron beam used in the
present investigation is comparable to that obtained by
Jongerius and the earlier work of Zapesochny. The
increased sensitivity of the detection apparatus per-
mitted the observation of a number of previously
unattainable excitation functions.

Absolute cross sections have been measured by Hanle
and Scha6ernicht25 for eight transitions of the visible
mercury spectrum at 60 eV. Thieme26 carried out rela-
tive cross sections for additional lines and normalized
his data to the absolute value of the 7'S~—6'P~ cross
section reported by Hanle and Schaffernicht. More
recent absolute measurements were made by Jongerius. s'

A comparison of our data with those of the previous
works is given in Table III. The measurements are

8'P -7%,

8 So-6 P1

7S

9'S; 6%

I-

0
lR 91-7%1 8 S)-6 Pj

94-7 S1
60, -6P,
60 -6p,

0 20 40 60 SO 20 40 60 80 20 40 60 ' 80

FxG. 5. Typical optical excitation functions of 12 mercury levels.
Electron energy ranges from 0 to 80 eV.

compared at the electron energies reported by the
authors. The measurements of Hanle and Schaffernicht
and of Thieme are about two to four times larger than
those of the present work. It is interesting to note that
Thieme's excitation cross-section measurements for
helium which are also based on Hanle's absolute meas-
urement exhibit serious disagreement with the more
recent experiments. ' On the other hand, our absolute
cross sections are consistently larger, with the exception
of the 6''D2 —6'P2 and 6'D3—6'P~ transitions, than
those of Jongerius. The percentage difference ranges
from 4 to 65% and lies outside of the reproducibility
limits placed on the separate measurements. The
absolute measurements of Jongerius were carried out
under conditions similar to those of the present in-
vestigation with only a slightly different calibration
procedure. The origin of the discrepancy between the
two sets of cross sections is still unclear.

A. Triplet S and P Levels

The excitation functions of the n 'Ps 7'Sr(v=8 to—
14), n'Pr, s—7'Sr(I=9 to 14), and e'Sr—6'Pr(m=8

V. OPTICAL EXCITATION FUNCTIONS

The general qualitative features of the excitation
functions are now examined. The secondary lines will
be discussed first, so that one may attempt to form
conclusions concerning their general shape. This
necessity arises because the upper levels contribute, by
cascade transitions, to the population of the states of
our primary interest. The information gained through
this examination will be used in the interpretation of the
excitation functions of the 6 'D3, 6 'D2, 7 'S~, and 7 'So
levels.
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Sharpton et al. (1970)

světelný zdroj (wolframový pásek) pro absolutní kalibraci –
optická cesta k monochromátoru je stejná
Tlak plynu v komoře byl pod 30 mTorr.
monochromatizace, snímání fotonásobičem ve spektrálním
rozsahu 330 – 1200 nm

.
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Sharpton et al. (1970)
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Sharpton et al. (1970)

ns2 a ns4 mají široká maxima, obsahují singletový stav 1P1

ns3, ns5 úzká maxima , jsou čistě tripletové, excitace se tedy
uskutečňuje zejména výměnou elektronů
ns5 má poněkud širší maximum ve srovnání se stavem ns3
díky vyššímu kaskádnímu příspěvku.
stavy se lichou hodnotou J + l mají větší účinné průřezy než
stavy se sudou hodnotou
Příspěvek kaskádních účinných průřezů 2pi a 3pi stavů je
typicky 50 %, pro některé 3pi stavy až 70 %.

.
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Phillips et al. (1981)
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Phillips et al. (1981)
přechody z 1s2 a 1s4 mají λ 73,6 a 74,4 nm, 1s3 a 1s5 jsou
metastabilní stavy
technika laserem indukované fluorescence (LIF)
Laserový paprsek byl naladěn na vhodnou vlnovou délku (např.
588,2 nm), aby absorpcí záření docházelo k přechodu ze stavu 1si
do některého ze stavů 2pj (např. 1s5 →2p2).
Přerušování paprsku s frekvencí 720 Hz, měření rozdílu ve
spektrech při zapnutém a vypnutém laseru.
Tento rozdíl (měřený např. na čáře 659,9 nm přechodu 2p2 → 1s2) je
v rámci dané přesnosti přímo úměrný zdánlivému účinnému průřezu
původního stavu (1s5).
kalibrace na energii elektronů 90 eV srovnáním s měřením
kaskádních příspěvků Sharpton et al. (1970). Je-li příspěvek
přímého průřezu ve zdánlivém zanedbatelný, je zdánlivý průřez
roven kaskádnímu.
absolutní hodnoty jsou zatíženy chybou 25 % (28 %) pro
metastabilní resp. rezonanční stavy.
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Phillips et al. (1981)

Bornova-Betheova aproximace – účinný průřez

σi→j (ε) = 4πa0
2fij

(R

ε

)( R

εij

)
ln ε (8)

kde a0 je Bohrův poloměr, fij síla oscilátoru optického přechodu, R Rydbergova energie (13,6 eV) a εij energiový
rozdíl hladin

“Bethe” plot – závislost σi→jε na ln ε je při vyšších energiích (nad 100 eV) lineární a z prokladu naměřenými daty
lze stanovit sílu oscilátoru optického přechodu.
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Metody měření ztráty energie

Tento způsob je založen na měření ztráty energie elektronů jako
funkce rozptylového úhlu. Elektron, který srážkou s atomem
způsobil jeho excitaci, se v energiovém spektru posune k nižším
hodnotám energií o stejnou hodnotu, jako je energiový rozdíl
počátečního a koncového stavu atomu.

23 / 50



Register & Trajmar (1984)

Svazek atomů neonu vytvořený polem kapilár a vystupující otvorem
sběrače se křížil s elektronovým svazkem.
Elektrony byly emitovány tenkým wolframovým vláknem, urychleny
elektronovým dělem a monochromatizovány dvojitým hemisférickým
energiovým selektorem.
Detektor byl tvořen kuželem vymezujícím vstupní aperturu, mřížkami
s napětím zabraňujícím detekci elektronů podstoupivších nepružnou
srážku s atomem a elektronovým násobičem typu channeltron.
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Register & Trajmar (1984)
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Register & Trajmar (1984)

Elastický diferenciální účinný průřez byl měřen absolutně
v intervalu úhlů −40 – 145 ◦ pro elektrony s energií 5 – 100 eV
s chybou 3 % – 5 % .
kritické hodnoty energie a úhlu, při kterých se v závislosti
diferenciálního účinného průřezu na úhlu rozptylu objevuje
ostré minimum. Naměřená poloha (62,5 ± 2,5) eV; (101,5 ±
1,5) ◦ je v souladu s jinými pracemi teoretického a
experimentálního charakteru (např. Menandez et al. , 1980).
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Register & Trajmar (1984)
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Register et al. (1984)
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Register et al. (1984)
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Register et al. (1984)

různé počáteční energie nalétajících elektronů
minima se prohlubují s rostoucí energií
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Register et al. (1984)

Šestnáct čar nalezených ve spektru bylo přiřazeno stavům
resp. skupinám stavů 1s5 – 3p1.
Rozlišení energiového rozdělení srážejících se elektronů bylo
60 – 80 meV (Register et al. , 1980).
Na rozdíl od předešlých prací byly hodnoty diferenciálních
průřezů stanoveny absolutně, a to přes hodnoty elastického
účinného průřezu.
Chyba průřezů byla stanovena na 13 – 40 % v závislosti na
konečném stavu atomu a počáteční energii elektronů.
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Kanik et al. (1996) a Tsurubuchi et al. (2000)

Kanik et al. (1996)
měření optické excitační funkce rezonančních stavů 1s2 a 1s4
měřením UV záření doprovázejícího zářivé přechody z těchto
stavů
UV spektrometr s channeltronovým PMT, λ 45 – 80 nm
tlak plynu 10−6 Torr pro potlačení samoabsorpce.
Celková chyba měření a kalibrace byla odhadnuta na 41 %.

Tsurubuchi et al. (2000)
měření kaskádních příspěvků 2p53p→ 2p53s (vliv až 36 % při
40 eV)
výsledkem přímé účinné průřezy rezonančních stavů 2p53s
Chyba účinných průřezů byla určena na 20,2 %.
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Tsurubuchi et al. (2000)

Electron-impact cross sections of Ne 3721

Table 3. Emission cross sections of the resonance lines (×10−18 cm2).

Energy (eV) 73.59 nm 74.37 nm

18 0.87 0.19
20 1.91 0.70
30 5.46 1.97
40 8.15 2.20
50 8.91 2.15
60 9.38 2.12
70 9.44 2.01
80 9.52 2.01
90 9.45 1.92

100 9.00 1.80
120 8.73 1.68
140 8.46 1.52
150 7.94 1.53
160 7.64 1.43
180 7.38 1.34
200 7.05 1.25
250 6.20 1.10
300 5.43 0.98
350 5.02 0.89
400 4.50 0.81
450 4.31 0.77
500 4.10 0.71
550 3.83 0.67
600 3.51 0.62
700 3.20 0.57
800 2.81 0.53
900 2.50 0.47

1000 2.30 0.43
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Figure 8. Level-excitation cross sections of the 1s2 state. Present result (•), Philips et al (1985)
(�), Register et al (1984) (�), Suzuki et al (1994) (�), de Jongh (1971) (
) (see Register et al
(1984)), Machado et al (1984) (- - - -), Zeman and Bartschat (1997) (——).
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Chilton et al. (1998)

The electron gun consists of an indirectly heated BaO
cathode with four electrostatic focusing and acceleration
grids. The gun produces a 200–800-mA beam approximately
3 mm in diameter over an energy range of 10–300 eV. The
energy spread of the beam was determined by measuring the
Gaussian spread in the onset region of the excitation func-
tion, and is estimated to be approximately 0.6 eV. A deep
Faraday cup collects the electrons, and a digital multimeter
records the current.

A slit in the Faraday cup allows radiation to emerge and
pass through a MgF2 window ~transmission;95% between
0.9 and 5mm! in the side of the collision chamber. Anf /4
gold-coated off-axis parabolic mirror collects the light and
reflects a collimated beam into a Bomem model MB-157
Fourier-transform weak emission spectrometer.~A compre-
hensive description of the theory of operation of the FTS
may be found in Ref.@8#.! A thermoelectrically cooled
InxGa12xAs detector, covering the spectral region between
11 750 and 5900 cm21 ~0.85–1.7 mm! at a resolution of
2 cm21, was used for most measurements. For several
longer-wavelength lines in the 3d manifold, a liquid-
nitrogen-cooled InSb detector, covering 7000– 1500 cm21

~1.4–5.8mm!, was used.

B. Monochromator-PMT system

To obtain absolute cross sections, we employ a collision
chamber and vacuum system similar to that described in Sec.
III A. Details of the operation of this type of apparatus have
been published elsewhere@6,9#. The light collected from the
excited atoms in the collision region passes through a 1.26-m
Czerny-Turner spectrometer and is detected by a PMT with
either anS1 or a gallium arsenide photocathode. By placing
optical stops in the beam path, and comparing the recorded
excitation signal with the output of a calibrated standard
lamp, we determine absolute cross sections. By placing a
polarizing filter in the beam path, it was also possible to
determine the degree of polarization of the light emitted from
the chamber. Polarization of the excitation signal at all elec-
tron energies was found to be too small~generally less than
6%! to require polarization correction@6# in the absolute
calibration. For example, a 6% polarization corresponds to a

2% change in the measured cross section, which is much less
than the statistical uncertainty of our measurements.

C. FTS data acquisition

Acquisition of emission data with the FTS is a straight-
forward process. Once the collision chamber is brought to
the desired pressure and the accelerating voltage selected, the
FTS records 150 scans of the radiation emitted from the col-
lision chamber. One of the advantages of the FTS is that it
acquires data on all transitions within its wavelength range
during each scan. The resultant spectrum shows peaks due to
the excited argon atoms, superposed on a blackbody emis-
sion curve due to light scattered from the hot cathode of the
electron gun~see Fig. 3!. A background spectrum, taken with
an electron beam energy below the onset of excitation, is
then subtracted, yielding the true excitation signal. The spec-
trum is corrected for both the detector efficiency and the
transmittance factors of the optical system by rotating the
parabolic mirror 180° and measuring the signal from a cali-
brated blackbody source~a quartz tungsten halogen lamp for
the InxGa12xAs detector, and a ceramic element IR black-
body for the InSb detector!, as shown in Fig. 2. A MgF2
window, identical to that on the collision chamber, is placed
in the beam path for compensation, and a number of scans
acquired. Dividing the resulting spectrum by the known
blackbody emission spectrum yields the instrument response.
The raw argon excitation spectrum is then divided by the

FIG. 2. Layout of the FTS apparatus showing the optics con-
figuration. The focusing mirror can be swiveled 180° to examine
the output of a standard lamp.

FIG. 3. Measurement of the emission spectrum of 2-mTorr ar-
gon at 40 eV. A beam-off background spectrum~b! is subtracted
from a beam-on spectrum, with signal1background~a!, and the
result divided by the instrument response function~c! to yield a
wavelength-corrected spectrum~d!.

57 269MEASUREMENT OF ELECTRON-IMPACT EXCITATION . . .

mřížkový monochromátor konstrukce Czerny-Turner
s fotonásobiče pro VIS
FTIR spektrometr pro přechody v IR oblasti 900 nm – 2µm
(přechody 2p53d, 2p54s→ 2p53p)
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Chilton et al. (2000) – neon

~1!. Dividing these heights by the current and pressure yields
a number proportional to the cross section. These relative
cross sections are put on an absolute scale by measuring the
absolute cross section of a transition with wavelength around
0.9 mm ~the overlap region between the PMT and
InxGa12xAs) using the monochromator-PMT system as de-
scribed in Sec. II C.

C. Monochromator-PMT system

This apparatus contains a collision chamber and electron
gun nearly identical to the one in the FTS system. The light
from the excited atoms is focused onto a monochromator,
and detected with the use of a liquid-nitrogen cooled PMT.
The intensity of the emission from a particular transition is
compared to the intensity of a calibrated quartz tungsten
halogen lamp which travels the same optical path. The abso-
lute cross sections are determined by the procedure of Ref.
@12#.

Because of the large intrinsic gain of a PMT, it is possible
to acquire signals at very low pressure. This apparatus was
also therefore used to record the dependence of cross section
with pressure.

III. RESULTS AND DISCUSSION

A. Pressure dependence of the optical cross sections

Let us first consider the optical cross section for a transi-
tion from a resonant level ‘‘a ’’ into a nonground level ‘‘b.’’
The atoms excited to levela partly decay to levelb and
partly to the ground level ‘‘0.’’ The resonant radiation (a
→0) can be absorbed by a nearby ground-level atom, and
the resulting excited atom so produced has another opportu-
nity to decay to levelb. As this process repeats itself, the
amount ofa→b emission increases at the expense of the
a→0 radiation. Since the probability of reabsorption of the
resonant photons increases with the atom number density,
one expects thea→b emission cross section to increase
with pressure until it reaches the asymptotic value corre-
sponding to complete reabsorption of the resonant radiation.

Gabriel and Heddle provided a model for analyzing the
pressure dependence of the cross sections for emission from
a resonant levela into a lower nonground levelb @13#. We
write the transition probability from levela into the ground
level asAa0, and the restricted sum of the transition prob-
abilities for all transitions froma into the lower levels ex-
cept the ground level asAa8 . The fraction of resonant photons
that escape the collision chamber is denoted byg(P), which
is a function of the gas pressure. The optical excitation cross
section at a pressureP is then given by@13#

Qab
opt~P!5Aab

Qa
dir1Qa

casc

Aa81g~P!Aa0
, ~4!

whereAab is thea→b transition probability coefficient. As
the pressure approaches zero,g(P) approaches unity, so that
Eq. ~4! reduces to the familiar relation between optical and
apparent excitation cross sections. For very high pressure,
g(P) tends to zero, and theAa0 term in Eq.~4! disappears,

corresponding to complete reabsorption of thea→0 reso-
nant radiation. Theg(P) function has been examined in
some detail by others@14#, and can be recast from a function
of pressure for a particular gas to a universal form for all
gases by writing it as a function ofk0r, where k0 is the
absorption coefficient of the resonant line, andr is a char-
acteristic collision radius for the experimental geometry. The
absorption coefficient is linearly dependent on the pressure,
so g is still a function ofP.

The nonresonant levels~e.g., levelb) are also influenced
by the pressure effect discussed in the preceding paragraph.
This is due to thea→b cascade contribution to the apparent
excitation cross section of theb level. The pressure depen-
dence of thea→b emission cross section produces a pres-
sure dependence in the apparent excitation cross section for
level b, even though levelb has no resonance radiation.
Reference@6# reports a very strong pressure dependence of
the cross sections for emissions from the resonant 3d2 level
(3p53d, J51) of argon. In addition, the apparent excitation
cross sections of the~nonresonant! 3p54p levels of Ar also
exhibit a significant pressure dependence, though in a less
striking fashion than in the case of 3d2. The same trend was
found for Xe @8#.

As an example of the pressure dependence of a resonant
level in the present work, in Fig. 2 we plot the optical cross
section for the 3d2→2p8 ~Paschen’s notation! transition of
Ne at 100 eV over the pressure range of 1–30 mTorr on a
logarithmic scale. Applying Eq.~4! to the data of Fig. 2
allows us to fit the pressure dependence model to the ob-
served cross sections. In Ref.@15# we made a similar analysis
for the 31P→2 1S emission of He, and fit the variation of
observed optical emission cross sections over the pressure
range of 80mTorr to 50 mTorr to Eq.~4! by adjusting the
value of r. An excellent fit was obtained by choosingr
51.4 cm, which corresponds well to the geometry of our
apparatus, and this value is adopted in the present work,
since we use the same collision chamber for both experi-
ments. We also need the transition probabilities for the emis-
sion lines from the 3d2 level, which are available in the
National Institute of Standards and Technology~NIST! tabu-
lation @16#. Comparing the calculated values with the ob-

FIG. 2. Cross section vs pressure for the 3d2 line in arbitrary
units. The line represents calculations using Eq.~4! with the values
for the transition probabilities from Ref.@16#.

ELECTRON-IMPACT EXCITATION CROSS SECTIONS OF NEON PHYSICAL REVIEW A61 052708

052708-3

při tlaku 30 mTorr (4 Pa) dochází k saturaci způsobenou
úplnou reabsorpcí rezonančního přechodu 3d2 → 1p0.
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Chilton et al. (2000) – neon, základní stav→3p

4. Cascades and direct excitation cross sections

In Table I we list the cascades into all the ten 2p53p
levels at 100 eV. The 3d18 (J53) and 3d19 (J52) levels are
less than 2 cm21 apart. Transitions from these levels into the
same 2p level are not resolved, and only the sum of the
emission cross sections is reported. The same holds true for
the 3d4 (J53) and 3d48 (J54) levels. Table I covers all the
2p54s and 2p53d levels. Cascades from the next two groups
have also been measured, but in Table I we give only the
sum of the cascades from the 2p55s levels (3s2 , . . . ,3s5 in
Paschen’s notation!, and the sum of the cascades from the
2p54d levels (4d and 4s1 in Paschen’s notation!. Cascades

from levels above these two groups are in the favorable spec-
tral region for PMT detection, but their cross sections make
negligible corrections to the 2p53p apparent excitation cross
sections.

The direct excitation cross sections for the ten 2p53p
levels at seven different energies are listed in Table II. For
the 2p53p configuration of neon, it has been shown that the
levels with even values ofJ generally have larger cross sec-
tions than the odd-J levels at high energies@11#. Our direct
excitation cross sections conform to this parity rule at ener-
gies above 50 eV with the exception of the 2p3 level (J
50), which has smaller cross sections than most of the odd-
J levels. Recall that the 2p3 wave function, when expressed

FIG. 4. Apparent~line!, cas-
cade~triangle!, and direct~circles!
cross sections for the 2p53p lev-
els. Error bars represent combined
statistical and systematic uncer-
tainties.

J. ETHAN CHILTON, M. D. STEWART, AND CHUN C. LIN PHYSICAL REVIEW A61 052708

052708-6

— zdánlivý,5 kaskádní, • přímý

pro průřezy do 3p studovány
spontánní přechody ze stavů
2p53d, 2p54s, 2p54d a 2p55s,
příspěvky 4s, 5s ukázaly být
zanedbatelné

analyzovány i stavy 3d, 4s
(zdánlivé účinné průřezy)
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Behnke et al. (1985) – neon 3s→3p

řešení Bolzmannovy kinetické rovnice pro rozdělovací funkci
elektronů
jednoduchý kolizně-radiační model (zanedbání přímé excitace stavů
3p)

σij (x) = 4πa2
0

(
R
εij

)2

fij

√
x − 1

x
ln[2(x +

√
x(x − 1)− 1/2)]

x + C
,

kde a0 je Bohrův poloměr, R Rydbergova energie (13,6 eV), εij
prahová energie, fij síla oscilátoru, x redukovaná energie
nalétajícího elektronu x = ε/εij a C je empirická konstanta.
účinné průřezy pro excitaci ze všech stavů 3s do jednotlivých stavů
3p.
absolutní hodnoty jsou však nižší (téměř dvakrát).
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Lagus et al. (1996)

He+ + Cs → He(21,3S) + Cs+

change from the perspective that, to the zeroth-order expla-
nation, charge exchange is described by a parameter known
as the energy defectDE which is simply the difference be-
tween the ionization energy of the donor atom~in this case
Cs! and the binding energy of the receiving atom’s~He! en-
ergy levels into which the electron transfers. Generally
speaking, reactions that have small energy defects have large
charge-transfer cross sections, and vice versa. The reaction
He11Cs→He1Cs1 is near resonant for then52 levels of
He(DE range from20.52 to 0.87 eV for the fourn52
levels! but highly nonresonant with the He ground state
(DE520.69 eV! so that at low collisional energies one ex-
pects the charge-exchange process to populate primarily the
n52 levels of He. Because of this, the main source for
ground-state atoms in the neutral beam is production of at-
oms in the 21P level since atoms in this level decay prefer-
entially ~with branching ratio 0.999! to the ground state.

Using a time-of-flight method, Reynaudet al. @10# found
that the actual distribution of the populations among the
n52 levels involves a much more detailed explanation than
one can obtain from an analysis based solely upon the energy
defects and the statistical weights of the various He levels
involved. In fact, this distribution depends upon both the
alkali metal used and the incident ion energy@10,11#. Over
the energy range 100–1250 eV, it is found that charge trans-
fer from Cs to He1 ions does not populate the 21P level
substantially. Therefore, unlike the first-generation experi-
ment where a majority of the target atoms in the electron
excitation region were in the ground state, one expects that
most of the target He atoms formed via the charge-transfer
process are metastable.

Hence by using a fast primarily metastable target we cir-
cumvent the limitations of the first-generation experiment
imposed by the ground-state He contamination. This allows
us to measure cross sections from excitation onset to arbi-
trarily high electron energy~in this case 500 eV!. This paper
describes our apparatus and presents our results for electron
excitation out of the 23S metastable level and into the
3 3S, 3 3P, 3 3D, and 43D levels.

The target density in the fast beam is about 33106

atoms/cm3, much lower than the metastable density in the
first-generation experiments (;53109 cm23). We present
much of this paper from the perspective of the steps that we
take to optimize our signal rates and to overcome various
noise sources in order to obtain electron excitation signal
from the metastable levels of He.

II. EXPERIMENTAL APPARATUS

The apparatus has evolved into a beam line consisting of
five chambers shown in block diagram form in Fig. 1. All

chambers are pumped by 8-in. diffusion pumps using
Santovac-5 pumping fluid. We equip each pump, with the
exception of the one for the ion source chamber, with a re-
frigerated baffle. The background pressures range from about
1027 Torr for the charge-transfer chamber to around
5310210 Torr for the data acquisition chamber~attainable
after baking at 200°C for 48 h!.

In addition to the radio frequency ion source, the first
chamber also contains two Einzel lenses for beam focusing
and horizontal and vertical deflection plates to steer the
beam. The second chamber houses the charge-transfer cell
where we partially convert the He1 ions into metastable He
atoms via the nearly resonant He11Cs→He1(2 1,3S)
1Cs1 charge-exchange process. The third chamber contains
deflection plates and an off-line Faraday cup so that we can
remove and monitor the remaining ions from the beam. This
chamber also houses an iris which we can open and close via
a rotary motion feedthrough, thus we can vary the diameter
of the atomic beam at the position of the iris. We also need
this chamber for differential pumping in order to handle the
gas load from both the ion source and the charge-transfer
chambers. The fourth chamber houses the electron gun and
the data acquisition optics where we monitor the
He* (2 1,3S)1e2→He* (n 1,3L)1e2 process. The atomic
beam is crossed by an electron beam, and we monitor the
fluorescence at right angles to both the electron and atomic
beams. During operation, the pressure in the data acquisition
chamber~DAC! is usually less than 531029 Torr. The final
chamber contains our neutral detector.

A. Charge-exchange cell

The recirculating alkali-metal oven~Fig. 2! consists of
three main parts: the charge-exchange region, the throat, and
the reservoir. We chose to construct each part from stainless
steel because of its high resistance to corrosion by alkali
metals. The exchange region has entrance and exit apertures
that allow passage for the beams of helium ions and atoms
and an opening for the throat through which the cesium at-
oms enter. The exchange region’s inner surface slopes down
from the apertures to the throat opening.

The throat tube is welded between the exchange region
and a flange that bolts to the reservoir. We insert into the
throat a stainless steel mesh that extends from the exchange
region opening to about an inch below the throat flange. Both
the exchange region’s slope and the mesh which acts as a
wick facilitate the recirculation of the alkali metal.

We charge the reservoir with 20–25 g of Cs and bolt the
oven together in an argon atmosphere. Cartridge heaters pro-
vide 200–600 W to the reservoir. Several type-K thermo-
couples monitor the temperatures. Refrigerated baffles on ei-

FIG. 1. Schematic diagram of the apparatus.
rf ion source chamber: rf ion source~RF!; Einzel
lenses ~E1, E2!, and deflection plates (H,V).
Charge-transfer chamber: charge-transfer cell
(X). Ion beam deflection chamber: iris (I ), col-
limation apertures (C), deflection plates (D),
and off-line Faraday cup~FC!. Data acquisition
chamber: electron-gun–Faraday-cup setup (E/
F), optics, PMT. Beam stop chamber: neutral de-
tector ~ND!.
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ther side of the oven are chilled to240°C in order to
condense the Cs that escapes the oven, thus reducing the
contamination of the apparatus.

We heat the bottom reservoir which increases the alkali
metal’s vapor pressure. This creates a large pressure differ-
ence between the reservoir~at 260 °C! and the exchange
region ~at 50 °C!, causing the atoms to travel through the
throat and into the exchange region where the alkali-metal
atoms interact with the helium ions. The exchange region
temperature must remain above the alkali metal’s melting
point (30°C for Cs! for the oven to recirculate. Conduction
from the reservoir delivers more heat to the top portion of the
oven than is necessary so that we water cool copper blocks
which are in good thermal contact with the top of the throat
in order to keep the exchange region’s temperature in the
correct temperature range.

B. Electron gun

We acquire data using an electron gun with 11 stainless
steel grids~Fig. 3!. Standard BaO indirectly heated button
cathodes are used because they offer high emission current
density at relatively low temperatures~around 1000 K! @12#.

The cathode itself glows red to yellow hot, and the photo-
multiplier tube~PMT! receives significantly more blackbody
radiation from the cathode than signal from electron excita-
tion of metastable helium. Because of the extreme sensitivity
to the cathode radiation, we have installed gold blackened
shielding around the sides and back of the electron gun, and
we gold blacken the gun’s grids as well.

One special feature is that we mount the gun on a rack
and pinion translation stage connected to a rotary motion
feedthrough. This allows us to move the gun over a 2-cm
range parallel to the axis of the metastable atom beam. We
use this translation feature in a number of diagnostic tests,
and it allows us to maximize the signal collected from ex-
cited levels of various lifetimes~see Sec. III A!.

We collect the electrons with a Faraday cup assembly also
shown in Fig. 3. It has three sections: aperture (A), Faraday
cup tube (T), and back plate (B). The Faraday cup tube is
encased by a grounded shield~FCS in Fig. 3! to prevent
collection of stray thermal electrons. During operation, we
monitor the electron current collected on the three sections
A, T, andB.

The back plate is biased 30–50 V positive and is cone
shaped to reduce the fraction of secondary and reflected elec-
trons escaping from the Faraday cup. For the same reason,
when acquiring data at high incident electron energies, we
affix small permanent magnets to the exterior of the FCS
with their poles perpendicular to the electron beam axis. The
magnets and biased back plate are far enough from the col-
lision region so that their fields do not penetrate into the data
acquisition region. Diagnostic tests indicate that these mea-
sures eliminate the problems associated with secondary and
reflected electrons generated within the Faraday cup assem-
bly.

In order to ensure a field-free collision region and to fur-
ther reduce the scattered light reaching our PMT, grounded
gold blackened shields are installed on all four sides of the
collision region. The plates above and below the electron
beam have circular apertures, allowing us to detect the fluo-
rescence from the He atoms. We cover these apertures with a
coarse small gauge wire mesh. This prevents field penetra-
tion due to charge buildup on our optics’ nonconducting sur-
faces. The metastable He beam passes through apertures on
either side of the collision region.

In order to keep the electrons within the most efficient
areas of our light gathering region, we first cancel the verti-
cal and horizontal components of the earth’s magnetic field
with two Helmholtz pairs. We use a third Helmholtz pair to
apply a 10–25 G collimating magnetic field along the elec-
tron beam axis.

C. Neutral detector

The primary components of the neutral detector include a
back plate, a collection tube~4 cm diam310 cm length!, and
two entrance grids. This detector functions in three modes: as
a secondary electron collector to monitor neutrals, as a Far-
aday cup to measure ions, and as a thermal detector to moni-
tor either ions or neutrals. As a secondary electron collector,
the back plate and entrance grids are biased negative, and we
monitor the secondary electron current on the collection
tube. In Faraday cup mode, the back plate and collection

FIG. 2. Detail of charge-transfer cell.

FIG. 3. Detail of translating electron gun Faraday cup assembly.
A, aperture;T, Faraday cup tube;B, back plate; FCS, Faraday cup
shield;S, gold blackened optical shield.
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ther side of the oven are chilled to240°C in order to
condense the Cs that escapes the oven, thus reducing the
contamination of the apparatus.

We heat the bottom reservoir which increases the alkali
metal’s vapor pressure. This creates a large pressure differ-
ence between the reservoir~at 260 °C! and the exchange
region ~at 50 °C!, causing the atoms to travel through the
throat and into the exchange region where the alkali-metal
atoms interact with the helium ions. The exchange region
temperature must remain above the alkali metal’s melting
point (30°C for Cs! for the oven to recirculate. Conduction
from the reservoir delivers more heat to the top portion of the
oven than is necessary so that we water cool copper blocks
which are in good thermal contact with the top of the throat
in order to keep the exchange region’s temperature in the
correct temperature range.

B. Electron gun

We acquire data using an electron gun with 11 stainless
steel grids~Fig. 3!. Standard BaO indirectly heated button
cathodes are used because they offer high emission current
density at relatively low temperatures~around 1000 K! @12#.

The cathode itself glows red to yellow hot, and the photo-
multiplier tube~PMT! receives significantly more blackbody
radiation from the cathode than signal from electron excita-
tion of metastable helium. Because of the extreme sensitivity
to the cathode radiation, we have installed gold blackened
shielding around the sides and back of the electron gun, and
we gold blacken the gun’s grids as well.

One special feature is that we mount the gun on a rack
and pinion translation stage connected to a rotary motion
feedthrough. This allows us to move the gun over a 2-cm
range parallel to the axis of the metastable atom beam. We
use this translation feature in a number of diagnostic tests,
and it allows us to maximize the signal collected from ex-
cited levels of various lifetimes~see Sec. III A!.

We collect the electrons with a Faraday cup assembly also
shown in Fig. 3. It has three sections: aperture (A), Faraday
cup tube (T), and back plate (B). The Faraday cup tube is
encased by a grounded shield~FCS in Fig. 3! to prevent
collection of stray thermal electrons. During operation, we
monitor the electron current collected on the three sections
A, T, andB.

The back plate is biased 30–50 V positive and is cone
shaped to reduce the fraction of secondary and reflected elec-
trons escaping from the Faraday cup. For the same reason,
when acquiring data at high incident electron energies, we
affix small permanent magnets to the exterior of the FCS
with their poles perpendicular to the electron beam axis. The
magnets and biased back plate are far enough from the col-
lision region so that their fields do not penetrate into the data
acquisition region. Diagnostic tests indicate that these mea-
sures eliminate the problems associated with secondary and
reflected electrons generated within the Faraday cup assem-
bly.

In order to ensure a field-free collision region and to fur-
ther reduce the scattered light reaching our PMT, grounded
gold blackened shields are installed on all four sides of the
collision region. The plates above and below the electron
beam have circular apertures, allowing us to detect the fluo-
rescence from the He atoms. We cover these apertures with a
coarse small gauge wire mesh. This prevents field penetra-
tion due to charge buildup on our optics’ nonconducting sur-
faces. The metastable He beam passes through apertures on
either side of the collision region.

In order to keep the electrons within the most efficient
areas of our light gathering region, we first cancel the verti-
cal and horizontal components of the earth’s magnetic field
with two Helmholtz pairs. We use a third Helmholtz pair to
apply a 10–25 G collimating magnetic field along the elec-
tron beam axis.

C. Neutral detector

The primary components of the neutral detector include a
back plate, a collection tube~4 cm diam310 cm length!, and
two entrance grids. This detector functions in three modes: as
a secondary electron collector to monitor neutrals, as a Far-
aday cup to measure ions, and as a thermal detector to moni-
tor either ions or neutrals. As a secondary electron collector,
the back plate and entrance grids are biased negative, and we
monitor the secondary electron current on the collection
tube. In Faraday cup mode, the back plate and collection

FIG. 2. Detail of charge-transfer cell.

FIG. 3. Detail of translating electron gun Faraday cup assembly.
A, aperture;T, Faraday cup tube;B, back plate; FCS, Faraday cup
shield;S, gold blackened optical shield.
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By directly measuring the current on the wire as a func-
tion of wire position, the same apparatus is used to find the
electron current distribution. The measured current on the
wire actually consists of the incident electron current minus
the secondary electron current. Because the secondary elec-
tron current is proportional to the incident electron current,
secondary electrons do not affect the shape of the electron
current distribution. Furthermore, while the presence of the
wire does not disturb a neutral beam, one may question
whether the wire affects an electron beam. This concern does
not appear to be a serious problem; biasing the wire by62
V does not change the profile.

A 360° rotation of the wire yields two profiles for each
beam. The difference between the profiles gives an indication
of the spread of the beams as they propagate. The two neutral
beam profiles are functionally identical~as one would expect
for a collimated beam! so that we may use either profile as
the distribution at the collision region. Both electron beam
profiles are well approximated by Gaussians, but the Gauss-
ian on the far side of the collision region is significantly
wider than the one nearest the electron gun. Therefore we
assume that the profile at the center is a Gaussian having a
FWHM which is the average of the FWHM of the far- and
near-side profiles. Furthermore, the fact that all of the pro-
files ~see Fig. 8! are well approximated by Gaussians lends
credence to the separation of variables step employed in the
derivation of cross-section formulation.

3. Determination of ground-state He number density

We perform the ground-state helium experiment in a
flowing mode. By increasing helium flow into the system at
the position of the ion source and by closing various combi-
nations of gate valves along the beam line, we can raise the
partial pressure of helium within the DAC to arbitrarily high
values. We then record the difference in the pressure reading
DPIG of an ion gauge mounted in the chamber with the he-
lium flow on and off.

In order to calibrate our ion gauge for helium, we tempo-
rarily installed an MKS Type 120AA Baratron Vacuum
Gauge onto the side arm in close proximity with the ion
gauge. This baratron has a quoted resolution of 1026 of its
0.1 Torr, but output voltage fluctuations limited our measure-
ments to above 531026 Torr. It also has a recent absolute

calibration traceable to the National Institute of Standards
and Technology. Because we typically perform the ground-
state helium experiment at helium partial pressures below
1026 Torr, calibration of the ion gauge in the lowest pressure
range required two steps. First, over the range of pressures
where the baratron is calibrated~from 1026 to 1023 Torr!,
we determined that the ion gauge reading is proportional to
the output of the baratron with a correction factorK equal to
10.0. The factorK includes both the fact that the helium
ionization rate is smaller than the ionization rate for air and
the systematic inaccuracy of the ion gauge’s response. Sec-
ond, beginning with the lowest He partial pressures
(;231027 Torr! and extending well into the baratron gauge
range (;531025 Torr!, we determined that the amount of
electron excitation signal out of the ground state was propor-
tional to the pressure which we measured with the ion gauge.
These two steps demonstrate that the pressure measured by
the ionization gauge is linear over four orders of magnitude
and that we obtain the absolute He partial pressure by mul-
tiplying the partial pressure obtained from our ion gauge by
the correction factor for He (10.060.5).

4. Determination ofg*

Two steps were employed in determiningg* . The first
step is to determine the sensitivity of the thermal detector. By
applying a modulation voltage to the set of deflection plates
in the beam deflection chamber, we modulate the ion beam
component remaining in the charge-exchanged fast beam.
Using the detector in Faraday cup mode, we measure the
absolute ion current incident upon the detector. We simulta-
neously record the voltage output from the charge-sensitive
amplifier connected to the back surface of the PVDF film.
This voltage signal is proportional to the heat absorbed by
the film in the 30-s modulation period. The ratio of these two
signals determines the detector sensitivityh, expressed in V/
mA for 1.6-keV particles~for a fixed 30-s modulation pe-
riod!. We have verified thath is constant for beam currents
from 0.1 to 10mA.

We next use the thermal detector to measure the He*
particle current. To do this, we first deflect the ions remain-
ing in the charge-exchanged beam, leaving us with only

FIG. 7. Schematic diagram of rotating wire assembly. FIG. 8. Profiles of electron beam~L! and neutral beam~j!
obtained from rotating wire apparatus.
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optický profil – napustí se plyn a posouvá se el. svazkem
neutrály – atomy vyrážejí sekundární elektrony, ty jsou měřeny
elektrony – měření proudu
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Boffard et al. (2001) – neon, excitace z 1s5

aparatura vychází z Lagus et al. (1996)
dutá katoda: 3 ·10−6 metastabilních atomů na atom
v základním stavu
blízce-rezonanční přenos náboje mezi Ne+ (1,6 kV) a Cs,
produkující metastabily Ne v poměru 1s3:1s5:1p0 rovném
1:5:6.
určeny přechody 1s5 do stavů 2p4, 2p6, 2p8 a 2p9

Chyba kalibrace byla stanovena na 30 %.
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Boffard et al. (2001) – škálování průřezů
povolených přechodů
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Argon 4p a 5p
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Vliv na metodu měření el. pole
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