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THE JOURNAL OF CHEMICAL PHYSICS VOLUME 49, NUMBER 5 1 SEPTEMBER 1968 

Electron-Impact Ionization Cross Section in Cesium* 

KAARE J. NYGAARDt 
Sperry Rand Research Center, Sudbury, Massachusetts 

(Received 1 May 1968) 

The total ionization due to the passage of an electron beam in cesium vapor has be~n measured with a 
Tate and Smith-type apparatus. The retarding potential difference method was used III the electron gun 
to obtain energy resolution better than 0.1 eV. The density of Cs atoms was determined from the Taylor 
and Langmuir formula and also measured with a surface-ionization d:tecto; .. T~e tW? methods gave 0e 
same density to within ±3% when the apparatus was in thermodynanuc eqUlhbnum wIth the Cs :eservOlr. 
The cross section for production of Cs+ has been determined from threshold to 100 eV. For energIes above 
28 eV the results agree closely with those of McFarland and Kinney. At threshold the slope of the cross­
sectio~-vs-energy curve was measured to be 2.7 A.'/eV. 

I. INTRODUCTION 

The interpretation of many plasma experiments using 
cesium (for instance, thermionic energy converters, 
ion propYlsion devices, and vapor release in the atmos­
phere) rests upon a full understanding of the various 
mechanisms of ionization of cesium atoms by electrons. 
Optical-absorption measurements by KratzI have given 
the series limit in cesium at 3.8926 eV. Electron-beam 
measurements agree with this value, but are, of course, 
not as accurate. The efficiency of ionization (in arbitrary 
units) of the cesium atom by electron bombardment 
was first measured by Tate and Smith2 with energies 
ranging from threshold to 700 eV. They discriminated 
between singly and mUltiply charged ions with a mass 
spectrometer. The absolute magnitude of the cross 
section was first determined in Brink's3 crossed-beam 
experiment, which was followed by more measurements 
in another apparatus of the same type by McFarland 
and Kinney.4 In the crossed-beam experiments, the data 
were obtained for energies between 30 and 500 eV in 
steps of 100 eV above 100 eV. These high-energy 
results were later supplemented by the threshold and 
low-energy measurements of Heil and Scott5 (up to 
50 e V) and Korchevoi and Przonski6 (up to 25 e V), all 
of whom used systems in which cesium vapor was in 
thermodynamic equilibrium with a liquid-phase reser­
VOlr. 

The ratio between the highest3,4,6 and lowest5 cross­
section values reported is about a factor of 2. The 
reasons for this discrepancy are not completely under­
stood. On this basis, we found it desirable to make a 
new determination of the ionization cross section 
from threshold to 100 eV in order to get an overlap 

* Supported in part by U.S. Office of Naval Research under 
Contract No. 5154(00). 

t Present address: Department of Physics, University of 
Missouri at Rolla, Rolla, Mo. 65401. 

1 H. R. Kratz, Phys. Rev. 75, 1844 (1949). 
2 J. T. Tate and P. T. Smith, Phys. Rev. 46, 773 (1934). 
3 G. O. Brink, Phys. Rev. 134, A345 (1964). 
4 R. H. McFarland and J. D. Kinney, Phys. Rev. 137, AI058 

(1965). 
• H. Heil and B. Scott, Phys. Rev. 145, 279 (1966). 
6 Yu. P. KorchevoI and A. M. Przonski, Zh. Ekps. Teor. Fiz. 

51, 1617 (1966) [Sov. Phys.-JETP 24,1089 (1967)]. 

between the low- and high-energy measurements dis­
cussed above. 

We used a Tate and Smith2-type apparatus modified 
to include the feature of retarding potential difference7 

(RPD) in the electron gun. The density of cesium atoms 
in the collision region was measured with a surface­
ionization detectorS and calculated from the formula of 
Taylor and Langmuir.9 

The material in this paper is presented in two major 
sections one section describing the experimental appa-, . 
ratus and the other discussing the results and companng 
them critically with those of other workers. 

II. EXPERIMENTAL 

A. General 

The major components of the experiment were as 
shown in Fig. 1. The electron gun and ionization region 
(to be described later) were located in the middle of a 
vertically hanging tube with a pool of cesium at the 
bottom. An ionization gauge for measuring background 
pressure during bakeout and pumping and a surface­
ionization detector for determination of cesium density 
were mounted on the flanges below valve VI. The 
vacuum parts were all made from stainless steel and 
copper. During bakeout, the vertical tube, valves VI 
and V2, and the VacIon pump to the left were heated 
to 300°-400°C while pumping was done with the other 
VacIon pump. Cesiumlo was then evaporated into the 
pool through a small sidearm (not shown in the illustra­
tion). For normal operation the high-vacuum valves 
were closed, and the "clean" Va cIon pump to the left 
in Fig. 1 acted on the experimental volume through a 
small-diam copper tubing from the cesium pool. Part 
of this tube was water-cooled to about 35°C in order to 
prevent cesium from entering the pump. The tempera­
ture of the Cs pool was kept constant to within ±O.OsoC 

7 R. E. Fox, W. M. Hickam, D. J. Grove, and T. Kjeldaas, Jr., 
Rev. Sci. Instr. 26, 1101 (1955). 

8 J. B. Taylor and I. Langmuir, Phys. Rev. 44, 423 (1933). 
9 J. B. Taylor and I. Langmuir, Phys. Rev. 51,753 (1937). 
10 Cesium impurities of consequence in this experiment are: 

Na-5 ppm, Rb-2 ppm, and K-l ppm. 
1995 
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1996 KAARE J. NYGAARD 

Vaelan pump 

Hot air circulation 

011 bath 

Cesium 

FIG. 1. Schematic diagram of vacuum system and cesium reser­
voir. Surface-ionization detector and ionization gauge were 
mounted on the two flanges above the ionization region. 

by means of a thermostatically controlled oil bath. 
Notice that Cs atoms effused out of the lower orifice 
of the small-diam pumping tube with the temperature 
Tes since that part of the tube was immersed in the oil 
bath. The length immersed was actually helix shaped, 
thereby making the constant-temperature region much 
longer than indicated in Fig. 1. 

An end vacuum of 10-9 torr was easily obtained after 
the bakeout procedure. The apparatus shown in Fig. 1 
could be moved up and down as one unit, facilitating 
the lowering of the tube into a solenoid. Circulating 
hot air kept the temperature of the tube and the valve 
VI at about 120°C, thereby avoiding undesirable cold 
spots where the cesium could condense. 

B. Cross-Section Apparatus 

The electron gun, depicted in Fig. 2, was constructed 
according to the RPD principle of Fox et al,7 All elec­
trodes were made from copper. Electrons were emitted 
from an indirectly heated Philips dispenser cathode of 
type A. The emission current from this cathode in the 
presence of cesium was found to be very stable, so that 
stabilization of the current by electronic means was 

FIG. 2. Cross-section apparatus. The spacing between the elec­
trodes in the gun was 1 mm, the height of the aperture in the 
retarding electrode 0.2 mm, and the length of the ion collector 
1 = 26.6 mm. The size of the gaps between this collector and the 
guard plates is strongly exaggerated. This apparatus was mounted 
with the axis in the vertical position inside the ionization region 
in Fig.!. 

unnecessary. The potentials indicated below the gun 
in Fig. 2 are all with respect to the cathode. All voltages 
were supplied from batteries. The narrow-slit retarding 
electrode was at a potential - VR so that only electrons 
with energies above VR could enter the accelera.tion 
region and gain an energy V.... before entering the 
collision region between the parallel plates. A small 
change llVR in the retarding potential gives a change 
llL in the electron current and a corresponding change 
lll+ in the ion current. If only singly charged ions are 
produced, the cross section can be determined from the 
relation 

( 1) 

where N is the cesium atom number density and 1 is the 
length of the interaction region. The energy resolution 
obtained in this mode of operation is better than 0.1 eV, 
which is sufficient for studying threshold behavior 
and fine structure on the ionization curve. At higher 

-' 

o 100 
leV) 

FIG. 3. Electron current L as a function of energy before (lower 
curve) and after alignment (upper curve) in the magnetic field. 
B=500 G. 

energies, where no fine structure prevails, the high 
resolution of the RPD method is not needed. Therefore, 
for energies above 30 eV we held VR constant and used 
the ratio I+/L instead of M+/ M_ in Eq. (1). 

The potential of the electron collector was made 
sufficiently high to ensure saturati.on of electron current 
at all energies. The high electric field at the collector 
surface also prevented secondary electrons from enter­
ing the collision region. The performance of the electron 
beam is demonstrated in Fig. 3. After the electron beam 
was aligned in the magnetic field, the current was 
independent of energy to within ±t%. Typical elec­
tron currents used in this investigation were from 
0.1-1 }.LA. 

The ions produced between the parallel plates 
initially have zero kinetic energy and will move to the 
upper plates in a proper EXB field configuration. The 
guard plates on either side of the ion collector establish 
a uniform electric field E and accurately define the 
length 1 of the colli.sion region. The ion trajectories are 
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IONIZATION CROSS SECTION IN CESIUM 1997 

cycloidal, with drift in the direction of EXB and 
generating radius 

rc=M 1 E I/(Ze 1 B 1
2
), (2) 

where e is the electronic charge and M and Z are the 
ionic mass and charge numbers, respectively. Since the 
appearance potential for Cs4+ is 113 V, these ions will 
not be produced within the energy range of this experi­
ment. Hence, as long as half of the parallel-plate 
separation is less than 2rc (i.e., d<4rc) for Z=Zmax=3, 
complete collection of all ionic species is assured. This 
requirement was always satisfied in the experiment. 

The actual measurement of the ion current 1+ is 
complicated by cesium deposited on all insulator 
surfaces, thereby forming a leakage path for the current. 
By using ceramic insulators and a guard ring around 
the ion-collector feedthrough, we were able to maintain 
the leakage resistance of this part above 10 Ma. This 
is a factor of 100--1000 higher than the effective input 
impedance of the Keithley 610 B which was used for 
the measurement of the ion current. 

C. Surface-Ionization Detector 

When the mean free path of the atoms is much larger 
than the characteristic dimensions of the apparatus, 
Knudsen flow can be assumed and the density N (T) 
in the interaction region at the temperature T can be 
found from 

N( T) =No[To/(Tc.T)1/2Jp( Tc.) , (3) 

where No is the gas number density at 1 torr at tempera­
ture To=273°K, and p(Te.) is the vapor pressure at 
the surface of the reservoir which is at temperature 
Tco. Since N(T) ex: ]'-1/2, it is more than sufficient to 
keep the temperature T in the collision region constant 
to within ±5°K. On the other hand, the strong de­
pendence of the vapor pressure on temperature requires 
that Tc. be constant to within ±0.05°K. (A tempera­
ture change LlTco=O.l°K corresponds to a relative 
change in density AN/Nt;::::31%.) 

Experimentally, prudence must be exercised in the 
application of Eq. (3). First, Knudsen, or molecular 
flow can only be established when all surfaces are 
covered with cesium,u Some workers12 .13 have reported 
that this might take many days, especially at surfaces 
where absorption of atoms will obstruct the specular 
reflection of atoms that is required in Knudsen's 
theory. Second, in the literature there is disagreement 
on the values of the cesium vapor pressure in the range 
of our experiment. By comparison, we find that the 
values recommended by Honig14 and by Hultgren 

UP. Clausing, Ann. Physik 7, 489 (1930). 
12 K. Hoffman, Expt. Tech. Physik la, 419 (1962). 
13 F. Kirchner, Z. Angew. Physik 11, 167 (1959). 
14 R. E. Honig, RCA Rev. 23, 567 (1962). 

Tungsten wire 1--0 --\ 

I 

Ceramic insulator 

1510 

FIG. 4. Surface-ionization detector. The diameter of the wolfram 
wire was d,,=1.28XIQ-ll cm and D=2.44 cm. 

et al,15 are 20%-30% below Nesmeyanov's16 and Taylor 
and Langmuir's9 values. Recently, Rozwadowski and 
Lipworth17 made optical-absorption measurements of 
the density of saturated cesium vapor and obtained 
results in excellent agreement with those of Taylor and 
Langmuir. Consequently, we have decided to use the 
latter values and complement these with our own 
surface-ionization detector measurements. 

The construction of the surface-ionization detector 
(SID) is shown in Fig. 4. Above the center of a guarded 
circular copper plate a hot tungsten wire is stretched 
parallel to the surface. Positive ions produced over the 
length D are collected on the central part of the ion 
collector and give a current 

ISID= leN (c)F, (4) 

where (c) is the average thermal velocity of the cesium 
atoms and F=7rdwD. By comparison with another 
surface-ionization detector equipped with a rectangular 
collector, we found that all ions generated over the 
circular collector were measured. 

The tungsten wire was aged according to the recom­
mended procedure of Taylor and Langmuir.8 It was 
first heated to 24000 K for 24 h. The temperature was 
then increased to 26000 K for a period of 1 h, after 
which the wire was given 4-6 short flashes at 2900oK. 
The filament temperatures were determined from the 
tables of Jones and Langmuir,18 When tungsten fila­
ments were treated in this way at background pressures 
of 1O-L 1O-8 torr, we found, from x-ray-diffraction 
analysis, a layer of tungsten carbide on the surface. 
The carbon probably comes from impurities in the 
volume of the material. Suppliers of tungsten have 
indicated that all wires contain some carbon, at least 
10-15 ppm, because of the fabrication procedure. From 
measurement of the electron emission as a function of 
filament temperature we found the work function to 

13 R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelly, 
Selected Values for the Thermodynamic Properties of Metals and 
Alloys (John Wiley & Sons, Inc., New York, 1963), p. 87. 

13 A. N. Nesmeyanov, Vapor Pressure of the Chemical Elements, 
R. Gary, Ed. (Elsevier Publ.Co., Amsterdam, 1963),pp.146-150. 

17 M. Rozwadowski and E. Lipworth, J. Chern. Phys. 43, 2347 
(1965). The surface ionization measurements of L. L. Marino, 
A. C. H. Smith, and E. Caplinger, Phys. Rev. 128,2243 (1962), 
also support the results of Taylor and Langmuir. 

18 H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310 (1927). 
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about 5.6 V, which is higher than for pure tungsten. 
When the high-temperature aging took place at much 
higher pressures (1Q-4-10-6 torr), the x-ray diffraction 
did not reveal any carbides at all. The explanation of 
this is probably that carbon at the surface reacts with 
oxygen to give carbon monoxide. Nevertheless, surfaces 
with and without carbides gave the same cesium den­
sities when used in surface-ionization detectors. 

Absolute measurements of the density of cesium 
atoms in the vapor phase by means of surface ionization 
are based on the observation of Langmuir and Kingdon19 

that all atoms leave the surface as ions. (The use of hot 
wires for density determinations in atomic beams has 
been studied and discussed by Datz and Taylor20 
and by McFarland and Kinney.21) By using Eq. (4) 
for determination of the density, we found values that 
agree with those calculated from Taylor and Lanqmuir's 
formulas9 to within ±3%. A basic requirement for this 
agreement to occur is that the whole apparatus be in 
thermodynamic equilibrium with the cesium reservoir. 
This condition was reached about two weeks after 
cesium was introduced into the system. The distance 
between the cesium pool and the top of the tube 
(about 1 m), combined with the time it takes to cover 
all surfaces with cesium, accounts for part of the delay. 
In practice, we found that the density increased very 
slowly as the equilibrium condition was approached. 

D. Consistency Checks 

Some of the precautions that must be made in 
electron-beam ionization experiments have been dis­
cussed by Briglia and Rapp22 and Kieffer and Dunn.23 

19 I. Langmuir and K. H. Kingdon, Proc. Roy. Soc. (London) 
107, 61 (1925). 

20 S. Datz and E. H. Taylor, J. Chern. Phys. 25, 389 (1956). 
21 R. H. McFarland and J. D. Kinney, Proc. Intern. Conf. 

Phenomena Ionized Gases, Belgrade, 1965, 1, 254 (1966). 
22 D. D. Briglia and D. Rapp, J. Chern. Phys. 42, 3201 (1965). 
23 L. J. Kieffer and G. H. Dunn, Rev. Mod. Phys.38, 1 (1966). 

80 100 

FIG. 5. I (Cs+) /Itot+ as a function of 
electron energy as obtained from Tate 
and Smith (Ref. 2) . 

First, from Eq. (1) we would expect to find the satu­
rated ion current proportional to the saturated electron 
current. In cesium this was verified for 0.1 < L < 10 /LA. 
(A test case in helium gave l+o:L for 10-4<L<10 
/LA.) The collection efficiencies for electrons and ions 
have already been discussed in Sec. II.B. 

Furthermore, proportionality between 1+ and cesium 
density was found over the density range 5 X lOlL 1012 

cm-3. At the highest density of 1012 cm-3, the electron 
mean free path is A= (n<T)-1~(1012X 10-15)-1= 103 em, 
which is much longer than the length 1 of the interaction 
region in Fig. 2. Therefore, even at the highest density 
used, the probability of one electron producing more 
than one ionization event is negligible. 

Beam electrons with perpendicular velocity com­
ponents will travel in helices parallel to the magnetic 
field. The path length along one particular helix is, of 
course, larger than the length 1 as defined in Fig. 2. 
Corrections must therefore be made to determine the 
true path length. Unfortunately, the formula presented 
by Massey and Burhop24 is inapplicable to most 
practical guns, as pointed out by Asundi.25 In our 
electron gun the electric lens configuration26 tends to 
minimize the perpendicular velocity-beam component 
and the corresponding increase in path length. Since 
the increase in path depends strongly on the magnetic 
field, the best way to check the constancy of the ioniza­
tion length is to measure 1+/ L as a function of B, 
keeping all voltages constant. We found 1+/L to be 
constant for the range of parameters used in the experi­
ment. 

Finally, we checked that the current of stray elec­
trons to the entrance and exit electrodes in the ioniza-

24 H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic 
Impact Phenomena (Oxford University Press, London, 1952), p. 
34. 

25 R. K. Asundi, Proc. Phys. Soc. (London) 82, 372 (1963). 
2ft J. R. Pierce, Theory and Design of Electron Beams (D. Van 

Nostrand Co., Inc., New York, 1954), 2nd ed., pp. 96-101. 
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14,----,----,----,-----,----,----,----,----,----,----. 

FIG. 6. Ionization cross section for Cs+ 
vs electron energy. The fulldrawn curve 
extending to 100 eV represents the pre­
sent measurements. Legend: H +S, Heil 
and Scott (Ref. 5); K+P, KorchevoI 
and Przonski (Ref. 6); T+S, Relative 
measurements of Tate and Smith (Ref. 2) 
normalized to the present maximum at 
28 eV; ., Brink. (Ref. 3); e, McFarland 
and Kinney (Ref. 4); 0, McFarland 
(Ref. 28). 

12 

10 

N 8 0« 
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tion region and to the lower parallel plate was 1000 
times smaller than the beam current. Stray electrons 
were not detected on the ion collector. 

Because of the contact potential difference between 
the retarding electrode in the gun and the collision 
region the energy scale needs to be calibrated. For this 
purpose we let helium into the tube together with the 
cesium and measured the resonance27 in the elastic 
scattering cross section at 19.3 eV. The resonance shows 
up as an increase in transmitted electron current. The 
other point on the energy scale was taken at the 
appearance of Cs+ ions at 3.89 eV. In addition, we 
plotted the electron-beam current as a function of 
energy and extrapolated the current to zer022 to find the 
contact-potential difference between the collision region 
and the retarding electrode. All methods gave the same 
correction of 0.8 V, which includes the contact potential 
difference in the tube as well as contributions from the 
leads between the tube and the voltmeter. 

A spread in energy in the electron beam arises from 
thermal spread of electrons leaving the cathode surface 
and from possible nonuniform distribution of contact 
potential on electrode surfaces. If the cathode tempera­
ture is Te, the average energy of the emitted electrons 
is 2kTe• The Philips impregnated cathode in our elec­
tron gun was operated at about 800oK, corresponding 
to an average thermal energy of 0.14 eV. By measuring 
the tail in ion current at threshold we found a spread of 
0.07 eV. In addition, a retarding potential measurement 
of the current to the electron collector resulted in a 
spread in energy (defined as the full half-width) of 
0.1 eV. This spread was independent of the beam 
energy. 

27 C. E. Kuyatt, J. A. Simpson, and S. R. Mielczarek, Phys. 
Rev. 138, A385 (1965). 

K+P 

20 .30 40 50 60 70 80 90 10(' 

ENERGY (eV) 

III. RESULTS AND DISCUSSION 

A. Data Analysis 

The ion current measured on the collector of our 
total ionization apparatus is 

Itot+=I(Cs+) +I(CsH) +I(Cs3+) + ... , (S) 

where the current of CsH ions is 

I(Csk+) =Lknlu(CsH) (6) 

and u (CSH) is the cross section for removing k electrons 
from the atom. We determined the current of singly 
ionized atoms by multiplying the measured ion current 
with the ratio 

R=I( Cs+) /Itot+. 

This ratio is identical with the correction factor 
LEkak]-l used by Brink,S where 

ak=u(CsH) /u(Cs+). 

From a careful analysis of Fig. 3 in Tate and Smith's2 
original paper, we obtain the current ratio shown in 
Fig. S. According to Tate and Smith the ionization 
curve for Cs+ might be 1S% too low due to incomplete 
collection of ions. It should be noted that the Tate and 
Smith ordinates as presented in their paper can be 
interpreted in different ways. As will be shown later, 
different interpretations will give different results for 
the Cs+ cross section. 

B. Compilation of Results 

Absolute data for the Cs+ cross section as a function 
of electron energy are shown in Fig. 6. The curve in the 
middle represents the present measurements. All curves 
pertain to experimental systems in which cesium vapor 
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2000 KAARE J. NYGAARD 

was in supposed thermodynamic equilibrium with a 
liquid-phase reservoir. Korchevoi and Przonsk.i6 used 
the cylindrical-collector arrangement developed by 
Schulz,28 whereas Heil and Scott6 modified the Tate and 
Smith apparatus by depositing the ion collector and 
guard ring on the inside of a glass tube. The points 
represent crossed-beam experiments by Brink3 and by 
McFarland and Kinney.' If McFarland and Kinney 
take the Tate and Smith ordinates as probabilities of 
ionization, they get the filled circles as values for the 
cross section. On the other hand, if the Tate and Smith 
ordinates are interpreted as ion currents proportional to 
ku( Csk+), the higher values indicated by the open 
circles29 are obtained. No energy values have been 
assigned to the maximum cross sections reported by 
Brink3 and McFarland and Kinney.' From the shape of 
the cross-section curves we see that a rather flat 
maximum occurs at 28 eV. Accordingly, the maximum 
points from the crossed-beam experiments have been 
plotted at this energy. At maximum (filled circle at 28 
eV) the probability of ionization is approximately 
equal to I (Cs+) / L, since very few Cs+ + ions are pro­
duced at this energy. The McFarland and Kinney 
value at maximum is therefore insensitive to interpreta­
tion of the Tate and Smith paper. 

Our results seem to coincide with those of Korchevol 
and Przonsk.i6 for energies up to about 10 eV. Differ­
ences in initial slope are not discernible because of 
the scale used in Fig. 6. 

It is interesting to normalize the curve of Tate and 
Smith2 to ours at 28 eV and compare the shape of the 
cross-section curves. The total ion current I tot+ as 
reported by Tate and Smith and remeasured here falls 
off almost linearly by !% per eV from 28 to 100 eV. 
Since we are using the ratio of I(Cs+)/Itot+ from Tate 
and Smith, it is not surprising to find good agreement 
in this energy range. We notice that the minimum at 
about 19 eV is 13% below the maximum on the Tate 
and Smith curve and 17% below on ours. In Heil and 
Scott's work,6 the "dip" on the curve is about 10% of 
the maximum. With low electron currents (0.1-0.5 f.J.A) 
in our experiment the magnitude of this dip was inde­
pendent of current. However, at higher beam currents 
(1-5 f.J.A) the dip decreased in magnitude, presumably 
because higher currents cause a large spread in energy. 

Part of the disagreement between the various results 
can be understood by analyzing the experimental 
techniques. Since Korchevoi and Przonsk.i6 had no 
guard rings outside their ion collector, the effective 
length of the collision region is larger than l, thereby 
increasing the apparent value of the cross section. 

The lowest cross-section values have been obtained by 
Heil and Scott.6 In this experiment there might have 
been a systematic error in the determination of the 

18 G. J. Schulz, Phys. Rev. 112, 150 (1958) ; J. Chern. Phys.33, 
1661 (1960). 

29 R. H. McFarland, Phys. Rev. 159, 20 (1967). 

cesium density, as discussed by McFarland,29 or the 
apparatus might not have been in complete thermo­
dynamic equilibrium. 

Basic difficulties in crossed-beam experiments are 
the measurements of the cesium atom density and the 
determination of the interaction volume. Brink3 and 
McFarland and Kinney' were using different experi­
mental systems with different geometry factors. In 
spite of complicated calibration procedures, their results 
agree within the experimental accuracy, which lends 
confidence to the reliability of this type of experiment. 
In addition, the crossed-beam experiment has the 
advantage that insulators can be shielded from the 
cesium flux, thereby eliminating the leakage current 
problem prevailing in vapor-phase systems. 

The accuracy of the present data is about 7%. How­
ever, the high-energy part of the curve might be too 
low due to a systematic error in the correction factor 
I(Cs+)/Itot+. It should be noted that the systematic 
error in the work of Tate and Smith might be energy 
dependent. Since McFarland' and Heil and Scott6 

have been using the same correction factor, the sys­
tematic error is also inherent in their results. Korchevoi 
and Przonsk.i6 avoided this ambiguity by limiting their 
measurements to the range below the second ionization 
potential. 

C. Ionization Mechanisms 

In electrical discharges, atoms are ionized by the 
electrons on the "tail" of the electron-energy distribu­
tion, and for this reason it is important to know the 
initial slope of the cross section. A linear threshold 
law for ionization of hydrogen has been predicted by 
Geltman,30 Rudge and Seaton,31 and Kang and Foland.32 

It is reasonable to assume that the same law also applies 
to the removal of the 6s valence electron of cesium. It 
has been suggested by Temkin33 that the asymptotic 
form of the wavefunction that was used by Rudge and 
Seaton is inadequate and therefore invalidates the 
linear threshold law. A nonlinearity would occur 
within 0.1 eV from threshold, where accurate measure­
ments are difficult to obtain. In many experiments 
linearity has been found over a range of approximately 
1 eV, as shown in Table I. Normalization of Tate and 
Smith's results2 to other absolute measurements is 
considered arbitrary and is therefore not included in 
Table I. The measurement of Nottingham34 was made 
in an electrical discharge in which accurate knowledge 
of the parameters needed to determine the cross section 
is difficult to establish. It is surprising to observe that 
Korchevoi and Przonski,6 who reported the highest 

30 S. Geltman, Phys. Rev. 102, 171 (1956). 
81 M. R. H. Rudge and M. J. Seaton, Proc. Phys. Soc. (London) 

83,680 (1964); Proc. Roy. Soc. (London) 283A,262 (1965). 
82 I. J. Kang and W. D. Foland, Phys. Rev. 164, 122 (1967). 
33 A. Temkin, Phys. Rev. Letters 16, 835 (1966). 
34 W. B. Nottingham, Advan. Energy Conversion 3,245 (1963). 
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FIG. 7. Cross sections calculated from the Gryzinski formula (Ref. 34) 
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0",= (0"0IUJ)x-
'
[(x-1)/(x+1) J12{ Hi[1- (2X)-I] In[2.7+ (X_1)112]}, 

where X= U IU" and 0"0=6.56X1O-" (eV2·cm2). We have used U,=3.89, 17.2, and 26 eV for removal of 6s, 5p, and 5s electrons, re­
spectively. (See McFarland, Ref. 36.) The total cross section ~iO"' is for the electron configuration 5s25p66s. 

maximum cross section among the workers quoted 
here, obtained the lowest value of the slope, 1.7 12/ eV. 
Since they do not state the range of linearity, there is a 
slight possibility that because of insufficient energy 
resolution their number refers to the tailing part of the 
ionization curve. It has been mentioned already that 
the maximum of our cross section agrees closely with 
the results of the crossed-beam experiments, and for 
this reason we recommend our value of 2.7 A..2/eV for 
the slope. 

The initial slope of the cross-section curve in hydro­
gen has been calculated32 and compared with experi­
mental data. Unfortunately, similar calculations for 
cesium are not easily available. The Gryzinsky cross 
section35 behaves as (U - U i) 3/2 at threshold, which is 
not correct, but very quickly (U - U i~O.04U) converts 
to linear behavior as predicted by quantum mechan-

TABLE I. Threshold behavior of ionization cross section. 

Author(s) 

Present work 

Heil and Scott-

Korchevol and Przonskib 

Nottingham· 

- Reference 5. 
b Reference 6. 
• Reference 34. 

Slope 
(J,.2jeV) 

2.7 

2.2 

1.7 

5.7 

Range of 
linearity 

above threshold 
(eV) 

",,1 

0.8 

unknown 
",,1.5 

16 M. Gryzinsky, Atomic Collision Processes, M. R. C. McDowell, 
Ed. (North-Holland Pub!. Co., Amsterdam, 1964), pp. 226-236. 
[Notice that the value of 0"0 in Eq. (4) of this reference is a factor 
of 100 too low.] 

ics.3Q-32 An estimate of the slope from Gryzinsky's 
formula (see Fig. 7) gives a value of approximately 
2 A2/eV, which is in good agreement with the lowest 
experimental values in Table I. 

As a first attempt to explain the structure (including 
the two maxima) of the cross-section curve, we have 
calculated the partial cross sections for removal of 
6s, Sp, and Ss electrons using the Gryzinsky35 formula 
(Fig. 7). The inclusion of ionization of core electrons36 
gives a maximum total cross section that agrees very 
closely with the present experimental result. Most 
conspicuous is the 2% dip on the Gryzinsky curve, as 
compared to a value of 17% in the experiment. Further­
more, the energies at which the first maximum and the 
dip occur in Figs. 6 and 7 do not correspond. We there­
fore conclude that ionization of valence and core elec­
trons does not provide a complete explanation for the 
structure of the ionization curves, and that additional 
mechanisms are needed. (Similar types of structure 
have also been observed on the ionization curves of 
Rb+,2,3 K+,2,3,37 and Mg+.37) 

It has been suggested by Heil and Scott that the 
sharp first peak is due to autoionization with a partial 
cross section for this process of about 1 A2. Our data 
indicate a value of about 1.6 A2. Interpreting the first 
peak in this way implies the existence of a doublet 
autoionization level (spin=!) at about 12 eV above the 
Cs+ ground state. Feldman and N ovick38 have observed 
a quartet (spin=!) autoionization level at 12.6±O.3 eV. 
Their state is metastable (with lifetime about 40 f,Lsec) 
because it cannot make a dipole transition to the singlet 

341 R. H. McFarland, Phys. Rev. 139, A40 (1965). 
87 Y. Kaneko, J. Phys. Soc. Japan 16, 2288 (1961). 
38 P. Feldman and R. Novick, Phys. Rev. 160, 143 (1967). 
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(spin=O) continuum states. However, the presence of a 
quartet state at this energy strongly suggests that 
there is also a doublet state very near in energy, for 
instance with the 6p56s2 electron configuration proposed 
by Beutler and Guggenheimer.39 Therefore, attributing 
the first peak to autoionization is probably justified. 
The cross section for excitation of the doublet auto­
ionization level is expected to be larger than for excita­
tion of the quartet metastable level because the latter 
requires a spin change of the 5 p core electron of the 
cesium atom. This is consistent with Feldman and 
Novick's values38 of the cross section as 1O-2-1(r'l 12 for 
quartet excitations and our observation of about 1.6 12 
for the doublet excitation. Notice that the lifetime of 
the doublet state is too short to be detected in the time­
of-flight-type experiment of Feldman and Novick. 

39 H. Beutler and K. Guggenheimer, Z. Physik 88, 25 (1934). 

In conclusion, it should be pointed out that the 
ionization mechanisms of the cesium atom are not 
completely understood. Experimentally, one can get 
information about autoionization by studying the 
kinetic energy (12.6-3.9 = 8.7 e V) of the electron ejected 
from the autoionizing level. This will be the objective 
of another investigation. 
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Use of Green Functions in Atomic and Molecular Calculations. II. The Green Function 
of the Helium Atom* 
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We derive an analytical expression for the Green function of the helium atom, that is to say for the 
helium atom where the electron repulsion term (eo/rio) has been neglected. It is outlined that this Green 
function may be used as a basis for a numerical iterative procedure to derive the exact eigenfunctions of the 
helium atom. 

I. INTRODUCTION 

In the first paper of this seriesl we have shown that 
the Schrodinger equation for an atom or molecule may 
be transformed to an integral equation by introducing 
the Green function. In particular, we have shown that 
perturbation calculations are conveniently performed 
by making use of this Green function. As an example 
we derived the second-order perturbation energy of a 
hydrogen atom, perturbed by a point charge ".2 

In the present paper we wish to investigate the pos­
sibility of deriving the eigenfunctions and eigenvalues 
of the helium atom by means of the Green function 
techniques. In particular, we derive an analytical ex­
pression for the Green function that is needed for such 
a treatment. 

The Hamiltonian of the helium atom and of the 
analogous helium-type atoms is given by 

X= - (/i,2j2m)(~l+ ~2)-Ze2(rl-l+ r2-l)+ (e2jr12)' (1) 

* This research was supported by the Advanced Research Pro­
jects Agency and by the National Science Foundation. 

lH. F. Hameka, J. Chern. Phys. 47, 2728 (1967), hereinafter 
referred to as I. 

2 Y. Pan and H. F. Harneka, J. Chern. Phys. 49, 2009 (1968), 
following article. 

We rewrite this Hamiltonian by introducing the unit 
of length ao and the unit of energy ~o, which are defined 
as 

The Hamiltonian becomes then 

and we write it as 

B=Bo+"W, 

HO=~l+~2+2(rl-l+r2-1), 

A=-2jZ. 

(2) 

( 4) 

It is readily seen that we can transform the Schrodinger 
equation of the helium atom to an integral equation 
where the perturbation is the term W of Eq. (4) if we 
can derive the Green function of the operator Bo. In 
this paper we discuss the evaluation of this Green 
function. 

The Hamiltonian Bo may be written as a sum 

Bo=Ho(1) +Ho(2) = (~l+2rl-l) + (~2+2r2-l). (5) 

We have seen in I that each operator Ho(i) has a set 
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