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compared with the experimental values. These include, 
besides the Schwinger correction for the anomalous 
moment of the electron already mentioned, a correction 
to allow for deviations from pure LS coupling; a 
relativistic correction, directly related to the kinetic 
energy of the electrons; and a diamagnetic correction, 
depending on the electron density of the core. 

Cabezas and Lindgren4 in their work on Tm170 have 
shown that since the ground state of Tm is essentially 
a single-electron state, the effect of configuration inter­
action caused by spin-orbit coupling is quite negligible. 
By assuming the same modified hydrogenic wave 

INTRODUCTION 

CONSIDERABLE diversity exists between the re­
sults of a number of investigations of the resonance 

charge transfer reactions of the alkali metals. In this 
paper, results are presented for charge transfer between 
cesium ions and cesium atoms. These data are thought 
to be more reliable than those of earlier investigations 
within the same energy range. 

Interest in cesium-ion propulsion for space vehicles 
and in the cesium diode as a thermoelectric device has 
emphasized the need for study of reactions involving 
cesium atoms and ions. Resonance charge transfer may 
be an important process occurring in both these devices. 
The process is represented by 

Cs+(1)+Cs(2) -> Cs(l)+Cs+(2). (1) 

In the encounter the incident ion (1) captures an elec­
tron from the atom (2) with negligible momentum 
transfer. 
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function as used for obtaining the (1/V3) given in Sec. 
IV (B), they calculated the corrections to the g factor-
due to relativistic and diamagnetic effects. The final 
calculated g value, —1.14121, obtained in this way, is 
in excellent agreement with the experimental value. 
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In cases of resonance charge transfer, theory1-"3 pre­
dicts that the cross section at a given relative velocity 
increases with decrease of the ionization potential of the 
atom. Because of the low ionization potential of cesium, 
the charge transfer cross section is expected to be very 
large at low relative velocities of the particles. Reso­
nance charge transfer in cesium has been investigated 
by Kushnir et at.*** (KPS and KB), Bukhteev and 
Bydin6 (BB), Chkuaseli et at.7 (CNG), and Speiser and 
Vernon8 (SV). The results of these investigations are in 
considerable disagreement with each other. In addition, 
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The cross section for charge transfer between cesium ions and cesium atoms has been determined as a 
function of primary ion energy from 50 to 4000 eV. At each energy the cross section was obtained from 
measurements of the number of slow ions formed along a known length of the fast primary ion beam in 
passing through cesium vapor, the primary beam current, and the number density of cesium atoms inside 
the interaction region. The measured cross sections are higher than those of other investigations within 
the same energy range in which different methods were used, but are consistent with those of an investiga­
tion in the energy range 5 to 25 keV. The result of a least-mean-squares fit indicates that the cross section 
may be represented between 50 eV and 4000 eV by the expression Qll2X 108—26.8—1.46 InF, where Q is the 
cross section (cm2) and V is the primary ion beam energy (eV). 
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APERTURE DIAMETERS 
IN INCHES 

FIG. 1. Schematic diagram of the experiment. 

in one of the investigations6 it was found that the reso­
nance charge transfer cross section of potassium was 
larger than that of cesium for the same relative velocity. 
This is contrary to Firsov's prediction.2'3 I t appears 
likely that the root of the disagreements in the several 
investigations lies in the measurement of the number 
density of the target cesium atoms. Consequently, in 
this investigation considerable emphasis was placed 
upon determining this quantity correctly. 

EXPERIMENT 

A. General Description 

A schematic diagram of the apparatus is presented 
in Fig. 1. Cesium ions were produced by the surface 
ionization of atoms diffusing through a heated porous 
tungsten plug. These ions were then accelerated, mass 
analyzed, and finally focused into the charge transfer 
chamber. This chamber contained neutral cesium atoms 
whose number density was measured with a surface 
ionization detector. The slow ions, which resulted from 
charge transfer, and the primary ion beam were col­
lected on the parallel plates P and Q, respectively, to 
which suitable potentials were applied. The measure­
ment of the above quantities and certain dimensions of 
the electrodes allowed the cross section for a particular 
ion beam energy to be calculated. All the components 
of the apparatus were situated inside a large stainless 
steel vacuum chamber pumped by mercury vapor 
pumps and liquid nitogen-cooled traps. 

B. Ion Source 

The ion source oven consisted of a stainless steel 
block 1 in. wide, 1 in. high, and 1.5 in. long. A glass 
ampoule of metallic cesium was placed in a cavity bored 
from the top of the block. When the cap to this cavity 
was screwed tight, it crushed the ampoule. A horizontal 
channel led from the cavity to a 2-in.-long molybdenum 
tube of | - in. diameter. A sintered porous tungsten 
button was fixed to the tip of this tube.9 Heater coils 
which were inserted through holes in the oven block 
raised the oven temperature to about 175°C. At this 
temperature, the pressure of cesium vapor in the cavity 
was about 2X10~2 mm Hg. The button was raised to a 

9 This assembly was obtained from Semicon of California, Inc. 

temperature, obtained by electron bombardment from 
a surrounding filament, sufficiently high to ionize the 
cesium atoms diffusing through it. A shield at the fila­
ment potential prevented the deflection of electrons 
away from the tip by the ion extraction field. I t also 
discouraged electrons from bombarding the ion beam 
thus reducing the possibility of creating excited ions. 
The ion source oven and tungsten button were heated to 
such temperatures that any further increase did not 
significantly increase the ion current. The final ion 
energy was determined by the potential of the ion source 
with respect to the charge transfer chamber which was 
grounded. The oven rested on three quartz pins so that 
it was electrically and thermally insulated from the 
supporting base. 

C. Mass Spectrometer and Ion Lens 

A nonsymmetrical spectrometer10 was employed to 
mass analyze the ion beam. This type of instrument 
focuses incident rays to very high order over large 
entrance angles in contrast to the symmetrical type. 
The latter gives only first order focusing and, therefore, 
the incident rays must deviate from the normal to 
the magnetic field only by small angles. The instrument 
used had a radius of curvature of 10 cm and a sector 
angle of 60°. The object to apex distance was 9 cm and 
the apex to image distance was 24 cm. I t focused an 
incident ion beam whose maximum divergence was 25° 
and whose central ray entered the magnetic field 
boundary at an angle of 65°. In passing through the 
magnetic field, the ions were contained in a stainless 
steel box insulated from the magnet's grounded pole 
faces. This was necessary because the maximum mag­
netic field focused cesium ions of energy of about 
1000 eV. A pair of parallel plates was located just inside 
the entrance aperture of the case. The potential across 
these plates could be adjusted in order to align the ion 
beam in planes parallel to the magnetic field. 

The ion lens was constructed of 0.5-in.-diam stainless 
steel cylinders. Its design is straightforward11 and was 
characterized by a magnification of 0.2, a 5-in. object 
distance, and 1-in. image distance. The ion current 
passing into the charge transfer chamber was typically 
10~~8 A and somewhat smaller at the lower energies. 

D. Charge Transfer Chamber 

The charge transfer chamber consisted of a copper 
block 2.125 in. square and 6 in. long. A 1.75-in.-diam 
hole was bored concentric with the long axis. Each end 
of the hole was threaded. The secondary electron sup­
pressor and entrance aperture were mounted on a 
copper plate which was screwed into the front end. The 
electrode system was attached to another copper plate 

10 E. T. S. Walton, Proc. Roy. Irish Acad. A57, 1 (1954). 
11 K. Spangenberg, Vacuum Tubes (McGraw-Hill Book Com­

pany, Inc., New York, 1948). 
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LONGITUDINAL SECTIONS 

H- — — 6.5 cm - • • «1 1^-lOcm^ h - 4 . 0 cm *j 

Q P Q 

\~— • 6.5 cm — — — — — >j \+— 1.5cm —\ [•»-1.5cm—j 

0 P Q 

TRANSVERSE SECTION THROUGH P PLATES 

FIG. 2. Charge transfer electrode systems. The plates P collect 
slow ions resulting from charge transfer and plates Q measure the 
primary ion beam current less the P plate current. 

which was screwed into the other end. The chamber and 
end plates were rhodium plated. A copper reservoir 
with a 0.625-in.-diam cavity 1 in. deep could be screwed 
into a hole in the bottom of the chamber. In an argon 
atmosphere, cesium metal was introduced into a stainless 
steel cup and then covered with benzene. This cup was 
placed in the reservoir which was then fitted to the 
chamber. Upon evacuating the vacuum chamber, the 
benzene rapidly evaporated, thus, leaving the cesium 
metal exposed. The vapor pressure of cesium inside the 
chamber was controlled by the temperature of the reser­
voir. Four tantalum heater coils were located in holes 
bored in the corners of the chamber parallel to the long 
axis. The chamber was mounted to a water-cooled brass 
base plate by four stainless steel cylinders whose dimen­
sions were selected to make the thermal time constant of 
the chamber approximately 30 min. A copper strap con­
nected between the reservoir and the base plate insured 
that the reservoir temperature was about 4°C cooler 
than any of the temperatures measured at six other 
points on the chamber. The charge transfer data were 
obtained with reservoir temperatures in the range of 
50 to 75°C. 

E. Electrode System 

The electrode system was a modified form of that 
used by Stedeford12 and is shown in Fig. 2. Two sets of 
electrodes were used, differing essentially only in their 
dimensions. The two plates marked Q were supported 
parallel to each other with their turned-over edges 
separated by a small gap, thus forming an open-ended 
rectangular box. Square or rectangular openings were 
cut in the plates immediately opposite each other. The 
P plates were slightly smaller than the Q plate openings 
in which they were placed. Equal positive and negative 
potentials of about 10 V with respect to ground were 
applied to the Q plates, and a potential equal to its 
surrounding Q plate was applied to each P plate. An 
electrometer was connected between the circuit of each 

12 J. B. H. Stedeford, Proc. Roy. Soc. (London) A227, 466 
(1955). 

pair of plates and ground. The primary ion beam entered 
the electrode structure along the longitudinal axis and 
was finally collected at the end of the box on one of the 
Q plates. The field across the plates was kept sufficiently 
small so that its effect upon the beam was negligible. 
Secondary electrons produced at the end of the box 
could not escape or strike the P plates because of the 
transverse field. Slow ions from charge transfer and 
ionization, and electrons from ionization formed along 
the path of the primary beam between the P plates, 
were drawn to the negative and positive P plates, re­
spectively. Because only the net current to the pair of 
P plates was measured, the equal numbers of positive 
and negative charges from ionization cancelled each 
other leaving only the contribution from charge transfer. 
It can be seen readily that the net current to the Q plates 
was equal to the primary ion beam current entering the 
electrode structure less the net current to the P plates. 

The nominal dimensions of the two electrode systems 
are also given in Fig. 2. The dimensions of the P plates 
and the openings in the Q plates were measured with a 
micrometer. The electrodes were constructed of 0.010-
in.-thick stainless steel. The cross sectional dimensions 
were chosen by electrolytic tank plotting so that the 
field would be uniform across the slow ion collection 
(P) plates. The electrodes were held in position by 
0.050-in.-diam tungsten, molybdenum or nickel rods to 
which they were spot welded. The ends of the rods were 
fixed to metal-to-glass seals which were welded or 
brazed into the copper end plate of the charge transfer 
chamber. A heater was fixed to this rear plate to prevent 
the leakage resistance between any electrode and the 
chamber from falling below about 1012O. The rear 
plate was, normally, about 5°C warmer than any other 
point of the chamber. 

F. Detector 

The number density of the neutral cesium atoms 
inside the charge transfer chamber was determined with 
a surface ionization detector. Cesium atoms effused 
through an aperture, about 0.02 in. in diameter, in the 
side of the charge transfer chamber and then through 
a second similar aperture in the collector electrode of 
the detector. Each aperture was 0.005 in. thick. No 
Claussing correction was required, however, since the 
detector orifice subtended a half angle of about 1° with 
respect to the center of the chamber orifice and the two 
axes were aligned to coincide. The separation of the 
orifices was about 1.5 cm. After passing through the 
detector aperture, the atoms were ionized on the surface 
of a heated 92% platinum and 8% tungsten ribbon 
filament which was wide enough to intercept all the 
atoms passing through the two apertures. The ions were 
accelerated from the filament to the collector, which 
completely surrounded the filament, by a positive po­
tential placed on the filament. This ion current was 
measued with an electrometer. The collector was a 
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copper block 1 in. square by 1.25 in. high with a 
0.625-in.-diam hole bored through it parallel to the long 
axis. Copper covers were fitted over the top and bottom. 
The block and covers were gold plated. A 98% trans­
parent grid was fixed between the filament and collector 
to suppress secondary electron emission from the col­
lector due to ion bombardment. The collector was fixed 
rigidly to, but electrically insulated from, a 1 in. square 
copper bar. This bar could be attached either to a liquid 
nitrogen-cooled trap or to the water-cooled base plate 
of the charge transfer chamber. 

For effusive flow through the chamber orifice the sur­
face ionization current in amperes may be expressed by 

P 1 

/ = 1.7919X 103 aa', (2) 

where p is the vapor pressure in mm Hg, M is the mass 
number, a is the chamber orifice area in cm2, a! is the 
detector orifice area in cm2, T is the temperature in 
degrees Kelvin that determines the mean speed of atoms 
inside the chamber, and r is the distance between the 
orifices in cm. For cesium and with our geometry, it is 
found that 

J=3.541 XlQr*p/\/T- (3) 

Equation (3) may be placed in the form 

n = 2.76&X10%i I/VT, (4) 

where n is the number of atoms per cm3 in the chamber. 
A small correction is included in this relation since the 
apparent reflection coefficient for cesium atoms incident 
on a Pt-W filament is about 0.015.13 The areas a and a! 
of the two circular apertures were determined by pro­
jecting their profiles onto the screen of a metallograph 
of known magnification. Several diameters of each 
image were measured and the area was calculated from 
the mean diameter. The distance between the orifices 
was determined with a measuring telescope. 

APPARATUS TESTS 

The energy spread of the primary ion beam was 
investigated by measuring the current IQ to the Q plates 
as a function of the retarding potential V on the 
secondary electron suppressor. This was done at nominal 
beam energies of 25, 50, 100, 500, and 1800 eV. The full 
width at half-maximum of the derivative dIQ/dV 
plotted against V was about 3% of the primary ion 
beam energy for all of the beam energies investigated. 

Various tests of the atom detector were performed. 
The positive ion current to the collector was measured 
as a function of filament current and a typical plot is 
shown in Fig. 3. The operating current was chosen well 
above the knee of the curve. The possibility of obtaining 
collector currents greater than that corresponding to the 
particle density inside the charge transfer chamber was 

13 S. Datz and E. Taylor, J. Chem. Phys. 25, 389 (1956). 

Filament Current (Amp) 

FIG. 3. Typical curve used to determine the atom detector 
filament current which was required to insure that all the incident 
atoms were surface ionized. 

investgated. This could happen in two ways, secondary 
electrons may be emitted by the collector upon the 
impact of cesium ions, and neutral cesium atoms 
evaporated from the collector walls may be reionized. 
Accordingly, the suppressor grid and provision for cool­
ing the collector were installed. The results of this in­
vestigation are presented in Fig. 4. No reduction of 
detector current was observed when the collector was 
cooled, which indicated that reionization of cesium 
atoms was negligible. Secondary electron emission from 
the collector increased with filament potential and was 
greater when the collector was cooled. The cross-section 
data were taken with the collector at room temperature, 
with the filament 50 V positive with respect to the col­
lector, and with the collector connected to the grid. 

It was decided to measure the vapor pressure of 
cesium since the existing data are not in agreement. 
Figure 5 presents the results of this investigation to­
gether with two previous determinations. The vapor 
pressure was computed from Eq. (3). The temperature 
used in this equation was that of the reservoir. 

Our results agree with those of Taylor and Lang-
muir.14 The solid curve was computed from their relation 

log#= 11.0531-1.35 logr-404ir- 1 , (5) 

where p is expressed in mm Hg and T in degrees Kelvin. 
Kelley's curve15 is about 30% lower than the Taylor and 
Langmuir result. His work is a review of various vapor 
pressure data available at that time. He obtained an 
expression for the vapor pressure from the data of six 
different investigations. In the units adopted here the 
expression becomes 

log£= 11.8007-1.53 logr-4206T-1. (6) 

The dot-dash curve in Fig. 5 was calculated from this 
equation. In obtaining our vapor pressure data, it was 
observed that several days of heating the charge transfer 
chamber at a given temperature were required in order 

14 J. Taylor and I. Langmuir, Phys. Rev. 51, 753 (1937). 
15 K. K. Kelley, U. S. Bur. of Mines, Bull. 383 (1935). 
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for the surface ionization current to reach a steady 
value. This period of heating was only necessary im­
mediately after a new charge of cesium had been placed 
in the reservoir and was possibly due to slight impurities 
present or introduced in the handling procedure. 

The possibility of pressure differences existing be­
tween the ends and the middle of the chamber was in­
vestigated by placing another detector at one end of the 
chamber. The two detectors indicated no observable 
difference in pressure. 

PROCEDURE 

The primary ion beam is attenuated through charge 
transfer in the region between the electrodes according 
to the relation 

I^I{jrnQxy (7) 

where 70 and I are the beam currents at the beginning 
and end, respectively, of a path length x measured along 
the beam direction, n is the number density of cesium 
atoms, and Q is the charge transfer cross section. The 
ratio of the net slow ion current collected at the P plates 
due to charge transfer to the total ion current (due to 
both slow and fast ions) to the Q plates is 

1-

IQ en^+e~n^l-l 
(8) 

where I is the interaction length over which the ions 
comprising IP are formed, h is the interaction length 
over which slow ions are formed between the front of 
the Q electrodes to the midpoint of the front gap be­
tween the P and Q plates. Equation (8) may be written 
in the form 

Ip/IQ = nQlf. (9) 

In this expression / is given by 

/ = L c..nx" 
m=0 

(10) 

COLLECTOR t / " 
SUPPRESSOR-45v 

2 0 0 3 0 0 4 0 0 
Filament Potential Above Ground (VOLTS) 

FIG. 4. Detector performance showing the difference between 
the cooled and warm detector. Evaporation of atoms from the 
collector with subsequent reionization on the filament is not 
significant. The effect of secondary electron emission especially 
from the cooled (—196°C) collector is evident. 

— TAYLOR AND LANGMUIR 

• — KELLEY 

. REPRESENTATIVE EXPERIMENTAL POINTS S / 

/ 

, w 4 0 60 80 100 120 140 !60 180 

Temperature (°C) 

FIG. 5. Vapor pressure of cesium as a function of temperature. 
Good agreement between our data and the Taylor and Langmuir 
result (see reference 14) is noted. Kelley's result was obtained 
from a review of the work extant at the time (see reference 15). 

where 

Cm^icim— biCm-i—b2Cm-2' ' * ~bmGo)/(bo— 1), 

x = nQl, (11) 
and 

am=(-l)™/(m+l)l, 6 « = [ L « + ( - l ) " ] / w ! , 
L=h/l. (12) 

To an accuracy such that the higher order terms are 
not significant to the third decimal in / (for the values 
of L used here), 

1 1 
/ - l (2L-l)nQl+—l3L(L-3)+lJnQl)2 

21 3! 

1 
[ 4 L 3 - 4 2 L 2 + 2 8 L - \~](nQl)\ (13) 

4! 

The ratio IP/IQ as a function of / is given in Fig. 6 for 
the two electrode systems. 

From Eqs. (4) and (9) we obtain 

J P / 7 Q = (2.768X W2Ql)fI/\/T. (14) 

At a given primary beam energy, the ratio IP/IQ was 
measured at a number of cesium atom densities in the 
charge transfer chamber. Figure 7 presents a typical 



2248 M A R I N O , S M I T H , A N D C A P L I N G E R 

.70 .75 .80 .85 
f ( ^ / / = 3 . 8 2 ) 

EXPANSION FACTOR 

.90 .95 

FIG. 6. Curves used to obtain the factor / arising from the ex­
pansion IP/IQ = (1 — e-nQl)/(enQh-\-e~nQl— 1) = nQlf, where / is the 
length over which ions comprising the P plate current (Ip) are 
formed and h is the length over which slow ions are formed be­
tween the front of the Q plates to the midpoint of the front gap 
between the P and Q plates, IQ is the current to the Q plates, n is 
the atom number density, and Q is the charge transfer cross sec­
tion. Note that / i s much closer to unity for the curve correspond­
ing to the electrode system characterized by h/l—\.00 than for 
that in which h/l^3.82. 

plot of IP/IQ as a function of fl/s/T [which is related 
to the density through Eq. (4)] for a primary beam 
energy of 3500 eV. Knowing /, the cross section may be 
obtained from the slope of this line. As mentioned earlier, 
collection potentials symmetric with respect to ground 
were applied to the P and Q plates. These potentials 
were chosen so that all of the slow ions formed between 
the P or Q plates were collected by them. The po­
tentials required with a particular primary ion beam 
energy were determined from a collection curve such 
as the one shown in Fig. 8. 

In order to be certain that no secondary electrons 
arising from impact of the fast ion beam upon the Q 
plates were collected by the P plates, the charge transfer 
chamber could be immersed in a magnetic field of up 
to 450 G (but typically 75 G). I ts direction was perpen­
dicular to the P plates. I t was found that this field had 
no effect on the slope of the straight lines obtained in 
plots typified by Fig. 7. Most of the data were taken 
without the magnetic field. 

Not shown in Fig. 1 is a magnetic shield which was 
placed between the ion lens and the spectrometer. I t 

also served as a light shield between the ion source and 
the charge transfer chamber. I t was found necessary to 
shield the three viewing ports in the vacuum chambers 
in order to eliminate an effect which was attributed to 
photoionization of cesium in the charge transfer 
chamber. 

Elastic scattering of the ion beam by the cesium vapor 
in the charge transfer chamber would also be measured 
by the electrode system if the scattering angles were 
large enough (see Fig. 2). The total elastic scattering 
cross section for ions was estimated16 and found to be 
about an order of magnitude larger than the charge 
transfer cross section in the energy range of interest. 
Thus if it is desired to prevent elastic scattering from 
making a contribution greater than 1% of the charge 
transfer scattering, the resolution of the electrodes must 
be poor enough so that the ratio QE/QT— 10~3, where 
QE and QT are the experimentally determined and total 
ion elastic cross sections, respectively. An estimate of 
the resolution required to accomplish this may be ob­
tained from the rigid sphere model of Massey et aLu>17 

since the de Broglie wavelengths of the ions used in the 
present experiment are small (less than 10~10 cm). 
The result is 

J.07/QT-QEX1 

a\QTJ (MV) 1/2 
(15) 

where 6 is the minimum angle of deviation of the ion 
beam in degrees in the laboratory system for which a 
collision is counted if the error in the total cross section 
is not to exceed 1— (QE/QT). M and V are the mass 
number and energy in electron volts of the impacting 
species, respectively. The interaction length a was taken 
to be V2" times the sum of the gas kinetic radii (in 
angstroms) of the colliding atoms. For the above value 
of QE/QT, 6 is about 0.015° whereas the smallest angle 

FIG. 7. Typical 
plot used to deter­
mine the charge 
transfer cross sec­
tion. The slope of the 
line is equal to a 
known constant mul­
tiplied by the cross 
section. This plot is 
for a 3500-eV pri­
mary ion beam. 

2 4 6 
!0" f l /JT (CMH) 

16 H. S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. (London) 
A141, 434 (1933); A144, 188 (1934). 

17 H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic 
Impact Phenomena (Oxford University Press, New York, 1952). 
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u 5 10 15 20 

COLLECTING VOLTAGE WITH RESPECT TO GROUND (VOLTS) 

FIG. 8. Typical curve used to determine the electrode potentials 
required to insure saturation of the slow ion current. Curves of 
this type, illlustrated here for a 2000-eV primary ion beam, were 
taken for all primary ion beam energies. 

to the P plates is 6.3° (see Fig. 2). This indicates that 
the effect of elastic scattering should be negligible. 

The contribution of elastic scattering was also ex­
amined experimentally by means of the two electrode 
systems. If we assume that the differential cross section 
is constant at the relatively large angles required to 
scatter ions to the P plates, then the elastically scattered 
intensity measured by them is proportional to the inte­
grated angle which they subtend from the scattering 
centers along the ion beam path. The result is that the 
electrode system with the 1.5-cm P plates (see Fig. 2) 
should collect about 50% greater scattered intensity. 
Both electrode systems yielded identical cross sections 
within the experimental uncertainty, indicating that 
elastic scattering had a negligible effect compared with 
charge transfer collisions. 

RESULTS AND DISCUSSION 

The cross sections which were obtained are presented 
in Fig. 9 together with the results of the previous in­

vestigations. The curve marked "present result" was 
obtained by a least-squares fit of 52 datum points plus 
the 7 datum points of CNG7 to an equation of the 
form1,18 

Q ^ a - H n F , (16) 

where a = 27.2X 10~8 and 6 -1 .53X 10~8 for Q in cm2 and 
V in eV. If only our data are analyzed, we obtain 
a==26.8X10~8 and &=1.46X10~8. The two curves are 
virtually indistinguishable between 50 and 4000 eV. 
The 6% uncertainty shown in Fig. 9 is two times the 
standard error. In addition, a systematic probable error 
of 3 % could be present due mainly to uncertainty in 
the interaction length I. KPS4 and KB5 state that their 
results are accurate to 10%, exclusive of the uncertainty 
in determining the vapor pressure, which was calculated 
from measurements of the reservoir temperature. They 
estimated this uncertainty to be about 15%. I t is felt 
that the error could be much larger than this and could 
account for the difference between their cross sections 
and those of the present investigation. BB6 measured 
the cross section in terms of the resonance charge 
transfer cross section of potassium. This latter cross 
section was measured in the same paper and depended 
upon the calculation of the vapor pressures of potassium 
from measured temperatures. They state that their 
accuracy is 15%. Again it seems probable that the error 
arises chiefly from the indirect method of measuring 
the number density of cesium atoms. The curve marked 
SV was obtained from an experiment8 in which the ion 
beam intersected a thermal neutral beam at right angles 
The cross section was obtained from the relation 

Q=(Isvd)/(IfIa), (17) 

where IH is the slow ion current measured by a pair of 
electrodes above and below the interaction region and 
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FIG. 9. Cesium resonance charge 
transfer cross section as a function of 
primary ion beam energy. Experi­
mental results are identified by solid 
curves and points (see references 4 to 
8). The two dashed curves are theo­
retical predictions (see references 2 
and 20). While fifty-two datum points 
were obtained between 50 eV and 
4000 eV, error bars are shown only for 
representative primary ion beam 
energies. The curve marked "present 
result" was obtained by a least-squares 
method using our data and the seven 
points of CNG (see reference 7). If 
only our data are analyzed, the curve 
obtained is virtually indistinguishable 
from that shown in the figure. 
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18 A. Dalgarno, Phil. Trans. Roy. Soc. (London) A250, 426 (1957-1958). 
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parallel to the two beams, / / is the fast primary ion 
beam current, d is the width of the ion beam measured 
perpendicular to the atom beam direction, Ia is the 
atom current measured by a surface ionization detector 
whose F-shaped collector was cooled to —196°C to 
prevent reevaporation of the atoms, and v is the average 
velocity equal to (SkT/7rm)lf2, where T is the tempera­
ture of the atom beam oven. The average accuracy 
was about 10%. In the present work, it was found 
that cooling the collector to — 196°C enhanced the 
secondary electron emission from it (see Fig. 4). The 
maximum filament to collector potential used by SV 
was 90 V. I t is possible that secondary electron emission 
from the collector contributed to the detector current. 
This additional current would cause the cross section 
to appear too small. The error arising from this effect 
may be appreciable, but is probably too small to account 
for the difference between their results and ours. CNG7 

obtained the seven points plotted from 5 to 25 keV in a 
beam-beam experiment which utilized a small electro­
magnetic isotope separator for producing the primary 
ion beam. The neutral beam intensity was determined 
by measuring the deflection of a sorption detector. 
Simultaneously, the intensity of a small auxiliary beam 
was monitored with a surface ionization detector. This 
beam emanated from the same oven as the main beam, 
but was at right angles to it. Thus, a calibration curve 
of the main beam intensity as a function of the auxiliary 
beam intensity could be obtained. This was necessary 
since only the surface-ionization detector could be used 
during the charge transfer measurements. The accuracy 
of the results was stated to be 10% and was due primarily 
to the uncertainty in determining the molecular beam 
intensity. While it is not clear from this paper whether 

the average beam velocity or the average gas velocity 
(the correct one in this case) was used in computing 
the cross section, a later paper19 on the resonance charge 
transfer of potassium states that the velocity was taken 
to be 1.18£, where v is the average gas velocity. Thus, 
the average beam velocity instead of the average gas 
velocity was used and was probably also employed to 
obtain the cross sections for cesium. The seven points 
plotted in Fig. 9 were obtained by reducing CNG's 
data by 15%. 

The curves marked F and RF are theoretical esti­
mates and both are lower than the present results. 
Curve F was calculated by applying Firsov's impact 
parameter treatment of resonance charge transfer to 
cesium.2'3 Curve R F is the result of an impact parameter 
treatment by Rapp and Francis.20 These treatments do 
not claim high accuracy. I t is estimated that the un­
certainties are at least 30%. 

The present results are probably the most accurate 
obtained to date at energies up to 4000 eV. Of the 
previously published work only that of CNG is free of 
the criticisms mentioned earlier concerning the deter­
mination of the number density of the atoms in the 
interaction region. I t is noticeable that the present 
results are in good agreement with those of CNG but 
not with those of the other investigations. 
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