
RICE UNIVERSITY 

A HELIUM NEGATIVE ION SOURCE FOR THE RICE UNIVERSITY 

TANDEM VAN DE GRAAFF ACCELERATOR 

ROBERT Y. RODGERS 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

MASTER OF ARTS 

Thesis Director's signature: 

by 

Houston, Texas 

January 1973 



ABSTRACT 

A Helium Negative Ion Source for the Rice University 

Tandem Van de Graaff Accelerator 

by 

Robert Y. Rodgers 

A helium negative ion source using charge exchange 

in alkali vapor was designed and constructed. Measure¬ 

ments of He production efficiency were made for 

potassium and lithium vapors at various incident energies 

between 35 and 70 keV. It was found that lithium is a 

superior charge exchange medium, and optimum incident 

energy and oven temperature for this ion source were 

determined. 
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I- INTRODUCTION 

A. Potential Uses for a Negative Helium Source at Rice 

There has been a need for a negative helium ion 

source for the Rice Tandem Van de Graaff (TVdG) accelerator 

from its first use in the early 1960's. The possible 

advantages of a He source are many. Alpha-induced re¬ 

actions for the study of nucleon and nucleon cluster 

transfer (both stripping and pickup) reactions is one area 

4 3 of interest. Three-body reactions using both He and He 

3 beams are of great interest. A He beam would be of special 

3 importance because of the proton excess of the He nucleus. 

Another area of high interest in nuclear physics is that of 

heavy ions. Beams of various heavy ions could be produced 

for the study of a-transfer reactions and quartet states. 

12 3) 
Successes of other groups ' ' in the development of a 

He ion source using charge exchange in lithium vapor have 

led to the design and development of a similar ion source 

for Rice's TVdG accelerator. 

B. Tandem Injectors 

An ion source (injector) for a TVdG accelerator pro¬ 

vides a focused beam of negatively charged ions which have 

been momentum analyzed by a magnetic field. Beam current on 

the order of at least 1 microampere (pA) is necessary to 

provide enough beam current on target. Beam energy should 

be as high as feasible (up to as high as 150 keV) for best 
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transmission through the accelerator. Figure 1 is a 

schematic of a typical tandem ion source. 

Ion sources for the first TVdG accelerators were 

charge exchange devices. The beam from a radio-frequency 

(R-F) positive hydrogen ion source was passed through a 

charge exchange gas (usually also hydrogen) at high energy 

(~ 50 keV) where the positive ions picked up two electrons 

through collisions. The resulting H beam was injected into 

the accelerator. The intensity of such a source was limited 

-4 
by the efficiency of the charge exchange process (~ 10 ). 

A duoplasmatron was first used as a direct extraction 

negative ion source by Lawrence eit a_l. at Los Alamos 

. . 4) 
Scientific Laboratory . Figure 2 is a cross-section dia¬ 

gram of their apparatus. The ordinary duoplasmatron 

. . . 5) extracts positive ions from a plasma . This can be a very 

efficient and intense source of protons. The extraction of 

negative ions from the plasma is made possible by the offset 

of the filament and extractor. In this way, the heavy 

negative ions are extracted while the electrons are not. 

It is possible to obtain high currents ( ~ 100 )JA) of H 

from a source of this type. 

C. Radiofrequency Ion Source 

The radiofrequency (R-F) ion source is a source that 

utilizes a plasma created by a high frequency (~ 100 MHz) 

6 ) R-F field. This source is shown in Figure 3 . A small 

amount of gas is leaked into a pyrex bottle which has a 
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Figure 2: DUOPLASMATRON DIRECT EXTRACTION ICN SOURCE: 

THE CRITICAL REGION. The cathode and intermediate 

electrode are offset from the anode aperture by 

the distance D. The plasma region is surrounded 

by a solenoid coil. The electron "core" of the 

plasma strikes the copper insert and the heavy 

negative ions (H here) are extracted by proper 

arrangement of potentials. 
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Figure 3: SCHEMATIC OF AN R-F POSITIVE ION SOURCE. 

In operation the ion source base is at high 

voltage (~ 100 kV). Voltages in the figure 

are with respect to the base. 
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small exit canal to the rest of the vacuum system. R-F power 

is supplied to two rings (called excitor rings), maintaining 

-3 -2 a gas discharge in the bottle. A pressure of 10 to 10 

Torr is sufficient to maintain the discharge. A magnet coil 

is placed around the bottle near the exit canal. This 

magnet increases the electron density (and therefore the 

probability of ionization) near the canal. Ions are ex¬ 

tracted from the bottle by means of a high voltage probe at 

the end of the bottle. The geometry of the exit canal is 

shown in Figure 4. A more detailed explanation of the 

operation of this source can be found in Reference 6). 

The R-F ion source has been used as a powerful source 

of many positive ions. Beam currents in excess of 1 mA have 

been obtained by some sources. This type of source has been 

used as the ion source for a single stage Van de Graaff 

accelerator. An intense neutron generator has been con¬ 

structed using this type ion source by the Texas Nuclear 

7) Corporation 

D. Negative Ion Sources Using Alkali Vapor Charge Exchange 

In 1967 the almost resonant production of He- ions by 

collision in cesium vapor was reported by Donnally and 

Thoeming ' . In 1968 Schlachter ejt ajL. reported their inves¬ 

tigations of charge exchange between He+ and cesium vapor 

9) m the energy range 1.5-25 keV . The idea of using the 

He ions produced in cesium vapor for a Tandem VdG 

accelerator ion source has been implemented by Rose e_t al. 



Figure 4: GEOMETRY OF THE EXIT CANAL OF AN R-F ION 

SOURCE. The Ortec Ion Source used in this work 

has a nickel sleeve lining the exit canal. 
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at the University of Wisconsin"*"^ . John est al. at Florida 

State University have made the improvement of using potassium 

vapor as an exchange gas^^. Middleton and Adams have 

reported the use by them at the University of Pennsylvania 

12) 
of lithium vapor charge exchange . These ion sources will 

be briefly described here. 

The Wisconsin TVdG He- source is pictured schematically 

13) in Figure 5 . It consists of an R-F ion source with a 

cesium vapor canal placed at the exit of the R-F bottle. 

The R-F bottle and cesium canal are at high negative 

voltage. They are followed by an electrostatic focusing 

lens and a single gap acceleration tube. A He beam current 

of about 2 pA is achieved at an acceleration potential of 

35 kV. This design takes advantage of the low energy 

3 keV) peak in charge exchange between He+ ions and 

cesium, since the energy of the He+ ions exiting from the 

R-F bottle is about 4 keV. 

The ion source developed for the Florida State 

University TVdG utilizes the higher energy cross-section 

peak of potassium as well as the lower toxicity and price of 

that metal. This ion source consists of a duoplasmatron 

positive ion source, an acceleration tube, a conventional 

exchange canal (for use with hydrogen gas), and a potassium 

oven. There are baffles to prevent the backstreaming of 

potassium into the duoplasmatron. The He+ beam from the 

duoplasmatron is accelerated to 24 keV (the optimum value) 

and then passed through the oven. The beam is then analyzed 



s 

O 
co 

B 

h 
ta 

O 
W 
Q 

> 
a 
w 
Q 

CO 
a o 
o 
CO 

m 

0) 
n 

tn 
•H 
&4 





1-5 

through a 20° magnet and injected into the accelerator. The 

conventional exchange canal was not altered so that normal 

operation of the H ion source would not be disturbed during 

development. This source can be run with hydrogen or helium 

gas with the potassium oven off for the former. 

The Penn He ion source uses lithium for a charge 

exchange gas. Lithium is less reactive than both cesium and 

potassium, making handling much easier. Lithium also has a 

higher cross-section for charge exchange. The source was 

originally designed for use with potassium. The exchange 

cell was put at high voltage (60 to 70 kV for hydrogen 

exchange medium, 19 to 20 kV for potassium, and 28 kV for 

lithium). Radiant heating is used to melt the metal which 

is in a stainless steel oven welded to a stainless steel 

exchange canal. Oil cooled condensors at either end of the 

canal trap the alkali vapor and reduce its spread to the 

4 - . 
rest of the system. About 7 |JA of He is obtained from 

this source. 

E. The Rice He Ion Source 

The present work can be divided into three parts: 

(1) reconstruction of a positive ion source, (2) design and 

construction of the charge exchange cell and associated 

apparatus, and (3) measurements of charge exchange efficiency 

dependence on vapor, incoming energy and temperature of oven. 

The positive ion source for this work was inherited 

from previous work done at the T. W. Bonner Nuclear 
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Laboratory. It is basically a modified Texas Nuclear Corpor¬ 

ation Tandem Injector. The ion source itself is an Ortec 

model 320 ion source. Figure 6 is a schematic of the ion 

source and the acceleration tube. The reconstruction of 

this apparatus included rewiring, installation of accelera¬ 

tion tube, design of adapter between the Ortec ion source 

and Texas Nuclear acceleration tube, and producing a leak 

tight system. 

After achieving operation of the positive ion source, 

the optimum parameters for operation had to be determined. 

The variable parameters include probe voltage, magnet current 

and focus voltage. The rate of leakage of gas can also be 

varied. The correct einzel lens placement for best focus 

of the beam had to be determined. 

When optimum operation of the positive ion source was 

assured, design of the charge exchange cell began. From 

earlier work estimates of the cross-sections for charge 

exchange were made. Vapor pressure curves were estimated, 

and vacuum calculations made. These data were necessary to 

fix the design parameters of the exchange cell. An estimate 

was made of the power requirement of the oven. 

In the design of the oven and accompanying apparatus 

several factors were taken into account. Most important 

was the physical requirements of charge exchange: The length 

of the oven was determined by desired vapor thickness (in 
2 

mg/cm ) and allowable pressures in the cell. The next con- 
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sidération was ease of handling because the oven must be 

fairly easy to clean and recharge. The presence of alkali 

metals determined the materials to be used. Existing vacuum 

pumps and flanges had to be used. The resulting design, 

Figure 7, is an aluminum vacuum chamber with gate valve, 

baffle and pump. The oven (stainless steel) is suspended 

from the lid of the chamber. It is a 2 inch diameter pipe 

with plugs welded in the ends. The plugs have holes for 

the beam, of course. At the entrance and exit holes of the 

oven are water cooled stainless steel pipes which condense 

alkali vapor and reduce its spread into the system. Quartz 

beam viewers were added at each end of the vacuum chamber 

to facilitate alignment. 

In order to determine the best parameters for operation 

of the charge exchange oven, measurements of efficiency as 

a function of vapor, temperature, and incoming energy of He+ 

were made. The original plan was to try as many alkali 

vapors as possible. The high reactivity of cesium, as well 

as its high cost, discouraged its use. Measurements were 

made with potassium and lithium, and plans made for measure¬ 

ments with sodium. Of these metals lithium is by far the 

most favorable. It is much easier to handle and clean, and 

it is less toxic. The peak in efficiency occurs at a higher 

energy due to the higher ionization potential and center-of- 

mass effects. The measurements were made using a branched 

beam pipe, faraday cups and analyzing magnet. 
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Results of the measurements are given in Chapter IV. 

It has been determined that lithium is indeed a more favorable 

charge exchange gas. Maximum He beam current obtained was 

approximately .2pA at 60 keV beam energy. It is clear that 

a higher temperature than that used (800°F) will have to 

be obtained. 
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II. CHARGE EXCHANGE 

A. Theory 

The production of negative ions from a beam of positive 

ions passing through a charge exchange medium (vapor, foil, 

etc.) is a problem that is impossible to treat exactly. 

Even single charge exchange is a many-body problem. A 

brief description of the charge exchange process and the 

relevant work that has been done on it will be presented 

here. 

The most direct way to produce negative ions from a 

beam of positive ions is through single atomic collisions 

like 

of He the reaction proceeds primarily by a two-collision 

process : 

an atomic excited state. The species X may be any charge 

state of He is metastable, and that the formation of He 

in vapor actually occurs through the reactions: 

(II.1) 

14) 
There is evidence , however, that m the case of production 

(II.2a) 

o* o — + 
He + X - He + X (II.2b) 

o* 
where He indicates that the interim neutral state may be 

15) 4 
exchange medium. It is believed that the (Is2s2p) 
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He+ + X° -* He°(ls2s)3S1 + X
+ 

(II.3a) 

He°(ls2s)3S1 + X° - He“ (ls2s2p)4P5/,2 + X
+ (II.3b) 

The general problem of charge exchange is treated extensively 

ways to theoretically describe the charge exchange reaction. 

A few will be described here. 

Most atomic scattering problems fall into one of two 

classes determined by the relative magnitudes of the incoming 

velocity and the classical electron orbital velocity: 

(1) v. < v and (2) v. > v , where v , the electron 
inc o inc o o 

2 ^ g 
orbital velocity is of the order of e /h - 2x10 cm/sec. 

4 + . 
In the range of 30-100 keV a He ion has velocity in the 

g 
range 1.2-2.2x10 cm/sec. It is not clear, therefore, that 

the present problem falls in either of the above two classes. 

It should be noted that the boundary between the two classes 

is based on a^ priori classical arguments, and some methods 

derived for one class are successfully applied in the other. 

A quantum mechanical approach to the problem of charge 

exchange that is restricted to low incident velocities is 

19) the perturbed stationary states method . The total wave- 

function of the system is expanded in terms of an orthonormal 

set of molecular wavefunctions which approach normalized 

atomic wavefunctions as the internuclear separation becomes 

very large. 

in the literature 
16,17,18) . There are several possible 
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20) The impact parameter (IP) method of treating charge 

transfer is not restricted to a range of velocities. The 

cross-section for charge transfer is related to the overlap 

integral between the initial and final states of the 

transferred electron. The overlap integral is a function of 

internuclear separation, that is the impact parameter p, and 

therefore of the classical angular momentum. 

In the region of high incident velocity the Born 

21) approximation is sometimes applied. The method of D. R. 

22 ) Bates is to expand the wavefunction of the system in terms 

of the initial and final atomic states of the transferred 

electron. 

An early semi-classical treatment of the process of 

23) charge transfer is that of Rapp and Francis . This method 

is of interest here because of its ability to provide esti¬ 

mations of cross-sections for the present problem. The first 

is to treat a specific reaction—symmetric resonant charge 

exchange : 

A+ + A - A + A+ (II.4) 

by the impact parameter method. The range of velocities 

5 8 
(10 -10 cm/sec) considered is such that rectilinear tra¬ 

jectories can be assumed. A semi-classical calculation of 

the charge transfer cross-section for various gases is made 

using their ionization potentials. The result has the 

following form for small ranges of velocities: 
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2 _ 
= - k, nv + k. (II.5) 

where a is the cross-section, v the impact velocity, and 

where and are approximately constant over small 

intervals of v. 

In order to treat the asymmetric nonresonant charge 

transfer problem: 

A + B+~ A+ + B+ AE (II.6) 

Rapp and Francis consider AE, the difference in ionization 

potentials of A and B. The results of their semi-classical 

calculations show that the dependence of asymmetric a on v 

approaches the symmetric resonant cross-section at high 

velocities. At lower velocities the nonresonant cross- 

section goes to zero producing a peak, the position of which 

depends on AE. The results of these authors show good 

qualitative agreement with the available experimental data. 

For the process (II.2a) with X° representing an alkali metal 

—16 2 
the cross-section would be on the order of 1x10 cm and 

Q 
would have a peak at approximately 10 cm/sec incident 

velocity. 

A semi-classical method that can be used to predict 

the position of the charge exchange peak involves the 

application of the uncertainty principle. The two processes 

(II.2) are actually written: 
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*4* 0 O ^ 
He + X - He + X + AE^ (II.7a) 

He°* + X° - He” + X+ + AE2 (II.7b) 

The energy terms represent the energy conservation in the 

reaction. To calculate AE^ and AE2, the binding energies 

and ionization potentials of the species involved are 

considered: 

*E1 = ^e - 
[ITT - E*] - I 
He J x 

(II.8a) 

^E2 = ^ "’'He 
E*] - B- - I J X 

(II.8b) 

where 1^ and I are the ionization potentials of helium and 

the charge exchange gas respectively, E* is the energy of 

. , o* — 
excitation of the excited state He , and B is the binding 

energy of the outside electron on He . It is now postulated 

that since the reactions (II.7) must transfer energy by the 

amounts AE^ and AE2» then the reactions must have taken 

place over time intervals At^ and At2 given by the uncertainty 

principle: 

AEi At± - h (II.9) 

or, in other words, the incident particle must have remained 

in the vicinity of the atom X° during a time At^. It there¬ 

fore must have had velocity v^ given by: 

rAE± 

v. 
1 h 

(II.10) 
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where r is the atomic radius of X°. The following is a 

table of these values for the species X° equal to Li°: 

I 
He 

25 eV 

IT . = 5.4 eV 
±J 1 

E* = 20 eV (II.11) 

B- - 0.1 eV 

r - 1.55x10 ® cm 

It should be noted that the value for E* is the approximate 

energy for the n = 2 level in helium. All of the excited 

states in helium are within a few eV of this value. The 

values in (II.10) lead to: 

v^ - 2.2x10® cm/sec (11.12) 

V£ - 2.6xl0/ cm/sec (11.13) 

For the He-Li system & 0. This says that the reaction 

(II.7b) has its resonance peak very near zero incident 

energy, and that the peak in the total process is due to 

the resonance in process (II.7a). This fact is observed in 

24) 
the system He + Cs 

No estimate has been made of the magnitude of the 

cross-section for the process (II.2b). There is no reliable 

a^ priori classical method for arriving at a rough estimate. 

The geometrical cross-section is on the order of 
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10x10 cm , but this is probably a very poor estimate 

because the overlap integral between initial and final states 

may be small. A Born approximation calculation would have to 

consider the incoming interaction separately from the out¬ 

going (Coulomb) interaction between the species. No 

estimate based on theoretical considerations alone will 

therefore be made of this cross-section. 

B. Experimental Charge Exchange 

There has been much experimental work in the area of 

charge exchange. Allison and Garcia-Munoz outline the 

25) 
general problem and experimental techniques . The usual 

method is to measure the beam fractions (i.e. fractions of 

the beam in each charge state) emerging from the charge ex¬ 

change gas. F^ represents the fraction of the beam that is 

in charge state i. is the total cross-section for 

charge exchange from charge state i to charge state j. 

2 
TT is the target gas thickness in atoms/cm . For a beam with 

these possible charge states (0,1,2) the charge composition 

of the beam is determined by the following equations: 

dF 
 q 
d TT Fo (a01+a02) 

+ p a + p a 
*1 10 *2 20 

(11.14) 

dF^ 

dTT Fl^CT10+a12^ + FoCT01 + F2CT21 
(H.15) 

F2 = 1 - Fi - f2 
(11.16) 
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The initial conditions are determined by the composition of 

the incident beam. The solutions which are physically 

reasonable have the form: 

F. = A. + (B.e^ + C.e l|Vi) e~ 
ill i 

»“Tiq, - U 5TfZ (11.17) 

where A^ is the asymptotic value of as TT -* ®; q,£, and 

C. are constants (functions of the cross-sections a. ., and 
l ID 

the A^'s). Of course this kind of analysis can be extended 

to a larger number of beam components. 

There is a mass of experimental data on charge exchange. 

Most atomic physicists, however, have been interested in 

relatively low incident energy (i.e. less than 1 keV) and in 

a single charge transfer. The primary interest has also 

been in the simplest beams and targets—hydrogen and helium— 

since these systems are the most commonly studied theoreti¬ 

cally. Ease of gas handling has produced data on such target 

gases as helium, hydrogen, argon, and nitrogen. S. K. 

Allison^ ' presented a large amount of experimental data 

on H+ and He+ beams and hydrogen, helium, nitrogen, neon, 

argon, and oxygen target gases. His data are presented in 
lim 

the form of equilibrium beam fractions ( TT-*® F^) as well as 

cross-sections for incident energies in the range .2 to 

1000 keV. The production of He- is only lightly treated, 

however. 

27) 
Allison and Garcia-Munoz present an extended set 

of similar data. The formation of He is not treated, but 
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cross-sections for formation of He° are on the order of 

-17 2 10-40x40 cm for air, nitrogen and hydrogen. 

28) R. A. Langley ' ^t a_l. have measured the apparent 

cross-sections for ion production by fast (.5-1.0 MeV) He+ 

and He++ beams in several gases. The cross-sections were 

calculated using the Born approximation method, and the 

theoretical data agree well with experiment in the range of 

energies studied. 

29) Jorgensen et: ad. have specifically measured charge 

exchange cross-sections involving production of negative ions 

by a fast, positive beam. The target gases were hydrogen, 

oxygen, nitrogen, helium and argon. The quantities measured 

were F_ and F+ in the limit of a thick target gas as a 

function of energy. The highest efficiency for He pro¬ 

duction measured was in hydrogen gas at about 130 keV inci- 

~ -4 
dent energy. That value is F_ - 2.5x10 

30) Donnally and Thoeming have measured the beam 

fractions for production of He in cesium charge exchange 

vapor. The process is seen as a two step one in which the 
3 

interim neutral state is He(ls2s) S^, a metastable state; 

- 4 and the negative ion is He (Is2s2p) • T*ie peak in 

cross-section for He+ -* He° is due to the nearly resonant 

+ o* + 
collision He + Cs ** He + Cs . The maximum yield measured 

-2 was F_ = .8x10 at 2.0 keV incident energy and a target 

14 2 
thickness of about 3x10 atom/cm . 

A more complete study of the He+ + Cs system was made 

31) + by Schlacter et al^. . They use a He beam with energy in 
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the range 1.5-25 keV. Their carefully designed charge 

exchange cell allows accurate measurement of the cesium 

vapor density. The He+ + Cs system is considered to be a 

four-component system: F , F , F. and F , where F. and F 

are the triplet and singlet states of neutral helium 

respectively. At the incident energy of 25 keV, the peak in 

He production efficiency occurs at about .75x10 atoms/cm . 

-2 
Its value is about .3x10 . The data were fit by a set of 

thirteen cross-sections for transitions between the various 

components of the beam. 

There has been some work, mentioned in Chapter I, on 

32) other He-alkali negative ion sources. Rose eh al^. report 

a charge exchange efficiency of about 1-2 per cent for 

He + Cs with incident energies in the range 4-5 keV. John 

33) et al. report that the optimum energy for charge exchange 

34) is 24 keV for He + K. Middleton and Adams operate their 

ion source at 19 keV exchange energy for potassium and 23-28 

keV for lithium. 

Conclusions can now be drawn from the information in 

this chapter. The peak efficiency for He production in 

lithium should occur at about 25 keV incident energy. This 

conclusion is based on the experience of Middleton and 

35) Adams and the argument that the peak in efficiency for 

lithium should be higher than both cesium and potassium due 

to ionization potentials (greatest for lithium) and center 

of mass effects. The peak efficiency should be about 1 per 
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36 ) cent, based on the work at Wisconsin ' and that of Schlacter 

37) et al. The latter work also suggests that the peak 

efficiency should occur at a vapor thickness of about 

10 atoms/cm . These are the conclusions needed to 

determine the design parameters of the Rice He source. 
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III. DESIGN AND CONSTRUCTION OF THE RICE He ION SOURCE 

A. General Considerations 

A TVdG accelerator has several basic requirements for 

the injected beam. It must, of course, be a negative 

atomic ion beam. To assure proper regulation of the ter¬ 

minal voltage the beam should have at least 1 (jA of current. 

To assure high transmission through the machine the beam 

should have a suitable phase space. This means that the 

beam size and angular divergence should be small. High 

transmission also requires a certain minimum beam energy, 

which is certainly greater than 20 keV. The beam from an 

ion source is usually momentum analyzed in a 20° magnet in 

order to separate out unwanted portions of the beam. (For 

example the magnet would separate the ^ and H beams from 

a hydrogen source.) 

The He+ ion source which provides the beam for charge 

exchange should have basically the same characteristics 

mentioned above. Since the efficiency for charge transfer 

is low, however, the beam energy should be near the peak in 

the He production. For the source described here a radio¬ 

frequency (r-f) ion source was used which was able to pro¬ 

duce approximately .5 mA of beam. 

There were many considerations in the design of the 

charge exchange cell. The primary design parameter is the 

length (along the beam line) of the vapor-containing cell. 
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This length (L) is determined by the following parameters: 
2 

(1) desired target thickness (TT ) in atoms/cm 

(2) allowable pressure outside the cell PQ (torr) 

(3) total conductance (C) of entrance and exit 

apertures of cell. 

If a maximum allowable pressure outside the cell is deter¬ 

mined and the approximate design of the apertures is known, 

then the maximum allowable pressure inside the oven can be 

determined. This pressure determines the maximum allowable 

temperature via the vapor pressure curve. The ratio of 

pressure to temperature determines the density and therefore 

the target thickness for a given length. This calculation 

is not exact because (a) conductances of apertures vary with 

temperature and (b) the vapor pressure curves for alkali 

metals at low pressures are not well-known. From previous 

38) 
work ' it was determined that the desired target thickness 

15 2 is about 10 atoms/cm . Vacuum requirements determined 

-3 -2 maximum cell pressure to be 10 - 10 Torr. This gives 

a cell length of about 25 cm. 

Another important design consideration is the confine¬ 

ment of the alkali vapor. Since alkali metals are so 

reactive, it is necessary to restrict the flow of the vapor 

into other parts of the vacuum system. The high melting 

points of potassium and lithium allow these vapors to be 

condensed out of the system at ambient temperatures. Pro¬ 

visions must be made, therefore, for containing and condens¬ 

ing the exchange gas. 
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Since an ion source must operate continually with 

minimum down time, an important consideration in design is 

ease of handling and speed of maintenance. This means that 

the oven must he easily removable and must be able to con¬ 

tain enough alkali metal to last for several days of 

39) operation. Previous work has shown that alkali consump¬ 

tion will be in the range of 10-50 mg/hr. If reasonable 

operation time is 100 hours, the oven must have a volume 

large enough to contain 1-5 grams of alkali metal. 

The design parameters discussed above were determined 

before construction. Other design parameters (e.g. aperture 

configuration) had to be obtained empirically (see Section 

III.C). 

B. The He+ Ion Source 

The source of He+ is a small accelerator itself. It 

consists of an Ortec r-f ion source followed by a Texas 

Nuclear acceleration tube. The acceleration voltage is 

supplied by a Hippotronics 150 kV transformer. A schematic 

40) of the apparatus is given in Figure 8 

The initial source of He+ is the Ortec Model 320 R-F 

Ion Source. A schematic of this ion source is given in 

41) Figure 9 . There are two critical parts to this device: 

the nickel exit canal and the quartz insulating sleeve. 

The exit canal must be the proper diameter and length to 

maintain pressure in the bottle. Small defects in the quartz 

sleeve drastically reduce performance of the source. 
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The apparatus at the high voltage terminal includes 

the following: 

(1) R-F oscillator and its HV supply 

(2) Power supply for the magnet 

(3) Power supplies for the extractor probe and focus 

(4) Gas flow needle valve 

A.C. power is supplied to the terminal by an isolation trans¬ 

former, and the power supplies are controlled remotely. The 

r-f oscillator is a bistable multivibrator, a circuit 

diagram of which is given in Figure 10. High voltage 

(~ 700 V) is supplied by a rectified transformer. R-F power 

tapped from the tank coil of the oscillator to two copper 

excitor rings around the r-f bottle. The frequency of oscil¬ 

lation is about 200 MHz. The magnet coil around the bottle 

is powered by rectified a.c. line voltage. The probe and 

focus voltages are supplied by Del Electronics 15- and 5- kV 

power supplies respectively. The probe voltage is dropped 

across a series current-limiting resistor to reduce sparking 

inside the bottle. The focus voltage is applied to the 

first three electrodes in the acceleration tube as shown in 

Figure 11. The a.c. power to the probe and focus power sup¬ 

plies is controlled by variable transformers, which in turn 

are controlled remotely by motor driven plexiglass rods from 

the ground end of the acceleration tube. Gas is leaked into 

the bottle from a regulating needle valve (controlled 

remotely) which is fed by a pressurized (~ 10 p.s.i.g) 
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polyethylene tube from a gas cylinder at ground. There is 

provision for evacuating this tube and the cylinder regulator 

to remove contaminant gases. 

The acceleration voltage is provided by a Hippotronics 

D.C. power supply (150 kV). Interlocks are provided for the 

safety of the operator. The supply is also overload pro¬ 

tected to prevent current or voltage surges. Output is con¬ 

tinuously adjustable from 0-150 kV. 

The acceleration voltage is applied across a Texas 

Nuclear acceleration tube. This tube is about 18 in. long 

and is composed of alternating glass and aluminum rings 

cemented together to provide a vacuum seal. The aluminum 

rings, or electrodes, are shaped in such a way that they 

will have a focusing effect as well as an accelerating effect 

on the beam. The accelerating voltage is equally divided 

across the electrodes by the appropriate number of high 

power resistors (10 MQ each) . 

Additional focusing of the beam is provided by a high 

voltage electrostatic lens (einzel lens). This lens has 

three ring electrodes through which the beam passes. High 

voltage (0-40 kV, positive or negative) is applied to the 

center ring while the two remaining rings are at ground 

potential. The focusing effect is analogous to the effect 

42) on light of convex-concave double lens 
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C. Charge Exchange Oven and Accessories 

The charge exchange oven is contained in an aluminum 

vacuum chamber 25" long, 7-1/2” wide and 5-1/2" high, inside 

dimensions. The size was determined by the size (primarily 

length) of the oven plus the condensing tubes at each end 

of the oven. The chamber was fabricated from aluminum 

plates heliarc welded together to form a shoebox shape. 

Four-inch beam pipe connections are welded to the end plates 

to allow connection to HVEC standard 4" beam pipe. The top 

piece of the shoebox (26" x 8") had a hole cut out of it 

(23" x 6-1/2"), and an O-ring groove was machined in the 

remaining surface. The chamber is sealed by the lid, a 

1/2" aluminum plate 8" x 26" which rests on the O-ring. 

The bottom of the chamber is 1" thick aluminum plate that is 

larger than the outside dimensions of the chamber to accommo¬ 

date a large (1400 liters/sec) oil diffusion pump. The pump 

is mounted below a gate valve and water cooled baffle. 

Figure 12 shows the oven's vacuum chamber. 

For convenience the oven itself is mounted suspended 

from the lid of the vacuum chamber. This allows complete 

removal for cleaning and recharging. The supports are cer¬ 

amic electrical stand-offs, which provide thermal insulation. 

The supports align the axis of the oven with the beam line. 

The oven is a 12" long stainless steel pipe, 2" o.d., 

1/16" wall. Plugs are welded (silver soldered) into the 

ends of the pipe. The plugs contain the entrance and exit 
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apertures for the beam. One plug has a screw-on flange with 

aperture for access to the interior of the oven. The aper¬ 

tures were originally designed to be 5/8" diameter holes. 

This design, it was discovered, had too high conductance. 

As a result modified apertures were attempted. The con¬ 

ductance of a tube of uniform circular cross section is: 

C 12.1 

where D is the diameter of the tube in cm., L is the length 

of the tube in cm., and C is the conductance of the tube in 

liters/sec '. If the entrance and exit apertures of the 

oven are viewed as "tubes," then reducing the diameter and 

increasing the length should reduce the conductance. The 

modified apertures therefore consisted of tubes about 4" 

long and 1/2" i.d. welded into the original aperture. The 

conductance of these tubes is very much lower than the 

original aperture. Eventually 1/4" i.d. tubes were used. 

Figure 13 shows the present design of the oven. 

The oven was originally heated by a commercial flexible 

heating tape which consisted of stranded nichrome wire insu¬ 

lated in fiberglass. It had a heating capacity of about 800 

Watts. The present heater is a ceramic bead insulated 

nichrome wire cord wrapped around the oven. A.C. current is 

provided by high current feedthroughs in the chamber lid. 

The temperature is controlled by a Thermo-Electric Model 100 

controller and an iron-constantan thermocouple. The thermo- 
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couple is welded to the oven near the center and fed directly 

through the lid via an O-ring feedthrough. The controller 

switches a high current solenoid switch which controls cur¬ 

rent to a variable transformer. The variable transformer 

controls the voltage across the heater and prevents tempera¬ 

ture surges beyond the set-point of the controller. 

The original design of the oven included vapor con- 

densors mounted just outside the oven. These condensors 

were water cooled stainless steel tubes about 5" long and 

1" o.d. They were designed to trap alkali vapor and prevent 

its spread to the rest of the system. When the tube aper¬ 

tures were added, the condensors were eliminated. It is 

possible that some form of alkali vapor trap will have to 

be used. The present design includes two 5" x 5" pieces of 

stainless steel .010" shimstock with 1" apertures placed in 

the vacuum chamber at either end as shown in Figure 12. 

They are easily removed for cleaning and help reduce the 

spread of alkali vapor into the beam pipes. The shimstock 

is not water cooled, but condensation of the alkali vapors 

is very efficient at room temperature. 

In order to facilitate alignment of the oven with the 

beam from the He+ source, quartz beam viewers were designed, 

constructed and mounted at each end of the vacuum chamber 

(outside, mounted on the 4" beam pipe). The beam viewers 

consist of a box made of aluminum plate, with a quartz 

scintillator mounted inside. The quartz can be rotated in 
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and out of the beam line and is covered with a fine stainless 

steel screen. The screen is connected electrically to a 

current meter outside the box, which allows a rough measure 

of the beam current and simultaneous visual observation of 

the beam. 
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IV. OPERATION OF THE ION SOURCE 

A. Experimental Measurements of Beam Fractions 

In order to determine the optimum conditions for 

operation of this ion source, a study was made of He pro¬ 

duction efficiency and its variation with He+ beam energy 

and alkali vapor temperature. Two target gases, potassium 

and lithium, were studied. Cesium was not used for two 

reasons: (1) the difficulty of handling, and (2) the peak 

in efficiency is at low energy (« 1 to 2 keV). 

The first step in the experimental procedure was to 

obtain operation of the He+ ion source with a cold oven. 

The energy desired was set on the HV power supply. The 

probe and focus voltage were then adjusted to give maximum 

transmission of beam through the oven. The einzel lens was 

then used to further tune the beam. The analyzing magnet 

was then set to the correct current for the particular 

incident energy. All current meters were checked for back¬ 

ground, especially the Keithley 610B Electrometer, which was 

subject to low current noise due to the r-f oscillator. 

The oven temperature was then slowly raised to a point 

well beyond the optimum. This allowed the oven heater to 

outgas sufficiently that charge exchange in the background 

gas was minimal. As measurements were made the oven temper¬ 

ature was lowered in steps of 25°F to a point well below the 

optimum temperature. Time for thermal equilibrium was 
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allowed at each step. It should be noted that due to r-f 

noise, the exact temperature was not known + 20°F. Each set 

of data was recorded, however, under identical conditions. 

In order to separate the charge states of the beam, a 

branched beam pipe was constructed from brass waveguide. 

An arm was attached 10° either side of the beam line. At 

the end of each of the three arms a quartz beam stop covered 

with a stainless steel screen was placed and insulated 

from the beam pipe (ground potential). A crude "Faraday 

cup" was thus formed for measuring the current in each charge 

component of the beam. The branched beam pipe was placed in 

the analyzing magnet (pole faces 2" x 10"). 

The measurements of He production were made as the 

oven temperature was allowed to decrease, with time allowed 

for thermal equilibrium. After the proper range of tempera¬ 

tures was covered, the He+ source was retuned at a different 

incident energy. The temperature of the oven was increased 

to the value at the top of the range covered. Another 

"run" with temperature could then be made. 

The resulting data are given in the appendix. The 
. + + 

measured quantities were the current in the He beam (I ) 

after the oven and the current in the He beam (I ) after 

the oven. Figure 14 shows selected data for potassium in 

the form of I /l+ as a function of temperature for various 

energies. The absolute value of the temperature is only 

approximate. Figure 15 is similar data for lithium. 



Figure 14: l”/l+ FOR POTASSIUM. 
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From the data several conclusions can be drawn. It is 

clear that lithium is a more favorable charge exchange vapor. 

It is also apparent that the oven temperature needs to be 

higher than predicted by vapor pressures, certainly higher 

than the present limit of the oven. (See Chapter V) 

B. Operation Instructions 

Operation of the Ortec ion source and associated 

apparatus in the terminal is very much an empirical science. 

Power is supplied to the r-f oscillator when the isolation 

transformer is turned on. (Power is also applied auto¬ 

matically to three cooling fans in the terminal.) The high 

voltage (~ 700 VDC) power supply for the oscillator is 

turned on by a separate remote switch. The performance of 

the oscillator is affected by the positions of the coupling 

leads on the tank coil and the positions of the copper rings 

around the r-f bottle. The optimum configuration for maxi¬ 

mum power input to the bottle must be obtained empirically. 

The oscillator tubes are fairly durable (> 1000 hrs. 

operation), and the signal of a weak tube is occasional high 

current drawn from the hV supply (demonstrated by a blown 

fuse). The copper rings which couple to the bottle should 

be as small as possible and have no sharp corners that 

will act as r-f antennae. The leads should be as short as 

possible to reduce power loss. 

The r-f bottle has a normal lifetime of about 1000 hrs. 

of operation. This lifetime can be reduced by excessive 
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probe voltage, which burns holes in the quartz sleeve, or 

by excessive heat from the magnet coil, which causes the 

epoxy resin seal to break down and leak. The bottle base 

and probe can be reused indefinitely, but a new quartz 

sleeve and nickel exit canal are required for rebuilding the 

Ortec ion source. It is also preferable to use a new glass 

bottle, although it is possible to clean an old one enough 

to produce satisfactory results. 

The gas leak into the bottle is controlled by a regu¬ 

lating needle valve with .020" orifice. The performance of 

the ion source is critically dependent on the rate of gas 

flow, so a gear mechanism has been added which gives about 

a 60 to 1 increase in sensitivity. The proper setting is 

near that position which gives a bright green color to the 

plasma discharge. 

The probe voltage is controlled remotely by a 1 r.p.m. 

electric motor which turns the power supply input variac by 

means of a plexiglass rod. Since the output of the r-f 

bottle is roughly proportional to probe voltage, it should 

be as high as possible. The limit on probe voltage is a 

function of gas pressure and is reached when sparking occurs 

within the bottle. This sparking must be avoided since it 

causes burned spots on the quartz sleeve, greatly reducing 

output of the bottle. 

The magnet coil around the bottle is powered by a 

simple d.c. power supply. The voltage is controlled by 
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manual operation of a variac. Optimum magnet current is a 

function of bottle gas pressure and probe voltage. The limit 

on magnet current is determined by the heat output of the 

magnet. In spite of the cooling fans, it has been observed 

that a high magnet current can cause breakdown of the epoxy 

resin seal between the glass bottle and its aluminum base. 

The limit for magnet current is about 2A. 

The focus voltage is also controlled by a motor driven 

variac. It is applied to the first three electrodes in the 

acceleration tube as shown in Figure 6. The limit on focus 

voltage is the limit of the insulating rings in the acceler¬ 

ation tube—about 5 kV. 

One should note that the adjustable parameters above— 

gas leak rate, probe voltage, magnet current, and focus 

voltage—must be "tuned" in a rather random sequence to 

obtain optimum performance of the ion source. All of these 

parameters have different optimum values for different 

accelerating voltages. 

Use of the high voltage acceleration tube is fairly 

straightforward. It is important that the r-f bottle be 

aligned with the axis of the tube. The leads from the 

resistor stack should be firmly secured to the elements 

of the tube. The resistor stack consists of twenty 10 MQ 

resistors (15%) . They should be identical within this 

tolerance. The ends of the resistors are covered with anti¬ 

spark caps, and the leads are high voltage (~ 10 kV) insulated. 
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The high voltage transformer control box contains the 

interlocks which may be used for safety procedures. The 

only interlock presently in use is a chain gate controlling 

access to the area near the terminal. The h-v will only 

operate when this gate is closed. Red warning lights are 

connected in series with the h-v input. The high voltage 

can be set directly on the control box. Over-voltage and 

over-current relays are continuously adjustable. 

The operation of the oven is fairly simple. In the 

long term it will be merely set and left alone. A few pre¬ 

cautions, however, should be observed in order to prolong 

oven life. The oven should be heated slowly to allow out- 

gassing and prevent hot spots. The variable transformer 

should be used to keep the heater current as low as possible 

to prevent temperature surges. Cleaning is accomplished 

with water—slow washing for potassium, soaking for lithium. 

At least 10 grams of alkali metal should be used to charge 

the oven. The metal is cut with a chisel into about 3-4 

gram pieces and dipped in trichloroethanol (C2H Cl^) to 

remove the packing oil. It is placed in the oven and into 

the vacuum chamber as quickly as possible to reduce the 

formation of oxide. As the chamber is evacuated, the oven 

is slowly heated to aid outgassing and evaporation of the 

trichloroethanol. When the desired temperature is reached, 

a short time period is allowed for further outgassing. 

During operation the pressure in the vacuum chamber should 



IV-7 

-5 
not be high enough to give a reading of about 2x10 Torr at 

the diffusion pump. 

Proper periodic maintenance of the He ion source will 

be essential for its use. This maintenance, above and 

beyond that for normal laboratory equipment, is divided into 

four sections: vacuum equipment, r-f bottle, acceleration 

tube, and charge exchange oven. 

Besides normal care for the vacuum pumps some addi¬ 

tional maintenance is necessary. Because of frequent 

roughing out of the system, the roughing pump will con¬ 

sistently use oil. It must be regularly checked and oil 

added when necessary. Because this pump will frequently 

pump on trichloroethanol vapor, it may need oil changes 

more often than usual. When the source is in operation, 

the large amount of alkali vapor released can reduce the 

speed of the vacuum pumps. The fore-pump seems to suffer 

most from this abuse. It may be necessary to change its 

oil very frequently. 

Because of radiation damage to the glass and damage 

to the quartz sleeve, the Ortec r-f ion source has a life¬ 

time of about 1000 hours of operation. At the end of this 

lifetime a new r-f bottle is put into the system while the 

used one is being repaired or replaced. It has been found 

that the best procedure is to install new glass, quartz and 

nickel exit canal onto the reusable base. 
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The acceleration tube should have a very long lifetime- 

greater than 10,000 hours of operation in normal use. It is 

not known, however, the extent to which alkali vapor will 

shorten this lifetime. The end of a tube's useful life is 

signaled by (a) inability to insulate high voltage and 

(b) inability to hold vacuum. The best repair procedure is 

complete replacement. 

Since alkali vapor condenses and accumulates in the 

vacuum chamber it must be cleaned periodically. The best 

solvent is water, but great care is exercised in introducing 

water to solid alkali metal. A rather large length of time 

is necessary after cleaning to allow outgassing of the 

water. The oven is cleaned before adding a new charge of 

alkali. In cleaning it is important to avoid contact of 

the resultant alkali hydroxide with delicate surfaces such 

as aluminum and skin. 
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V. CONCLUSION 

A. Summary and Conclusions 

The ultimate goal of this work is to provide an ac¬ 

ceptable He beam for injection into the Rice TVdG 

accelerator. For most uses a suitable He beam of at least 

IpA is needed for injection into the accelerator. 

In order to achieve this goal three basic steps were 

taken. The first step was repair of the r-f ion source and 

acceleration tube for use in the He source. The second 

step was design and construction of the lithium oven. 

Finally operation of the source was obtained and comparison 

measurements made. The measurements showed optimum He+ 

energy, oven temperature, and gas. 

Results consistent with expectations were obtained. 

The charge exchange efficiency is shown to be on the order 

of ^f/a. The peak in efficiency occurs at a higher energy 

for lithium than for potassium. The peak in efficiency 

also occurs at a much higher temperature for lithium 

(> 800°F) than for potassium ('w,325°F). The peak in 

efficiency for lithium as a function of temperature was not 

actually observed but is believed to be in the range 

900-1500° F. 

The observed peak in efficiency as a function of tem¬ 

perature is not consistent with expectations. A higher 

temperature than expected was necessary to achieve the peak 
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in efficiency for both lithium and potassium. This may be 

due to two factors: (1) inaccurately extrapolated vapor 

pressure curves, and (2) large entrance and exit apertures 

in oven which allow a large amount of vapor to escape the 

oven. The He beam achieved is therefore lower in intensity 

than expected. 

B. Further Work 

It is clear that further work is desirable for optimum 

operation of the He source. Changes in the present appara¬ 

tus would improve the source performance, and further 

investigations into gases might be desirable. 

The first modification that must be made is to increase 

the temperature range of the oven. This can be done by 

constructing a stainless steel oven with heliarc welded 

seals. This modification would eliminate the silver-soldered 

seals which cannot be heated beyond about 1000°F. To pre¬ 

vent high temperatures in the aluminum of the vacuum chamber, 

water cooling can be added. 

To increase the efficiency of the heating element of 

the oven a heat reflector should be added. A polished 

stainless steel shield (or several small shields) can be 

fabricated from shimstock. 

Improvements in the vacuum system will be necessary to 

install the ion source on the accelerator. Fail-safe cir¬ 

cuits and gate valves should be added to prevent vacuum 

pump damage during power failures or cooling water failures. 
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A faster pump than presently used should be installed to re¬ 

duce pump-down time. The cold water baffle should be 

converted to freon cooling to reduce the flow of alkali 

vapor into the pumps. 

A refinement which may be desirable for continued 

operation of the ion source is duplication of the oven and 

vacuum chamber lid assembly. This modification would greatly 

reduce down time when recharging the oven. It would be 

possible to merely switch the assemblies, cleaning one while 

the other is in use. It is conceivable that down time for 

recharging could be reduced to an hour or so out of every 

two or three days. 

In an effort to find a better charge exchange gas it 

would be desirable to investigate several other gases. It 

is possible that a molecular gas or a mixture of gases would 

yield high charge exchange efficiency. This investigation 

could be part of continuing development of the ion source. 
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APPENDIX: RAW DATA 

The raw data are presented for charge exchange in 

potassium and lithium. For each incident energy and oven 

temperature the measured currents of positive ions (I+) 

and negative ions (I ) leaving the oven were measured. 

The ratio I /l+ was calculated. 
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Incident 
Energy ( 

35 keV 

40 keV 

45 keV 

Raw Data for Potassium 

Temperature 
(°F) 

I+ 

(mA) 

225 .08 

250 .07 

275 .06 

300 .04 

325 .02 

350 .02 

375 .02 

400 

i—1 
o
 • 

425 .01 

225 .07 

250 .06 

275 .05 

300 .04 

325 .02 

350 .02 

375 .02 

400 .02 

225 .09 

250 .07 

275 .07 

300 

in 
o
 • 

325 .04 

I 
(A) 

I~/I+ 

68xl0-8 8.5xl0-5 

-8 -4 
78x10 1.1x10 

lOxlO-7 1.7xl0-4 

-7 -4 
13x10 3.3x10 

-7 -3 
22x10 1.1x10 

-7 -3 
25x10 1.3x10 

-7 -3 
21x10 ' 1.1x10 

-7 -3 
14x10 ' 1.4x10 

-7 -3 
13x10 1.3x10 

88xl0_9 1.3xl0-5 

25xl0-8 4.2xl0-5 

80xl0-8 1.6xl0-4 

19xl0-7 4.8xl0-4 

30xl0-7 1.5xl0-3 

32xl0-7 1.6xl0-3 

28xl0-7 1.4xl0-3 

20xl0-7 l.OxlO-3 

17xl0-8 1.9xl0-5 

67xl0-8 9.6xl0-5 

12xl0~7 1.7xl0-4 

25xl0“7 5.0xl0~4 

38xl0-7 9.5xl0~4 



Incident 
Energy (keV) 

50 keV 

55 keV 

Raw Data for Potassium (Cont'd) 

Temperature 
(°F) 

I+ 

(mA) 
I 
(A) 

I"/I+ 

350 .03 .35xl0-7 1.2xl0-3 

375 .02 . 28xl0_7 1.4xl0-3 

400 .02 .18xl0-7 9. OxlO*"4 

200 .13 .30xl0~8 2.3xl0-5 

225 .12 .45x10 8 3.8xl0-5 

250 .11 .lOxlO-7 9.1xl0-5 

275 .10 .25xl0-7 2.5xl0-4 

300 .08 .46xl0“7 5.8xl0-4 

325 

in 
o
 • .71xl0-7 1.4xl0-3 

350 .04 •76xl0“7 1.9xl0-3 

375 .03 .03xl0-7 2.lxlO-3 

400 .03 . 52xl0-7 1.7xl0-3 

225 .12 .34xl0~8 2.8xl0_5 

250 .11 .85xl0-3 7.7xl0-5 

275 

O
 

1—1 • .16xl0-7 1.6xl0-4 

300 .08 .35xl0-7 4.4xl0-4 

325 .06 .46xl0"7 7.7xl0~4 

350 .04 .42xl0“7 1.05x10“ 

375 .04 . 30xl0-7 7.5xl0-4 

400 .02 . 19xl0-7 9.5xl0-4 

425 .02 .12xl0-7 6.OxlO-4 
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Raw Data for Potassium (Cont'd) 

Incident 
Energy (keV) 

Temperature 
(°F) 

I+ 

(mA) 
I 
(A) 

l"/I+ 

450 .02 .lOxlO-7 5.0xl0-4 

475 

i—1 
o
 • .78xl0-8 7.8xl0-4 

60 keV 225 .105 .33xl0-8 3.Ixl0~5 

250 .10 .12xl0-7 1.2xl0-4 

275 .08 .25xl0-7 3.lxlO-4 

300 .07 •43xl0-7 6.lxlO-4 

325 .05 •42xl0-7 8.4xl0-4 

350 .05 .40xl0-7 8.OxlO-4 

375 .04 . 2OxlO-7 5.OxlO-4 

400 .04 m m m 

6 5 keV 225 .10 .llxlO-7 1.lxlO-4 

250 .09 ,26xl0-7 2.9xl0"4 

275 

CO 
o
 • .49xl0-7 6.lxlO-4 

300 • o
 

.69xl0-7 9.9xl0-4 

325 .06 .65xl0-7 1.lxlO-3 

350 .06 . 50xl0-7 8.3xl0-4 

375 .045 . 28xl0-7 6.2xl0-4 

400 .04 .85xl0-8 2.lxlO-4 

425 .04 . 52xl0-8 1.3xl0-4 

450 .04 . 35xl0-8 8.8xl0-5 
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Incident 
Energy (keV) 

70 keV 

75 keV 

Data for Potassium (Cont'd) 

I"/I+ 

Raw 

Temperature 
(°F) 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

225 

250 

275 

300 

325 

350 

375 

400 

425 

450 

(mA) (A) 

.10 .15x10 

.09 .33x10 

.085 .65x10 

.07 .11x10 

.06 .11x10 

.06 .74x10 

.05 .29x10 

.04 .13x10 

.04 .72x10 

.04 .76x10 

.10 .13x10 

.095 .15x10 

.09 .42x10 

.08 .62x10 

.075 .90x10 

.07 .11x10 

.06 .82x10 

.06 .63x10 

.05 .30x10 

.04 .10x10 

-7 1.5xl0-4 

-7 3.7xl0“4 

-7 7.6xl0-4 

-6 1.6xl0-3 

-6 1.8xl0-3 

-7 1.2xl0-3 

-7 
5.8xl0“4 

-7 3.3xl0-4 

-8 
1.8x10 4 

-8 1.9xl0-4 

-7 1.3x10 4 

-7 1.6x10 4 

-7 4.7xl0-4 

-7 
7.8xl0-4 

-7 
1.2xl0~3 

-6 
1.6xl0-3 

-7 1.4xl0-3 

-7 l.lxlO-3 

-7 
6.OxlO-4 

-7 
2.5xl0~4 
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Raw Data for Lithium 

Incident Temperature 
Energy (keV) (°F) 

30 keV 500 

550 

600 

650 

700 

750 

800 

40 keV 500 

525 

550 

575 

600 

625 

650 

675 

700 

725 

750 

775 

800 

I+ 

(mA) 
I 
(A) 

l"/I+ 

.02 . 30xl0-9 1.5xl0-5 

.02 .34xl0-9 1.7xl0“5 

.02 •38xl0-9 1.9xl0-5 

.02 •48xl0-9 2.4xl0-5 

.02 .10xl0-8 5.OxlO-5 

.02 .35xl0-8 1.8xl0-4 

.02 .14xl0-7 7.OxlO-4 

.04 .12xl0-8 3.OxlO-5 

.04 .14xl0~8 3.5xl0-5 

.04 .14xl0-8 3.5xl0-5 

.04 .16xl0-8 4.OxlO-5 

.04 .19xl0-8 4.8xl0-5 

.04 .22xl0-8 5.5xl0-5 

.04 .28xl0-8 7.OxlO-5 

.04 .43xl0“8 l.lxlO-4 

.04 .65xl0-8 1.6xl0-4 

.04 .14xl0-7 3.5xl0-4 

• o
 

.22xl0-7 5.5xl0-4 

.04 .43xl0-7 l.lxlO-3 

.04 .82xl0“7 2.lxlO-3 
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Incident 
Energy (keV) 

50 keV 

60 keV 

Raw Data for Lithium (Cont'd) 

Temperature 
(°F) 

500 

525 

550 

575 

600 

625 

650 

675 

700 

725 

750 

775 

800 

650 

675 

700 

725 

750 

775 

800 

I+ 

(mA) 
I 
(A) 

.03 .16x10 

.03 .19x10 

.03 .24x10 

.03 .29x10 

.03 .37x10 

.03 .56x10 

.035 .80x10 

.03 .12x10 

.03 .20x10 

.03 .31x10 

.03 .52x10 

.03 .79x10 

.035 .13x10 

.055 .58x10 

.05 .92x10 

.05 .17x10 

.05 .35x10 

.04 .66x10 

.04 .12x10 

.03 .22x10 

I“/I+ 

-8 
5.3x10 

-8 
1.3x10 

-8 
8.0x10 

-8 
9.7x10 

-8 
1.2x10 

-8 
1.9x10 

-8 
2.3x10 

-7 
4.0x10 

-7 
6.7x10 

-7 
1.0x10 

-7 
1.7x10 

-7 
2.6x10 

-6 
3.7x10 

-8 
1.1x10 

-8 
1.8x10 

-7 
3.4x10 

-7 
7.0x10 

-7 
1.7x10 

-6 
3.0x10 

-6 
7.3x10 

-5 

-5 

-5 

-5 

-4 

-4 

-4 

-4 

-4 

-3 

-3 

-3 

-3 

-4 

-4 

-4 

-4 

-3 

-3 

-3 
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Raw Data for Lithium (Cont'd) 

Incident Temperature I+ i” I /I+ 
Energy (keV) (°F) (mA) (A) 

70 keV 650 .04 •38xl0“8 9.5xl0-5 

675 .04 .66xl0“8 1.7xl0-4 

700 *
 o
 

. llxlO-7 2.8xl0-4 

725 .04 .22xl0-7 5.5xl0“4 

750 .04 . 56xl0-7 1.4xl0-3 

775 .03 .lOxlO-6 3.3xl0-3 

800 •
 o
 

to
 

•18xl0“6 9.0xl0-3 


