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ABSTRACT 

This effort is devoted to experimental measurements of electron 

impact excitation and ionization cross sections of ions. The cross 

sections of interest are those of importance in the diagnostics of 

CTR plasmas. Current tasks include: (a) the completion of absolute 
+ + 

measurements of the electron impact cross sections for Rb , Cs , and 

Tl+ ions; and (b) determination of the absolute electron Impact excita-

tion cross sections for selected transitions in Li and other He-, Li-, 

and Be-like ions. 
Measurements of the electron Impact ionization cross sections for + + + 

T1 , Cs , and Bb ions over the range of electron energies from below 

threshold to approximately 2000 eV have been completed. The cross 

sections were measured with a crossed beam facility. The peak values 

of the cross sections were found to be, respectively, 1.7x10 16» 

2.1xl0-16, and 1.6X10"16 cm2. 
3 3 

The electron impact excitation cross sections for the 2 S - 2 P 

transition in the He-like Li* ion are bei-g measured with a crossed 

beam apparatus. These measurements, which are themselves of considerable 

importance, facilitate the optimization of the experimental apparatus 

while allowing a parallel development of a suitable source o£ multiply 

charged ions. 

A PIG-type source of multiply charged ions is currently under 

development. This source is of laboratory size and compatible with the 

existing crossed beam apparatus. Although some developmental problems 
i 



have been encountered, the basic source design appears to be 

satisfactory. Upon completion of development, the PIG source 

to be attached to the existing crossed beam apparatus for the 

measurement of electron impact excitation cross sections and 

possibly ionization cross sections of multiply charged ions. 
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SECTION I 

DISCUSSION OF PROGRESS 

Thie summary covers progress made during the current period of 

September 1, 197'» to May 31, 1975. The general goal of this work is 

the measurement of electron impact ionization and excitation cross 

sections that are of importance in near- and far-term plasma diagnos-

tics related to the CTR program. The specific programs involved in 

the research effort is extracted from the currently active proposal 

are: (a) the completion of absolute measurements of the cross sections 
+ + 

for ionization o€ Rb and Cs ions by electron impact over the range 

of incident electron energies from below threshold to approximately 

2000 eV; (b) the determination of the absolute cross sections for input 

excitation by electrons with energies from near threshold to 5-20 times 3 3 threshold cf electric dipolc transitions for the 2 S - 2 P multiplet 

in the helium-like Li+ and B3 + and the 22S - 22P and 22S - 32P multi-
2+ 3+ 

plets in the lithium-like B and C ions; (c) the refinement and 

extrapolation of the experimental techniques used in (b) so as to 

facilitate the determination of electron impact excitation cross 

sections for members of the helium, lithium and beryllium isoelectronic 

sequences. 

Progress toward the above goals is being made at what is considered 

to be a satisfactory rate. Measurements of the electron Impact ioniza-

tion cross sections of Rb+, Cs*, and Tl+ ions has been essentially 

caapleted. The electron impact excitation cross sections for the 



3 3 + 2 S - 2 P transition in the He-like LI ion are currently being 

measured. A PIG-type ion source which is to provide ion be*..* for 

the additional multiply charged members of the He, LI, and Be Iso-

electronic sequences is being tested. Although some developmental 

problems have been encountered with this source, It is believed that 

the basic design is satisfactory. 

This section sunanarlzes progress made and problems encountered in 

each of the following experimental areas: (a) ionization of Ions; 

(b) excitation of Li* ions; and (c) excitation of multiply charged 

ions. Enough material is included to present the ration&le behind 

the development of program options as well as to sumnarize fhe progress. 

Details of experimental results and discussions of apparatus are pre-

sented in appropriate appendices. 

Ionization of Ions 

The absolute cross sections for the single ionization of Rb+, 

Cs+, and Tl+ ions have been measured as a function of incident electron 

energy from below their respective thresholds to approximately 2000 eV. 

This work was undertaken primarily to provide data for use in the 

calibration of ion beam probes. Such probes are proving to be extremely 

versatile and valuable plasma diagnostic tools [1-3j. Probes can 

measure plasma density, space potential, charge and current density, 

electric and magnetic fields, and electron temperature. The technique 

permits plasma properties to be resolved in both space and time. The 

majority of operating probes have employed alkali or thallium ions in 

the probe beam. The validity of the result* obtained with the tech-

nique Is dependent upon the accuracy of the appropriate ionization 
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cross sections. The required electron impact ionization cicss 

sections were available for most of the alkali ions, but at the 

submission of the current proposal there were no published experl-
+ 

mental or theoretical results for electron impact ionization of Rb , 

Cs+, and Tl+ ions £4-8]. Preliminary ion beam probes have relied 

upon classically scaled ionization data or some classical method such 

as that developed by Gryzinski £9]. These approximations are crude 

and must be replaced with valid cross section measurements if the ion 

beam probe is to yield meaningful data. 

The experimental method involves crossing direct current (or 

pulsed) beams of Tl+ ions and electrons in a well-defined collision 

volume. Proper account is taken of the relative velocities of the two 

beams. There are no appreciable electric or magnetic fields in the 

heam interaction region. Therefore, all of the projectile Ions, 

including those which undergo reactions either with electrons or with 

background gas molecules, travel essentially the frame trajectory until 

the ion beam is separated into its various charge states after passing 

through the interaction region. Measurements of the final beam yields 

the ionization cross sections for the projectiles provided that the 

geometry and Intensity of the electron and ion beams are known and that 

the effects of the background gas are eliminated. 

The single ionization cross sections for Hbf, Cs+, and Tl+ were 

measured with the crossed beam technique described above. The apparatus 

employed was a refined version of one used in earlier work £4,5,10]. 

Important details of the apparatus and a sumary of the present experi-

mental results are given in Appendix I. 
-3-



All of the cross sections measured in the current program were 

for single ionization reactions of the form, 

+ 2+ 
e + X -» e + X + e 

+ + + 
where X is the ion of interest (Cs , Rb , etc.). Advanced ion beam 

probes that measure the spatial variation of electron temperature do 

so by virtue of the different electron energy dependence of two differ-

ent ionization cross sections £3], Two ions are injected simultaneously 

into the plasma and the doubly charged reaction products collected. As 

long as the electron energy is low enough so that one of the cross 

sections is changing significantly with energy, the ratio of the two 

collected product ions is a measure of the elect -ot\ temperature. 

Another way to obtain the same information involves the use of one ion 

but both the single and double ionization processes. It is expected 

that this latter technique will be superior in many situations, and 

wili enhance the flexibility of the ion beam probe technique. 
+ 3+ 

Unfortunately, except for the Li - Li reaction [11], there are no 

valid cross sections available. Accordingly, it is planned to swi"ch 

the present apparatus from its current configuration to that suitable 

to measure double ionizing events, i.e., reactions of the form, 
+ 3+ e + X -» e + X + 2e . 

The apparatus was designed with the eventual study of such 

reactions in mind, and is easily converted from the present configura-

tion. It is only necessary to move the signal T'araday cup from its 

present location at the 2+ exit aperture to the 3+ exit aperture. 

-4-



These positions are already present as sl.own in Fig. A-l in 

Appendix I. 

Excitation of Ions 

This effort is devoted to the design, development and construction 

of apparatus and perfection of techniques leading to ultimate measure-

ments of the electron impact excitation cross sections of multiply 

charged ions. The He- and Li-like ions are expected to play a major 

role in future diagnostics of high temperature plasmas. Spectroscopic 

methods can provide information as to the electron temperature, electron 

density, and ion density as well as impurity densities and losses [12-17]. 

Almost all such techniques require knowledge of one or more collision 

cross sections. 

The experimental method involves the use of crossed beam techniques 

first employed at Georgia Tech, and recently by others in the study of 

the excitation of ions by electron impact [18-20], The method for 

excitation measurement is basically similar to that used for ionization, 

except that no post interaction region charge state analyzer is needed. 

The emitted photons are detected after passage through appropriate wave-

length selective filters. 

The initial cross section measurements are being made on the 
3 3 + 2 S - 2 P transitions in Li . The use of this ion allows separate 

testing of the multiply charged ion production/handling system and the 

collision apparatus. A photograh of the Li+ excitation experiment and 

a schematic of the ion beam system are shown in Figs. A-6 and A-8, 

respectively, in Appendix II. Note that the excitation experiment can 

-5-



be removed from the small vacuum chamber and placed into the large 

multiport vacuum chamber that now houses the Ionization experiment 

(Fig. A-2). After placement in the large chamber, the ion beam pro-

duction system will be connected and utilized. An alternative would 

be to install additional vacuum ports on the small chamber. 

There are several reasons why LI* was selected as the initial ion, 
+ 

The Li cross section is estimated to be quite small and represents 

a significant, step for the measurement technology. The Li* excitation 

cross sections are actually smaller than those of most of the other 

ions of interest; however, the Li* emissions are in the visible spec-

tral region which facilitates photon selection and detection. Although 

the detection efficiency is high, the small cross section results in 

signal levels that are marginally acceptable. In addition, the long 

wavelength (5486 R) visible radiation is much more susceptible to 

background signals from the heated ion and electron filaments, etc. 

The low signal coupled with high background make the Li* reaction ideal 

as a tool for use in optimizing the detection electronics and stray 

signal suppression. 

A practical consideration in selecting Li* was the ease with which 

copious ion currents can be generated. Thermionic-type ion sources can 

provide ion beam currents in the order of microamperes without 

difficulty [4,21]. The ion source does not require differential 

pumping and its low operating temperature produces a minimum of back-

ground light. 

The Li* excitation experiment is being carried out in a refined 

version of the apparatus used in previous work [18-19]. The entire 
-6-



optical detection system has been redesigned and rebuilt with the 

objective of eliminating possible sources of light leaks, improving 

detection efficiency, and making possible the use of an evacuated 

or a purged optical system. The photon counting electronics were 

redesigned to increase counter speed and reduce dead time. Details 

of these changes &nd other important features of the apparatus are 

discussed in Appendix II. 

At the present time, the complete apparatus is operating and 

undergoing checkout. Loth beams are present in the chamber and the 

electronics is operational. It is expected that preliminary measure-

ments will coninence during the week that this report is bei/ig written. 

Excitation of Multiply Charged Ions 

While the measurements of the electron impact excitation of the 

Li+ ions is intrinsically valuable and provides a useful tool for the 

design and construction of a versatile experimental apparatus, the 

primary objective of the present work is directed to the multiply 

charged ions. A knowledge of cross sections for the excitation of 

ionic energy levels is of prime importance in the spectroscopy of 

Tokamak plasmas which are characterized by highly charged species of 

low atomic number. Magnitudes of the cross sections of interest are 
16 —20 2 

estimated to be between 10" and 10** cm . Measurements made near 

the upper limit of these values would present little difficulty if two 

central difficulties were not present. The first problem is that of 

obtaining sufficient ion current to give a useable photon signal. The 

second problem arises when the wavelength range of the desired transi-

tion is in the vacuum ultraviolet or soft x-ray region. In such 



regions, out of the visible range, wavelength selection becomes very 

difficult. Possible solutions to the photon selection problem were 

discussed in previous reports and proposals; however, the selection 

problem cannot be adequately investigated until knowledge of the sig-

nal levels is obtained. Thus, the ion current problem is the more 

fundamental. 

After consideration of several types of potentially useful ion 

sources, efforts were concentrated on the Penning Ion Gauge or PIG 

type source. This type of source has been used principally in nuclear 

accelerators to provide multiply charged heavy ions. Several designs 

produced by other workers were carefully studied. It was decided that 

these devices were more elaborate than necessary for atomic collision 

use,. Accordingly, the ion source shown in Figs. A-7 and A-9 was 

developed. T'»e water cooled source has a copper anode and tantalum 

cathodes. A suitable gas is admitted through a regulator and a leak 

valve. Ions extracted from the source are sent through a 60° magnetic 

sector spectrometer for selection. The spectrometer is differentially 

pumped and an additional stage of differential pumping will be added 

when the ion source is interfaced to the main collision chamber. 

Several problems have been encountered in the operation of the 

PIG source. Initially, the source was plagued with external gas break-

down in the vicinity of the electrical feedthroughs. This problem was 

solved by placing insulated tubes over the leads. An unstable arc 

condition was greatly improved by changing the gas inlet from a single 

hole located in the middle of the arc channel to two holes one located 

at each end near the cathodes. A further difficulty was that the 
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magnetic field did not reach the design level. This was improved 

by replacing the cold rolled steel core with Armco Iron. An additional 

improvement is still needed and can probably be obtained by annealing 

the iron in a hydrogen atmosphere. Details of the ion source and its 

associated problems are given in Appendix III. 

Because of the various problems encountered, no details of the 

ion emission of the ion source are yet available. The gross emission 

current output of the source has been measured and is in the mA range. 

The m/e analyzer has been connected and preliminary performance data 

should be available in a few weeks. 
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SECTION II 

PUBLICATIONS 

The publications listed below were prepared during che current 

reporting period based upon completed research. Conference presentations 

are not listed. 

1. Title: "Alumlnosllicate Sources of Positive Ions for Use in 
Collision Experiments" 

Authors: R. K. Feeney, William E. Sayle, II, and J. W. Hooper 

Status: Accepted for publication in The Review of Scientific 
Instruments 

Support: ERDA 507., Georgia Tech 507. 

2. Title: "Microwave Transient Response Measurements of Elastic 
Momentum Transfer Collision Frequency in Argon" 

Authors: 0. A. McPherson, R. K. Feeney, and J. W. Hooper 

Status: Submitted for publication In Physical Review 

Support: ERDA 757., Georgia Tech 257. 

3. Title: "Absolute Experimental Cross Sections for the Ionization 
of Tl+ Ions by Electron Impact 

Authors: T. F. Divine, R. K. Feeney, William E. Sayle, II, and 
J. W. Hooper 

Status: Submitted for publication in Physical Review 

Support: ERDA 75%, Georgia Tech 25% 
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APPENDIX I 

IONIZATION OF IONS BY ELECTRON IMPACT 

This appendix discusses the electron impact ionization apparatus 

and provides a summary of the current experimental results, Additional 

details of the aparatus and a complete analysis of the various experi-

mental results including comparisons with available theory and experi-

ment will be published in Journa.'. articles. 

The experimental method involves the use of a crossed beam 

apparatus in which approximately monoenergetlc beams of ions and 

electrons are caused to Intersect at right angles In a well-defined 

collision region. The crossed beam technique has now become a well-

established tool for the study of charged-particle, charged-partlcle 

collision processes. Several reviews that discuss the advantages and 

difficulties innerent in such crossed beam experiments have been 

written and most of the early work utilizing this method critically 

evaluated [4,5,22-24]. 

A schematic diagram of the experimental apparatus, which is a 

completely redesigned version of that ujed in earlier work [4,3,10], 

is shown in Fig. A-l. A photograph of the complete apparatus is 

given in Fig. A-2. Singly charged ions are produced by a thermionic-

type ion source and pass through several focussing, collimating and 

deflecting structures before entering the interaction region. A 

rectangular electron beam Intersects the ion beam in the Interaction 

region. Just prior to entering the interaction region, the two beams 
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127° ANALYZER 

Figure A-l. Schematic Diagram of the Ionization Apparatus. 





can be made to pass through a scanner which determines their spatial 

profiles. This scanner is driven from outside of the vacuum chamber 

by a stepping motor sequenced by a preset counter. After undergoing 

collisions with the electrons in the Interaction region, the ion beam 

which now contains several charge states, passes into the large paral-

lel plate electrostatic analyzer. Here Che singly- and doubly-charged 

beam components are separated and directed into their respective 

Faraday cups. 

A thermionic-type ion source produced a chemically pure beam of 

ground state alkali or Tl+ ions. No differential pumping or water 

cooling was required with this type of source. The ion source produced 

a col lima ted (0.8x6.4 mm) beam of 1-3x10 A for an operating period 

of several weeks. Impurity levels were always less than 0.5% of the 

emission current. Additional details of this and similar ion sources 

are available elsewhere C21]. 

In this experiment, as in previous work [4,5,10] a 6L6G beam 

tetrode was first used as an electron source. However, when Tl+ 

ions were studied, some difficulty was experienced in getting the 

cathode to activate reliably. This difficulty was attributed to the 

presence of small quantities of T1 vapor in the vacuum system. To 

alleviate this problem, a thoriated iridium filament was substituted 

for the original indirectly heated oxide cathode. A spring was installed 

to keep the filament in proper position within the beam forming struc-

ture. In order to avoid an unacceptably large electron energy spread, 

it was necessary to pulse the electron filament heating current as was 

done in a recent excitation experiment. In this pulsing scheme, 

-14-
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electrons arc withdrawn fra. the heated filament only whan the 

voltage across the filament la zero. Although previous work [25] 

indicated that the energy spread of this type of electron source was 

quite low, It was experimentally verified in the present installation. 

At 127* cylindrical electrostatic analyzer was Installed behind the 

electron Faraday cup as indicated in Fig. A-l. The elactron energy 

Bpread was Found to be less than 1.5 eV wide at haIf-maximum with mean 

ener, y within ±0.5 eV of the electron beam acceleration energy. The 

electron current was determined from the voltage drop across a pre-

cision resistance as monitored with a digital voltmeter. The error 

in the electron current determination was less than *l%. 

The charged particle analysis and collection system of the present 

apparatus incorporates several refinements not found in the previously 

used apparatus [4,5,10]. One of the most significant changes is the 

improved parallel plate electrostatic analyzer. Four guard plates and 

an electron trap are Incorporated into the analyser. A computer sisula-

tion showed that the guard plates greatly Increased the uniformity of 

the electric field. The electron trap serves to capture scattered 

electrons that might find their way into the 2+ collection cup. This 

trap, together with a magnetic tunnel placed in front of the 2+ collec-

tion cup and overall improved shielding provide a significant reduction 

in stray current background. 

Other design features Include an ion collector irtilch can be 

lowered to intercept the ion beasi prior to its entering the parallel 

plate analyzer. This collection cup was used to verify 100% ion beam 

transmission through the electrostatic analyser. 
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The singly charged ion beam current was measured with a 

conventional electrometer while the doubly charged current was 

mea: ad with a vibrating reed electrometer operating In the ratu-

of-charge mode. An Integrating digital voltmeter connected to the 

vibrating reed electrometer supplemented a chart recorder in data 

acquisition. The estimated error in the singly- and doubly-charged 

ion beam currants was less than ±2% and ±3%, respectively. 

The absolute cross sections obtain* ; with the apparatus described 

above are given in Figs. A-3 through A-S. Except £or a few tests, 

the apparatus was always operated in the pulsed mode [4,5,26]. 

Figure A-3 gives the final results for T1 ions. The error bars 

enclose the sum of a toal systematic error of £47. and a random error 

equal to the 90% confidence limits. The uncertainty in the electron 

energy Is not reflected In the graphical data, but is determined to 

be ±0.25% ±0.5 eV at all electron energies. There appear* to be some 

suggestion of structure in the cross sections near 80 «V. It is 

possible that this feature is produced by the onset of direct ioniza-

tion from the Sp subshell. 
+ + 

Figures A-4 end A-5 give the results for Cs and 8b Ions. These 

rosulcs are considered preliminary until additional data points are 

taken where the cross sections appear to be changing rapidly. The 

error bars have the same significance as for the Tl+ results. 
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APPENDIX II 

EXCITATION OF Li+ IONS BY ELECTRON IMPACT 

During the period covered by this report, the experimental 

facility for the Li+ excitation cross section measurements has been 

assembled and operational tests are now being completed. 

The facility employs a crossed beam apparatus that is a refined 

version of that used in previous excitation experiments. The apparatus 

operates in an all stainless steel vacuum chamber, 21 inches in diameter 

and 6 inches inside depth. A photograph of the apparatus is shown in 

Fig. A-6. The experiment assembly is suspended from the top cover of 

the vacuum chamber. The diameter of the vacuum chamber and bolt circle 

dimensions are such that experiments are interchangeable between the 

large tank that now contains the ionization experiment and the small 

tank containing the Li+ excitation experiment. Advanced multiply 

charged ion excitation experiments can be placed in the large chamber 

which has several ports situated for connection to external sources. 

The chamber is pumped through a molecular sieve trap by a four-inch 

diffusion pump. The entire system is bakable to temperatures limited 

by the gold O-ring on the trap and the aluminum O-ring on the chamber 

top. Electrical connections to the associated power supplies and 

instrumentation are made through three feedthroughs mounted on the 

chamber top. 

The crossed beam apparatus is composed of, basically, a source of 

ground state Li+ ions and a source of electrons for the production of 
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Figure A-6. Photograph of the Li+ Excitation Experiment 



well-defined monoenergetic electron and Ion beams. The beams are 

Intersected at right angles to form a collision volume of precisely 

known dimensions. Each beam is collected by a Faraday cup for the 

measurement of the beam currents. A slit scanner is employed to 

determine the geometrical form factor for the intersection of the 

beams. 

The electron source is a modified 6L6GC vacuum tube [4,5,10] and 

the ion source is of the thermionic type [4,21]. Ion beam collimation 

and focusing structures produce a rectangular ion beam about 10x1 mm. 

The electron beam is approximately 20x5 mm and is well contained 

within the ion beam. 

A fraction of the light which is emitted from the collision volume 

as a result of the spontaneous deexcitation of collisionally excited 

ions is collected by a lens system with its optical axis mutually 

orthogonal to the two charged particle beams. The first component of 

the lens system is a field lens located inside the vacuum chamber, 

approximately 1.5 inches from the center of the collision volume, and 

is composed o£ two plano-convex elements each having a diameter of 42 mm 

and a focal length of 55 mm. The two elements are arranged in a 

configuration to minimize spherical abberation effects in collecting 

the diverging light emitted from the collision volume. The field lens 

serves as a transform lens, concentrating the light on a transform plane 

at the surface of a 1.5 inch pyrex window mounted on the vacuum chamber 

top. A rectangular aperture fitted to the window acts as a spatial 

filter to selectively eliminate background light from the electron and 

ion source filaments. This method of background discrimination is 
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relatively insensitive to dimensional variations o£ the lens 

arrangement. 

Outside the vacuum chamber, the diverging light passed through 

the aperture is incident on a collecting lens assembly which is composed 

of two elements identical to those inside the vacuum chamber and a 

thin film interference filter. The filter is located between the two 

lens elements, so that the first element serves to colllmate the 

diverging beam from the vacuum chamber to produce normal incidence on 

the filter. The second lens element concentrates the filtered light on 

the face of a photomultiplier tube. 

The collecting lens assembly is mounted in an aluminum housing 

which bolts to the vacuum chamber top. The photomultlpller tube is 

located in a thermoelectrlcally cooled housing which mates to the 

collecting lens housing. The entire assembly is made light-tight by 

rubber O-ring seals. A shutter, which may be operated manually through 

a bellows arrangement, is mounted over the vacuum chamber window to 

completely seal the housing for dark current measurements. The housing 

also contains a small radioactively activated phosphor light source 

which can be moved, by a bellows arrangement, into and out of the 

field of view of the photomultipller tube for the purpose of checking 

the sensitivity of the filter and detection system. The housing is 

capable of being evacuated and back-filled with a suitable dry gas to 

prevent fogging of the photomultiplier tube face and to reduce attenua-

tion when the system is used for uv measurements. The design of the 

collecting lens and photomultipller tube housing has completely 

eliminated the problem of light leaks. 
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The output of the photomultlplier tube in processed and counted 

by an Ortec series A00 PUIHC counting system. The system includes the 

Model 113 preamplifier, the Model 470 linear amplifier, the Model 455 

single channel analyzer and two Model 430 scalerB. The electron beam, 

the ion beam, and the two scalers are gated in such a manner that one 

ncaler counts only noise, while the other scaler countB signal plus 

noise. The gating scheme is identical to that used previously at 

Georgia Tech [19]. 

A high speed digital logic unit performs the task of gating the 

beams and scalers. The repetition rate of the gating cycle 1l variable 

so that such effects as beam modulation of the vacuum chamber pressure 

can be analyzed. The high speed capability of the switching provides 

a precisely timed gating sequence with a very small percentage dead 

time between gates. 

The experiment has been operational for two pump down cycles over 

a period of about three weeks. The first run was interrupted when a 

leak developed in an electrical feedchrough. Some other routine instru-

mentation and electronics problems were encountered. Very preliminary 

results suggest that the electron impact excitation signal is present, 

but is quite small as cixpected. 
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APPENDIX III 

EXCITATION OF MULTIPLY CHARGED IONS BY ELECTRON IMPACT 

This effort is devoted to the measurement of electron impact 

excitation cross sections of multiply charged ions belonging to the 

He, Li, and Be isjelectronic sequences. The first requirement for 

the above program is the development of a source of multiply charged 

ions compatible with the crossed beam measurement apparatus. Efforts 

during previous contract periods concentrated on an evaluation of 

various sources as candidates for producing ions suitable for charged-

particle--charged-particle crossed beam experiments. Ion source types 

considered Included the washer-type pulsed plasma source, the trapped-

lon source, various configurations of an electron-cyclotron source, 

the hot-electron plasma source, the duoplasmatron source, and the 

Penning Ion Gauge (PIG) source. Most of the plasma-type sources were 

very complicated and required extensive supporting facilities. The 

duoplasmatron was rejected because of its low yield of highly charged 

ions. It was concluded that the PIG source presented fewest tech-

nological risks, and could be made a suitable size for use in the 

laboratory. Ion sources based on the PIG principle have been in 

extensive use providing heavy, highly charged ions for cyclotrons and 

linear accelerators. It was decided to adapt one of these sources to 

the atomic collision experiments. 

Although the PIG type source has been used extensively as a source 

for high energy experiments, relatively little is known about its 
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mechanism of operation [1-6]. Arc characteristics and ion yield vary 

widely and ate often not reproducible in the same equipment. The 

source designed for atomic collision studies is a continuous arc, 

radial extraction, cold cathode type source similar in design to that 

used by Anderson and Ehiers [32]. A diagram of the source in shown in 

Fig. A-7. A cold cathode source was preferable to a hot cathode 

source because of lower power requirements. Lower power dissipation 

also extends cathode life. The higher arc voltage associated with « 

cold cathode I'ZG source coupled with radial extraction should result 

in a high mean charge state. 

Figure A-8 shows the ion source and its associated vacuum and 

charge state analysis system. The PIG source is located in the first 

vacuum chamber. Cooling water, source gas, and electrical connections 

are brought out through the ei 1 of the chamber. A suitable magnetic 

field is produced by the source magnets whose pole pieces extend into 

the vacuum chamber. A high vacuum gate valve at the opposite end of 

the chamber provides isolation of the source from the remainder of the 

experimental apparatus. This enables periodic replacement of the ion 

source without recycling the entire vacuum system. Periodic replace-

ment of the source is necessary because the cathode lifetime is expected 

to be about 20 hours. 

The ions are extracted from a 2x10 mm slit by means of extractor 

plates biased several kV negative with respect to the anode. After 

extraction, the ion beam passes through a 60° magnetic sector for ra/e 

analysis. Two stages of differential pumping following the spectrometer 

provide a pressure in the spectrometer of about 1x10 * Torr and a 
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Figure A-8. Schematic Drawing of the Multiply-Charged Ion Excitation Apparatus. 
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pressure In the collision chamber of about 1> 10 Torr. A photograph 

of the Ion sourcc and the analyzer section is shown In Fig. A-9. 

Efforts during this contract period have concentrated on the 

construction and initial testing of the PIG type source. Stable arcs 

in the source have been created, and the extraction properties and ion 

yield of the source are balng examined. Initially, multiply charged 

carbon ions were desired, and CH^ was chosen as the source gas. 

Methane was used since the carbon w d hydrogen Ions produced could be 

very easily resolved in the m/e analysis section. A satisfactory arc 

was established in the source, but after repeated trials it was found 

that the arc would extinguish itself and fall to restrlke. This 

problem was similar to one noted by Anderson and was caused by a thin 

layer of carbon forming on the cathodes. The source gas was changed 

to CO^ which alleviated the problem completely. 

In the initial design, the gas inlet to the PIG source was located 

in the center of the anode opposite the extraction slit. The litera-

ture is often conflicting as to the importance of the location of the 

gas inlet. After some experimentation, it was determined that the gas 

inlet position in the original design was not optimum and did not pro-

vide for a high enough gas pressure inside the arc channel to properly 

support the arc. By changing the inlet so that the gas entered near 

the cathodes, a significant increase in arc current, an improvement 

in stability, and a decrease In vacuum chamber pressure were achieved. 

The source magnet design provided for a 4 kG axial magnetic field 

across the PIG source. Coils were constructed and Ni-Fe magnetic iron 

(Armco Iron) was ordered for the core pieces. The iron was available 



Figure A-9. Photograph of the PIG-Type Ion Source and Beam Analysis Magnet. 



in only ona size, and extensive machine work was required to meet the 

design dimensions. The stress Induced during Che machining operations 

adversely affected the suignetlc properties of the iron and resulted in 

the Iron saturating well below its rated velue. Consequently, the 

magnetic flux density was found to be limited to a value of epproxlmate-

ly 0.5 kG. Even with such a low value of operating field, a very stable 

arc is possible. Since the arc condition is a critical function of the 

operating magnetic field, an Improved field should result in an 

lncreesed arc current and a corresponding increase in ion yield. The 

iron will presently be removed ^nd sent to e facility which can anneal 

the meterial in a hydrogen atisosphere. 

When the beam source/handling system is fully operational it will 

be interfaced to the collision experiment. In the interim, the 

collision experiment is in use determining the Li+ excitation cross 

sections. 

-31-



REFERENCES 

1. F. C. Jobes and R. L. Klckok, Nucl. Fusion, 10, 195 (1970). 

2. F. C. Jobes, J. F. Marshall, and R. L. Hlckok, Phys. Rev. Letters 
22, 1042 (1969). 

3. R. E. Relnovsky, W. C. Jennings, and R. L. Hickok, Phys. Fluid* 16, 
1772 (r?3). 

4. U. C. Llneberger, J. W. Hooper, and E. W. McDaniel, Phys. Rev. 141. 
151 (1966) 

5. J. U. Hooper, W. C. Lineberger, and F. M. Bacon, Phys. Rev. 141, 
165 (1966). 

6. B. Peart and K. T. Dolder, J. Phys. B 1, 872 (1968). 

7. B. Peart and K. T. Dolder, J. Phys. B 1, 240 (1968). 

8. B. Peart and K. T. Dolder, J. Phys. B 8, 56 (1975). 

9. M. Gryzinski, Phys. Rev. 138. A336 (1965). 

10. R. K. Feeney, J. W. Hooper, and M. T. Elford, Phys. Rev. A 6, 1459 
(1972). 

11. B. Peart and K. T. Dolder, Z. Phys. B 2, 1169 (1969). 

12. I. M. Podgornyi, Topica in Plasma Dlagnosti.es. (Plenum Press, New 
York, (1971). 

13. R. H. Huddleston and S. L. Leonard, Plasma Diagnostics. (Academic 
Press, New York, 1965). 

14. R. C. Elton in Methods of Experimental Physics, edited by H. R. 
Griem and R. H. Lovberg, (Academic Press, New York, 1970) Ch. 4. 

15. L. Heroux, Proc. Phys. Soc. (London) 83, 121 (1964). 

16. R. V. Williams and S. Kaufman, Proc. Phys. Soc. (London) 75, 329 
(1960). 

17. H. J. Kunze, A. H. Gabriel, and H. R. Griem, Phys. Fluids 11, 662 
(1968). 

18. R. M. Bacon and J. W. Hooper, Phys. Rev. 178. 182 (1969). 

-32-



REFERENCES (cont'd) 

19. M. 0. Pace and J. W. Hooper, Phys. Rev. A 7, 2033 (1972). 

20. P. 0. Taylor and G. H. Dunn, Phya. Rev. A 8, 2304 (1973). 

21. R. K. Feeney, W. E. Sayle, II, and J. W. Hooper, Rev. Sci. Instrum. 
(to be published). 

22. G. H. Dunn, Atomic Physics, edited by B. Bederson, V. W. Cohen, 
end F.H. J. Plchanick (Plenum Press, Nev York, 1969) pp. 417-433. 

23. M. F. A. Harrison, Brit. J. Appl. Phys. 17, 371 (1966). 

24. K. T. Dolder, Case Studies in Atomic Collision Physics. Vol. I, 
edited by E. Q. McDaniel and H. R. C. McDowell (North Holland Pub. 
Co., Amsterdam, 1969), pp. 251-330. 

25. M. O. Pace, Ph.D. theais (Georgia Institute of Technology, Atlanta, 
Gt>., 1970) (unpublished). 

26. K. T. Dolder, M. F. A. Harrison, and P. C. Thonemann, Proc. Roy, 
Soc. (London) A264, 367 (1961). 

27. Guthrie and Wakerllng, Characteristics of Electrical Discharges in 
Magnetic Fields. McGraw-Hill (1949). 

28. J. R. J. Bennett, IEEE Trans. Nuc. Sci. NS-19, 48 (1972). 

29. A. Septier, IEEE Trans. Nuc. Sci. NS-19. 21 (1972). 

30. R. J. Jones and A. Zucker, Rev. Sci. Instrum. 25, 562 (1952). 

31. J. R. J. Bennett, IEEE Trans. Nuc. Sci. NS-18, 55 (1971). 

32. C. E. Anderson and K. W. Ehlers, Rev. Sci. Instrum. 27, 809 (1955). 

33. E. D. Hudson, M. L. Mailory, and S. W. Mosko, IEEE Trans. Nuc. Sci. 
NS-18. 113 (1971). 

-33-


