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ABSTRACT 

The production of beams of negative deuterium ions baa been studied 

with two ion aourcea with geometries that could be employed in a cyclotron. 

The negative ions were extracted directly from the arc in a direction normal 

to the magnetic field without using a charge-exchange medium. With a high 

gas pressure in the arc and an arc current of 5 Ao a Z-mA beam of o· ions 

was obtained. 

' 
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1. INTRODUCTION 

Recently, a beam of protons was extracted from the University of 

Colorado cyclotron by accelerating negative hydrogen ions to full ene~SY and 

then stripping the electrons from these ions to produce positive ions.• 1 The 

simplicity of this method, compared to other methods of extracting the beam 

from a cyclotron, has created interest in sources of negative ions th~ a.r~ 

suitable for use in cyclotrons. 

In the ion sources that have been developed for tandem Van de Graaff 

2 3 accelerators, ' positive ions are extracted from a conventional ion source ' 

with an energy of about 10 ke V. A be am of negative ions is then produced 

either by the capture of electrons by atomic ions or by the dissociation of 

molecular ions as the 10-keV ions pass through a thin foil or through a reg~ion 

filled with gas. About 2°/o of the positive ions are converted to negative ions, 

and beam currents of negative ions as large as 300 J-lA have been produced by 

this method. 4 While this type of negative ion source is satisfactory for accel

erators where the ion source is located externally, it is not easily adapted for 

use in a cyclotron. 

'Another method of producing negative ions has been used in the Berkeley 

heavy-ion accelerator (Hilac)5 for experiments on the stripping of electrops 

from D .. ions by magnetic fields. 6 ln these experiments, negative deuterium 

beams of several hund1·ed jJA were extracted directly from the ion source without 
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the necessity of a. charge-exchange foil or gae•fUled region. The ion aource 

used in these experiments wa• a cold cathode Penning (PIG) dlecharge with 

radial extraction--a type that could be easily adapted for uae in a cyclotron. 

The production of negative ions with this source ia deecribed in the next 1ectlon. 

In ion sources customarily used in cyclotrons, the discharge is lUI• 

tained by electrons emitted from a hot filament. The investigation of the yield 

of negative ions that can be obtained from sources of this type is deecribed ln 

Sec. m. 

II. COLD CATHODE SOURCE 

Figure 1 is a drawing of the PIG ion source used on the HUac. A de· 
. 7 

tailed description of this source has been given by Anderson and Ehlers. 

The tantalum cathodes were pulsed negative with respect to the anode for 4,msec 

at a rate of 12 pulses per second. The arc was operated in a magnetic field of 

2000 G. To extract negative ions, the entire arc structure was biased lZ keV~ 

negative, and the extractor electrode was grounded. The 12-keV lone from the 

source were deflected 120 deg by the magnetic field. They emerged from the 

magnetic field normal to the pole boundary and were collected in a Faraday cup 

2 ft from the magnet. Without any additional focuslng, the beam was 1-1/4-ln. 

high and 3/8 in. wide at the Faraday cup. The rate of flow of gas into the source 
c . 8 

was measured with a leak rate gage mounted in the gas feed line. 

With the standard 0.0625 -in. ·wide ion-exit slit in the anode, the largest 

negative ion beams were obtained when 50 cc,hnin (STP) of deuterium gas were 

fed into the source. The pressure in the magnet vacuum tank was 

2.6 X 10-4 -mm Hg, and the estimated pressure in the arc chamber was 60 1-1·· 

When a special anode with a 0.025-in. ·wide slit was tried, a 30o/o larger negative 

beam was obtained. For this anode, the maximum beam was obtained with a gas• 

flow rate of 34 cc/min, and the pressures in the magnet tank and the arc chamber 



_,_ 
UCltL·l0,81 

... 
were 2.Z X 10 •mm Ha and 110 ..,, respectively. Tbb expedment lncUcatea 

that lt la the high preaaure ineide the arc chamber and not a high pre1aure ln 

the magnet vacuum tank that le required to produce the neaative lone. 

Figure Z ihows the dependence of the various deuterium ion beam1 on 

the arc current for a aource wlth tantalum cathocloa and a O.OZS·in. •wide 1llt 

ln the anode. The extractor voltage could be varied over wide limite without 

affecting the negative lon output appreciably. While the data in Fig. Z wore beinl 

obtainede the extraction potential was held constant at ·lZ keV. For each value 

of arc current, the gas fiow was adjusted to give the large1t beam of the ion 

under observation. The gas flow and the arc voltage that resulted are lncUcated 

for each point in the figure. 

The variation in secondary electron emission of metah h instrumental 

in changing the arc operating voltage. Thus to determine the effect of arc ·· 

voltage on the negative ion yield, tests were made with copper and .aluminum 

cathodes. With copper cathodes the arc voltage was 3000 V, and the o· beam 

increased to 480 IJA. With aluminum cathodes the arc voltage dropped to 6ZS V, 

and only 300· ~ of D .. ions were obtained. When the arc voltage waa decreau~d 

to 400 V by feeding the gas into the arc near the cathodes instead of in the 

center of the anode, the yield of D • ions dropped to 120 lJ.A· 

In their study of the production of negative ions in a chlodne arc, Bohm 

et al. suggested that negative ions are formed mostly outside the arc column by 
. 9 

plasma electrons that have diffused out of the column. 

This suggestion led to tests of a source with a special anode that had a 

7/16-ln. -diameter arc chamber instead of the standard diameter of 1/4 in. 

The primary arc column was confined to a region of 1/4-in. diameter by reatrlc• 

tions in the end of the anode. With the restrictions located so that the arc column 

was 1/8 in. back from the 0.06Z5-in. ion ... exit slit in the anode. a 740 tJA beam 

o! D .. lone waa obtained with a gas fiow only ball that used for maximum beam 

with the atandard anode. 
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With the 1/4-in. -diameter arc chamber and the. o.ozs-m. -wide alit a 

. . -55 0 JlA beam of 0 . ions was obtained. For maximum 0 beam the gae now W&l 

only 3.9 cc/min, the arc current peaked at 0-.3 A, and the arc voltage waa 925 v. 

With the 7/16-in. -diameter arc chamber the 0" beam increased to 760 .-.A. 

UI. HOT FILAMENT SOURCE 

The hot filament teat ion source used to produce negative ions was, 

similar in many respects to the source used in the 813-inch cyclotron at · 
10 . . 

Berkeley. Figure 3 is a cross-sectional drawing of the test source. The 

filament (A) was cut from 0.150-in. -thick tantalum sheet and was heated by 

about 380 A de. The reflector (B) was also tantalum. This electrode was 

electrically insUlated from the rest of the source structure and could be ex-

ternally connected to either the filament or the anode (C). The arc was de

fined by a l/8X3/32 .. in. slot that was aligned so that the arc column was im-

mediately behind the ion-exit slit in the anode. This source was operated 

continuously, and its arc voltage could be controlled by varying the amount of 

heating power applied to the filament. In thia source geometry, which was 

initially designed for production of multiply charged heavy ions, the l/lX3/64-ln. 

exit slit (C) was not the only opening through which gas could leave the arc 

chamber. Gas from the arc chamber could flow to the vacuum system through 

openings along both cathode support structures, and therefore it was difficult 

to make accurate estimates of the arc chamber pressure •. However, the preeeure' 

in the arc chamber were of the same order of magnitude as those used in the cold 

cathode source. 

The ion source was mounted in the 8-in. gap of a test magnet and operated 

in a magnetic field of about 4000 G. Ions from the source were deflected through 

180 deg by this magnet and were monitot·ed by a traveling Faraday cup that could 
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be positioned along the focal plane of the 180-deg spectrometer. At~· polr4• 

the beam was abo.ut 0.15 in. wide and 3/8 in. high. 

Initially the arc was operated with the cold electrode (B) el4!'ctdcally 

connected to the filament so that arc electrons were reflected. At with the 

cold cathode source, the best negative ion beams were obtained with a hlgh 

gas flow into the source. Figure 4 is a plot of the D- beam aa a fun~ti()n of 

arc current at a variety of gas flow rates. The arc voltage was Pt¥411cll~~ 

maximum ion output at each gas flow rate. There was no great c~s• f.l\. ~·· 

optimum arc voltage with gas flow rate, and the optimum waa alway, be~een 
': . .... : 

325 and 375 volts. The arc was not operated up to 4 A fol" all gas flo\.'1 "~"~••· 

The last point taken in all cases was the one at which the exterJUtJ.ly .suppUed 

filament power had been reduced to zero. At this point the fllame~* w~• being 
1." • • ~ ' . . ~ ,.. ' ·, ' . ~ . 

heated solely by ion bon1bardment, and any further inct·eaae in arc cui'J,'e~t 

would have resulted in a dect·ease in arc voltage. No attempts wer~ ~e to 

operate the arc beyond ita controlled conditions. 
. .. ~ •, . ' ', ,"; :· ... 

By connecting the reflector electrode to the anode, the arc ·fl~9~try 

was changed to that of a diode, and electrons from the filament ma4.e:·~~y a· 

single transit th1·ough the plasma. Figure 5 is a plot of the n• iQn Q~*~t &.8. t 
... 

. :t 

function o£ arc current at the same gas flow rates as used before. In,· tii.J.a case 
. ' 

it was possible to operate the arc at cul'l'ents up to 5 A at all gas, npw,; r*te,s. 

At the highest gas flow rate, however. the filament heating power Vlf~~- r:O<i~ced 
~ . . 

to zero, and again no attempt was made to operate the arc beyond tbl111 r~glon 

of controL The arc voltage that resulted in the best n· beam current was 

quite sensitive to the gas pressure, and increased markedly with gas flow rate. 

As indicated in Fig. 5, at the lowest gas flow rate, an arc voltage of only 100 V 

produced the maximum beam, whereas more than 300 Vwere required at the 

maximum gas flow rate used. The electrons, which gain their full energy whUe 

~- ... 
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passing thrOU:gh the thin sheath between the filament and the plasma. thua 

require a higher initial energy in order to arrive at the aUt region with the 

most favorable energy as the pressure ls increased. 

IV. DISCUSSION 

The de voltage used to extract negative ions from the source ia alao 

very effective in e>..-tracting electrons. The electrons from the plasma move 

in small trochoidal orbits and migrate along equipotential lines to the iniulatore 

that support the source structure. In a magnetic field of 3 kG, the ion extrac• 

tion gradients used remove several hundred mA of electrons from the source. 

The electron drain decreases with the square of the magnetic field, but even 

at 10 kG the electron currents are high enough to cause discharge& that damage 

the insulators in a short time. In both sources the insulators were protected by 

dumping the electrons on an inclined carbon block that created a component of the 

electric field parallel to the magnetic field (see F in Fig. 3). While being re• 

moved, these electrons receive full extraction potential, and considerable power 

is applied to a relatively small area. This in turn results in localized heating 

and gas bursts that can make it difficult to maintain high extraction potentials 

for an extended period of time. 

The elech·on drain varied as the 3/2 power of the extractor voltage and 

was apparently apace-charge limited. The negative ion beatn. however, was 

essentially independent of the extraction potential in both the cold cathode and 

the hot filament sources. This result indicates that the numerous electrons in 

the region between the anode alit and the extractor electrode do not play a sig• 

nificant role in the formation of the negative ions. Estimates of the electron 

density in this region also indicate that it is too low to allow an appreciable 

number of deuterium atoms to capture electrons. 
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Because the negative ion beam ia effectively emhaion-llmlted, a.ny 

action that will increase tho number of negative lone preeent in the I'04l9n of 

extraction, euch as an increase in arc pressure, wlU Immediately bo reflectecl 

as a.n increase in negative ion beam current. With the extraction. o.t poaltlve 
' : ~ .. 

ions under similar operating conditions, this was not the cate. T~e. ~·'-"of 
" 

positive ions extracted was space-charge limited for most all oper•tlns (:On•. 

ditions, and a change in arc conditions that ircreased the positive ton 4el.)al~y ln 
. ·,· : 

. •. 

the arc would not necessarily increase the extracted bea~ current •. 

Extraction normal to the magnetic field may be an lmport~t f•ct()r in 

the ability of these sources to produce such large beams of negatlvelonl• At 

the plasma surface, exh·action of negative ions is affected by the large apace 

charge of the electrons present in this region. However, these electrons are 

severely limited in their travel toward the extraction electrode by th_e ~s~otlc 

field and are sorted out rapicUy. With the operating conditions described; a. 

o· ion with an energy as small as 0.01 eV normal to the magnetic field h•• a 

radius of gyration larger by one order of magnitude than the maximum ex• 

cursion given an electron by the ion-extraction gradient. Therefore, the o· 

ions can easily penetrate the thin electron space-charge layer. 

The operation conditions of the ion source arcs described here are not . 

vastly different !rom thoae in some o£ the ion sources that embody extra.cUon 

in line with a magnetic field. Thus one could reasonably' expect th~$ ~b~y too 

have the ability to produce some negative ions directly. However, ex~i:action 

of the negative ions would be inhibited by the large electron ~pace cb~.rse tbro1,1gb• 

out the extt·action region. 

For both BOurces the gas flow requb:·ed to produce 0• bfHt.n'l..-: ~p· 'he···~ 
··'., ., . 

region was higher than the flows normally used in accelet·l:ltor ion ~~~rc:oe. _ To 

keep the gas p1·essure in the magnet vacuum tan~s below 10·4-mm liiJ.• a 1.4•in. 

diffusion pump was used on the PIG source test stand, and a 16-~. _ ~n\1_) waa 
.'i· 
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used with the hot filament source. For an accelerator where the lon1 have a 

long trajectory or where high voltages must be held in the vacuum, a lower 

pressure would be needed. By reducing the area of the anode •lit, the l&l 

flow could be reduced while the pressure is atiU maintained inalde tho arc 

above the 100 f.L required. 

In the case of the hot·filament geometry. an even hlgger gain in ay1tom 

pres sure could be had by eliminating all openings from the arc chamber reglon1 

to the system vacuum other than the ion-exit slit. 

Use of a narrower slit with the cold cathode source actually increaaed 

the n· beam as well as reduced the tank pressure. This experiment la evidence 

that the D- ions are not formed by collisions with gas molecules in the extractor 

region but a1·e c1·eated in the arc chamber. 

The method of formation of the negative ions that seems moat plausible 

involves the collision of electrons with neutral deuterium molecules. The 

collisions can cause the molecules to dissociate in one of two ways. 

(1) 

+ -o2 + e- D + D + e (Z) 

The cross sections for reactions of this kind have been measured for 

11 ordinary hydrogen by Shulz. The cross section for the dissociative eapture 
-20 2 . 

reaction ( 1) has a sharp peak of 3.5 X 10 em for electrons with an energy 

of 14.2 eV. 
+ • 

The threshold for the simultaneous production of H and H la 

17.2 eV. The cross section is rising linearly at 3H eV (the· highest elect&"cm 

ene1·gy for which measurements have been made) and has a value of about 

3X 10·20 cmz at this point. The cross sections for the dissociation of deuterium 

molecules probably behave in a similar way. Reaction (2) appears to be the 

most probable source of n·, since the cross section 1s relatively high over a 

rather wide range of electron energies. 



•. · 
·r. -'· 

uea,~!!'lo3ss ' •\. : J . 

An indication for the upper limit of the mos" favorable ele~ti'P~ e~riY 

range can be had from the diode-type operation. With thit seo~~ry, "~ · 

electron energy in the realon of ion extraction can be effectively tu~4 \»y 

changing the arc voltage. An arc voltage of 100 V wa1 best for· oP,.ra'tjo~a 

at the lowest arc pressure& this indicates therefore, that the optimum 

electron energy does not exceed this value. 

According to this picture, an intense plasma with high electron 

temperatures should be required to;produce large numbers of negative ions. 

and this seems consistent with the experimental results. 

. ' I 

.·:.· 

• .•.. I 

~·-.' 

' .... . ,,.,.• . 
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FIGURE CAPTIONS 

Fig. 1. Cro~ts section drawings of the cold cathode PIQ ion 10urce 

used in the Hilac. 

.. + + Fig. z. Beam currents of 0 , 0 , and o2 ions obtained from the 

cold cathode ion source for various values of the arc current. 

Numbers above the experimental points are the quantity of gaa 

flowing into the arc in cc/min at STP. Numbers below the pointe 

are the voltage drop across the arc. 

Fig. 3. Cross-sectional drawing of the hot filament test ion source. 

(A) filament, (B) cold reflector electrode, (C) ion exit alit, 

(D) gas feed line, (E) water cooling tubes, (F) trochoidal electro11 

dump block. 

Fig. 4. Current of n· ions obtained from the hot filament ion source 

with cold electrode (B) connected to the filament potential ao that 

it reflected arc electrons. The gas flow into the source is in

dicated for each curve in cc/min at STP. The arc voltage was 

close to 350 volts for all the curves. 

Fig. 5. Current of D- ions obtained from the hot filament ion aour~e 

with reflecto 1' electrode (.B) connected to the anode potential so 

that it collected electrons from the filament after they made only 

a single transit through the a1·c. For each curve the gas flow in 

cc/min at STP and the arc voltage that gave the largest yield of 

D • ions are indicated. 
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