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CHARGE-TRANSFER COLLISIONS FOR POLARIZED ION SOURCES 

Alfred S. Schlachter 
Lawrence Berkeley Laboratory, University of California, 

Berkeley, CA 94720 

ABSTRACT 

Charge-transfer processes relevant to polarized ion sources are 

di scussed and resul ts are sumarizedo The primary atom di scussed 

is hydrogen, with particular emphasis on H- formation. Heavier 

negative ions are briefly d1scussed. 

INTRODUCTION 

Many atomic charge-transfer processes must be understood and 

atomic data ut1l1zed 1n the design of polar1zed ion sources, d1s

cussed in other papers presented at this conference. Charge-trans

fer data have been sumar1zed 1 n art1 cl es l - 5; data on charge

transfer in metal-vapor targets have been sumar1zed mainly in 

conference proceed1ngs. 6- 9 This paper conta1ns d1scussion and 

sumary of charge-transfer processes for hydrogen atoms and ions, 

primar1ly in metal-vapor targets, with an emphasis on H- forma

tion. Formation of metastable H(2s) for Lamb-shift polarized ion 

sources is also discussed, as are (briefly) formation of He- and 

heavier negative 10ns. 

Formation of negative hydrogen ions is of both basic and ap

plied interest: for basic physics research. for injection into 

accel era tors , and for attachment to low-energy atoms for energy 

analysis. Furthermore, fast H- can be readily converted to HO 

with high efficiency, with applications to heat1ng of fusion plas

mas and to weapons. There are three methods of creating H

ions: charge transfer, (passage of H+ or HO through a vapor 

or gas target), surface producti on (backscatteri ng or desorpti on 

of H- from a low work functi on surface by ion or atom impact), 

and "volume" production (direct production of H- in a dis

charge). Only charge transfer will be di scussed here J si nce all 
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H- pol arized ion sources known to the author use charge transfer 
for the H- production. (Surface ionization has been used in 

positive polarized ion sources.) The discussion will concentrate 

on metal-vapor targets as charge-transfer medi a, the reason for 

which can be seen in Fig. 1, which shows the equilibirium yield of 

H- for typical gaseous and metal-vapor targets; the metal-vapor 

targets are a factor of 10 more efficient than are gas targets in 

converting H+ or HO to H- at low energies « 10 keY). There 

are. of course. other considerations in the selection of a charge

transfer medium, e.g., the energy of the hydrogen beam, scattering 

in the target, the target thickness required for Charge-state 

equilibrium, target temperature required, and ease of pumping and 

of handling the target material. 

Resul ts for hydrogen and deuteri um are i ntenni xed in thi s 

paper. Hydrogen .and deuterium projectiles at the same veloci~ 

have been found to have the same total cross sections and yields 
over the energy range considered; therefore resul ts for 0 projec

tiles will be treated as if the experiment had been perfonned 

using H at half the energy. and vice versa. This does not hold 
for differential cross sections nor for partial cross sections 
( scatter; ng 1 nto or' outside of a g1 ven angl e), for' whi ch Hand 0 

must be separately considered. 

SYSTEMATICS OF CHARGE TRANSFER 

This section contains a general discussion of the systematiCS 

of charge transfer; the reader 1 s also referred to Refs. 3 and 4 

and to the appendix of Ref. 10. 
A beam of intensity 11nc 1s incident on a target of thick

ness 'IF (F1g. 2). Target thickness 'IF is the integral of the target 

density along the beam path: 

'f~ 'IF = n(x)dx = 'IF ~ eff 
o 

(1) 

where n(x) is density, x is measured along the beam path, ~ is 

the total distance over which n(x) 1s non-zero, 'IF is the average 

- 3 -



density. and 2eff 15 the effective target length. The beam in 
Fig. 2 is shown leaving the target in 3 charge states, with inten-
sity 1+. 1

0
, and 1_. More generally, the fraction of the 

beam leaving the target in charge state i is Fi(T)e 

(2) 

By definition 

(3) 

The equilibrium yield. F~. is the fraction in charge state i of 
the beam 1eav1ng the target relat1ve to the total beam after the 
target, for a very thick target. 

F i· = 1i m Fi ( T ) ( 4) 
T~ .. 

Some experimenters measure the conversion efficiency 111 (T) 
rather than F1(T}; 'l1(T) is the fraction of beam 1n charge 
state 1 leaving the target relative to the incident beam. 

For a given geometry. there 

'li(T} exhibits a max1mum: 
be lost from a target, 

1 s some optimum val ue of T such that 
I1~Pt. Because scattered beam can 

and 

lim l1i(T1 = 0 
1r~ -

We have shown in the appendix to Ref. 10 that 

opt Foo 
11; ~ i 
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A 1 so, F'i is independent of target geometry. whil e "i opt is 
dependent on the geometry of the target. 

A schematic example showing fluxes and charge-state fractions 

for a typical 3-state system is shown in Fi gs. 3a and 3b. The 

equilibrium charge-state fractions are apparent in Fig. 3b, while 

optimum fluxes (equivalent to "i opt) are evident in Fig. 3a. 

There are certain (unusual) 3-state systems in which Fi ex

hibi ts an optimum val ue (Fig. 4a). An example is the fraction 

., Fo for fast H- incident on a target; Fo is optimal for some 
value of y, then decreases with further increase of target thick

ness. 

Charge transfer for a 4-state I system is often di fferent, es

peci ally when one or more states is fragil e, i.e., the fragll e 

state is generated only from a parti cul ar state whi ch di sappears 

after several collisions, while the fragile state itself is readi

ly destroyed in collisions subsequent to its formation (Fig. 4b). 

An example of a 4-state system is hydrogen including the metastable 

2s state: H+, HO(ls), HO(2s), and H-. H(2s) is the fragile 
+ charge state; it is created by electron capture of low-energy H 

in a metal vapor, and is quenched (de-excited) 1n subsequent col
lisions. Another example is helium, in which 4 statesl1 are 
considered: He+, Heo(t), Heo(s), and He-, where Heo(t) 

and Heo(~) are atoms in triplet and singlet states. The 
Heo(t) and He- are both fragile. 

Two related quantities are referred to for metastable H(2s): 

f2s and F2s or fm and Fm). F2s is the fraction of total 
beam leaving the target in the metastable 2s state, consistent 

with the definition in' Eq. 2, while f2s is the fraction of 

neutral atoms in the metastable 2s state. 

Cross sections, charge-state fractions, and equilibrium yields 

are related by a set of coupled linear first-order differential 
equations: 

(9) 
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For n states there are n(n-l) cross sections, eoge, 2 cross sec

tions for 2 states, 6 for 3 states, and 12 for 4 states. Solu

tions to Eq. 9 can be found analytica11y3,4 or by numerical in

tegration. 

A particularly simple and useful result is obtained for 2 

states: 

and 

For the case of Fa and F_, Eq. 10 becomes 

and 

.. a
o
_ 

F :I -~-a + a 
0- -0 

EXPERIMENTAL APPROACH 

(10) 

(ll ) 

A typical experimental apparatus10 for measurement of charge 

transfer in an alkali-metal vapor target is shown in Fig. 5. A 
+ + momentum-analyzed beam of 0 (or H) is incident from the 

1 eft. The target is a heat pi pe, desi gned to reci rcu1 ate a 1 ka 1i 

metal to minimize loss out the ends of the target. Use of a heat 

pipe for Cs, Rb, and Na is described in detail in Ref. 10. The 

beam after the collision is charge-state analyzed in a transverse 

electric field. The 0+ and 0- are detected by magnetical1y

suppressed Faraday cups, whil e the Do beam is detected 'wi th a 
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pyroelectric detector. IO , 12-14 Detection of the Do beam is 

the aspect of the experiment most subject to uncertainty in the 
measurement of equilibrium yields. The pyroelectric detector is 

linear, sensitive (-IV/Watt), and its response is independent of 
the charge state of the projectile hitting it, hence it can be 

... 
calibrated with an ion beam of known intensity. The 0 beam in-
cident on the target is modulated, and the AC voltage generated on 

the pyroelectric detector is measured with a lock-in amplifier. 

Details can be found in Refs. 10 and 12-14. 

A heat pipe cannot be used for alkaline-earth vapors in the 

density range of interest for charge transfer, because the melting 
temperature of the alkaline earth is higher than the operating 

temperature of the target. A typical desi gn of a target12 used 

for alkaline-earth vapors is shown in Fig. 6. An iron oven is 

heated by quartz lamps to obtain the temperature required, typical
ly 400-800·C. 

Data for l-keV 0'" incident on cesium vaporlO and for 
3-keV 0'" on barium vapor12 are shown as a function of target 

thickness or number density in Figs. 7 and 8. Charge-state equili
brium 15 apparent in both cases. Also shown in each figure is 
total beam transmitted through the target. It should be noted 
that the angl e defi ned by the exi t aperture of the a1 kal i ne-earth 
target was about half that of the alkali-metal target, so transmit
ted beam cannot easi ly be compared. Fi gure 7 also Shows15 the 

fraction F2s ' i.e., the metastable-atom fraction of the beam (as 

well as Fo' the total neutral fraction of the beam), showing 
that H(2s) play no role in production of H- in a thick cesium

vapor target. 

A major difficulty in measuring equilibrium yields is measure

ment of the flux of atoms, as discussed above. Minor difficulties 
include insufficient target thickness, unequal collection effi

ciency for scattered beams, and assorted probl ems rel ated to the 

metal vapor. Cross-section measurements are generally more dif

ficul t; the major probl ems are (1) measurement of the atom f1 ux, 

(2) incomplete collection and detection of scattered beams, and 
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(3) measurement of target thi ckness (usually measurement of the 
mean target density and effective path length). An additional 

difficulty in the measurement of H(2s) or H{2p) formation is the 

detection and collection efficiency of the Lyma-alpha detector. 

Measurement of 2-el ectron-transfer cross secti ons is complicated 

by the background single-step process (beam contamination) and the 

competition of two single-step processes. 

RESULTS: ALKALI TARGETS 

A selection of cross-section and thick-target resul ts for H 

atoms in alkali-metal vapor targets is presented here. The empha

sis is on new and/or otherwise interesting results; more complete 

resul ts can be found in Refs. 6-10, 12, 16, and the references 
therei n. 

The cross sections a.o' a+_, and a_+ for 0 and H in 
cesium vapor are shown6 in Fig. 9. Calculated cross sections 

a+o by Kimura et aL 17 in cesium and in sodium are shown in 
Figs. 10 and 11. Figures 10 and 11 show calculations of electron 

capture from both ground-state and optically excited targets; 
e1 ectron capture from Na*( 3p) is seen to be 1 arger than from 

Na{3s) at low energies. Experiment and calculations for ao_ and 

a_o are shown8, 10 in Figs. 12 and 13. The large values of 

a+o and ao_ for H in cesium and the small value of a+_ shows 
that H- formation is dominated by the 2-step process, and that 
direct formation of H-· from H+ is almost negligible. Calcula

ted cross sections a_o by Olson and Liu are shown in Fig. 14, 
showing also the contribution (dashed line) due to electron 

transfer rather than electron detachment. 

The effect of angular scattering in various collision pro

cesses has been calculated by Olson and colleagues. Figure 15 

shows 19 the acceptance ang1 e needed to collect 50 percent and 90 

percent of H- produced by collision of HO in cesium. Elastic 

scattering of HO is an important process in charge transfer. 

Olson has calculated the percent of aoo (elastic scattering) 
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outside a g1ven angle for HO 1n cesium (F1ge 16) and in 

sodium7 (Fig. 17). 

Lamb-sh1ft polar1zed ion sources require a beam of H atoms 1n 

the metastable 2s state. Selective electron capture20 is re-

quired to form H- from polarized H(2s). 
+ Formation of the metastable H(2s) state for H incident on 

alkali-metal vapors has been studied in a number of experi

ments,15, 21-23 usually by de-excitation of the H(2s) (quench

ing) in an applied electric field. The resulting Lyman-alpha ra

diation is polarized. Cross sections o+m and o+r (formation 

of the metastabl e 2s state and the radi ati ve 2p state) has been 

measured in cesium by Pradel et al. 15 shown in Fig. 18; the 
+ 

metastable fraction F2s of the total beam for H in cesium as 

a function of target thickness 1r is shown15 in Fig. 19. A sum

mary of measurements of the fraction f 2s of metastable H(2s) 

relative to the neutral beam 1s shown in Fig. 20. We see that 
+ 

both o+m and f2s show a peak at about 500eV for H in cesium 

vapor, and that f 2s is 1 arge, of the order of 30-50 percent. 

Similar results by Nagata23 are shown in Fig. 21 for other 

alka11 vapor targets. 

The equilibrium yield F" for 0- and H- formation in 

cesium vapor is summarized10 in Fig. 22; optimum conversion ef

ficiency f1
0pt 1n cesium is shown in Fig. 23. The' yield F: in 

cesium vapor is seen to be 1 arge: 20-35 percent at low energi es. 

Simi 1ar resul ts10 for sodium vapor are shown 1n Fig. 24 and 25; 

the yield P: is seen to be of the order of 10 percent at inter

mediate energies. 

The equilibrium yield can be compared with cross sections 

using Eq. 11. This is shown for cesium vaporlO in Fig. 26; 

measured F" is seen to agree with P- calculated from cross 

sections. 

RESULTS: ALKALINE-EARTH TARGETS 

Recent results for P: in alkaline-earth vapor targets are 
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sUlIIDarized in Ref. 12, in which a maximum F: of 50 percent 15 
reported for charge transfer ina thi ck stronti um-vapor target at 

an energy of 250eV/amu. Results by different experimental groups 

are in excellent agreement for alkaline-earth vapor targets. An 

examp 1 e is shown in Fig. 27, whi ch shows three measurements of 

F= in strontium vapor. 

Cross sections for charge transfer in alkaline-earth vapors 

have recently been measured24 ; resul ts for 0+0' 0+_, 00+' 

and 00_ are shown in Figso 28-31, along with 0_0 deduced from 

Fe: measurements and Eq. 11 It is to be noted that 00_ in
creases with decreasing energy in strontium vapor. while 0_0 is 

relatively flat with energy, which is responsible for the large 

value of F~ in strontium vapor at low energy. 
- + 

Formation of H(2s) by collisions of H i·n alkaline-earth 

vapors has been reported. 25 Results are shown in Figs. 32-33. 

SUMMARY: H- FORMATION 

Results for F- in various alkali and alkaline-earth vapors 

are shown12 in Fig. 34. Strontium vapor gives an F: of as 
large as 50 percent. at an energy of 250 eV/amu. Cesium gives 35 

percent at lower energies. rubidium gives a high yield at interme

diate energies, and sodium gives the highest yield for energies 

above 2 keV/amu. 

HEAVIER NEGATIVE IONS 

Formation of He- by charge transfer in a metal vapor26 

requires consideration of (at minimum) a 4-state system. The 

He- ion is a quartet state; it is created by electron capture of 

a helium atom in a triplet state. Both the Heo(t) and He

fractions show optimum values, and are very small for thick tar

gets. Results26 are shown in Figs. 35 and 36; Fig. 37 shows 

that the maximum Fopt for He- in cesium is 1.4 percent at 6 

keV. 
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Formation of heavier negative ions has been surveyed27 in 
sodium and magnesium vapor targets. Results are shown in Figs. 38 
and 39. Yields approaching 100 percent are possible for favorable 
cases. 

SUMMARY 

Recent theoretical cal cul ati ons and experimental resul ts are 
providing a coherent understanding of H- formation by charge 
transfer in metal vapors, although some disagreement exists 
between different experimental results or between experimental and 
theory in a few cases. The H- yield is especially large in 
ces; um vapor at low energ; es, exceedi ng 30 percent for energi es 
below 400 eV/amu, and in strontium vapor, where the yield is 50 
percent at 250 eV/amu. Charge transfer leading to formation of 
metastable H(2s) and to He- and other heavier negative ions is 
briefly discussed. Additional considerations for application of 
charge transfer to polarized ion sources, e.g., angular scattering 
of beams, are also mentioned. The"data and references in this re
port should be useful for the design of polarized ion sources re
quiring charge transfer. 

ACKNOWLEDGMENT 

I would like to acknow.ledge Catherine Searle for her assis
tance in edi ti ng thi s manuscri pt. Thi s work was supported by the 
Director, Office of Energy Research, Office of Fusion Energy, 
Applied Physics Dhi s;on of the U. S. Department of Energy under 
Contract No. DE-AC03-76SF00098 • 

- 11 -



REFERENCES 

1. C. F. Barnett, J. A. Ray, E. Ricci, M. I. Wllken, E. W. 

McDaniel, E. W. Thomas, and H. B. Gllbody, "Atomic Data for 

Controlled Fusion Research," ORNL-5206 and ORNL-5207. (1977). 

2. Y. Kaneko, T. Arikawa, Y. Itikawa, T. Iwai. T. Kato, M. 
Matsuzawa, Y. Nakai, K. Okuno, H. Ryufuku, H. Tawara, and T. 

Watanabe. "Cross Sections for Charge Transfer Colli si ons In

volving Hydrogen Atoms, II IPPJ-AM-15, Nagoya University, (1980). 

3. S. K. Allison, "Experimental Results on Charge-changing Col

lisions of Hydrogen and Helium Atoms and Ions at Kinetic 

Energies above 0.2 keV," Rev. Mod. Phys. ~, 1137 (1958). 

4. H. Tawara and A. Russek, "Charge Changing Processes in Hy

drogen Beams," Rev. Mod. Phys. 45,178 (1973); H. Tawara, 

"Cross Sections for Charge Transfer of Hydrogen Beams in Gases 

and Vapors in the Energy Range 10eV to 10keV," Atomic Data and 

Nuclear Data Tables, 22, 491(1978). 

5. Y. Nakai, A. Kikuchi. T. Shirai, and M. Sataka," Data on 

Collisions of Hydrogen Atoms and Ions with Atoms and Mole

cules (1)," JAERI-M 83-013, Japan Atomic Energy Research In

stitute, 1983. 

6. A. S. Schlachter, 110- Production by Charge Transfer in Metal 

Vapors, II in Proceedings of the Second International Symposium 

on the Production and Neutralization of Negative Hydrogen Ions 

and Beams, edited by Th. Sluyters, (Brookhaven National Lab., 

Upton, 1980), pp. 42-50 (BNL:-51304). Also, LBL-11635, 

Lawrence Berkeley Laboratory. 

7. R. E. Olson, IITheoretical Investigations of the Collision 

Dynamics in H- Formation and Destruction," ibid., pp. 51-57. 

8. A. S. Schlachter, "Production and Destruction of D- by 

Charge Transfer in Metal Vapors", in Proceedings of the U.S. 

Mexico Joint Seminar on the Atomic Physics of Negative Ions, 

edited by I. Alvarez and C. Cisneros, Notas de Fisica i (1982) 

(Instituto de Fisica, UNAM, Mexico), pp. 481-516. Also, 

LBL-12995, Lawrence Berkeley Laboratory. 

- 12 -



i 

9 •. R. E. Olson, "Molecular Negative Ions," ibid., pp. 78-107. 
10. A. S. Schlachter, K. R. Stalder, and J. W. Stearns, pnys. Rev. 

A 22, 2494 (1980). 
11. Both nydrogen and helium have more than 4 charge states; this 

simplication is, nonetheless, often useful. 
12. R. H. McFarland, A. S. Schlachter, J. W. Stearns, B. Liu, and 

R. E. Olson, Phys. Rev. A 26, 775 (1982). 
13. K. H. Berkner, B. R. Meyers, and R. V. Pyle, Revo Sci. 

Instrum. 39, 1204 (1968). 
14. M. W. Geis, K. A. Smith, and R. D. Runde1, J. Phys. E ~, 1011 

(1975). 
15. P. Prade1, F. Roussel, A. S. Sch1ach.ter, G. Spiess, and A. 

Val ance, Phys. Rev. A ~, 797 (1974). 
16. L. W. Anderson, T. J. Morgan, R. E. Olson, A. S. Schlachter, 

and J. W. Gallagher, Atomic Data and Nuclear Data Tables 
(article in preparation). 

17. M. Kimura, R. E. Olson, and J. Pascale, pnys. Rev. A 26. 3113 
(1982) • 

18. R. E. Olson and B. Liu, J. Chem. pnys. 11, 2817 (1980). 
19. R. E. Olson, pnys. Lett. 77A, 143 (1980). 
20. B. Donnally and W. Sawyer, pnys. Rev. Lett. li, 439 (l965); F. 

Roussel. P. Prade1, and G. Spi ess, pnys. Rev. A !!. 1854 
(1977); pnys. Rev. A !i, 451( 1977}; and references therei n. 

21. V. N. Tuan. G. Gautherin, and A. S. Schlachter.· pnys. Rev. 
A !. 1242 (1974). 

22. F. Brouillard, W. Claeys, and G. Van Wassenhove, J. pnys. B 
10, 687 (1977); and X ICPEAC (Paris, 1977), pp. 1264-5. 

23. T. Nagata, J. Jpn. pnys. Soc. 46, 1622 (1979). 
24. M. Mayo, J. Stone, and T. J. Morgan, 1983 (in press). 
25. T. J. Morgan and F. Eriksen, pnys. Rev. A 11, 2185 (1979). 
26. A. S. Schlachter, D. H. Loyd, P. J. Bjorkho1m, L. W. Anderson, 

and W. Haeberli, pnys. Rev. A 174, 201 (1968). 
27. J. Heinemeier and P. Hve1p1und, Nuc1. Instrum. Meth. 148, 65 

(1978); 148, 425 (1978). 

- 13 -



28. Y.A.Agafonov,· B.A.D'yaehkov, and M.A.Pav11f. P1s'ma Zh.Tekh. 

F1z. £, 757 (1976) (Sov.Tech.Phys.Lett. £, 296 (1976». 

29. Y.A.Agafonov, B.A.D'yachkov, and M.A.Pavl1i, Sov.Phys.-Tech. 

Phys. 25, 1261(1980). 

30. C. J. Anderson, R. J. G1rnius, A. M. Howald. and L. W. 

Anderson, Phys. Rev. A 22, 822 (1980); R. J. G1rnius, C. J. 

Anderson, and l. W. Anderson, Phys. Rev. A !!, 2225 (1977). 

31. C. J. ~nderson, A. M. Howald, and L. W. Anderson, Nuel. 

Instrum. and Methods 165, 583 (1979). 

32. H. Bohlen, G. Clausn1tzer, and H. Wl1sch, Z. Phys. 208, 159 

(1968) • 

33. K. H. Berkner, D. Leung,R. V. Pyle, A. S. Schlachter, and J. 

W. Stearns, Nucl. Instrum. and Methods 143, 157 (1977); Phys. 

Lett. 64A, 217 (1977). 

34. C. Cisneros, 1. Alvarez, C. F. Barnett, and J. A. Ray, Phys. 

Rev. A 14, 76 (1976). 

35. K. M1ethe, C. Achenbach. T. Dreise1dler, A. Muller, and E. 

Salzborn, in Proceedings of the European Conference on Ato

mic Pt\Ysics, edited by J. Kowal ski, G. zu Pul1tz, and H. G. 

Weber (Heidel berg, 1981), pp. 997-998 (Europhysics Con

ference Abstracts, Volume SA); Klaus M1ethe, Doctoral The

sis, Universitat Giessen, 1981 (unpublished); and private 

cOlIIDun1cation. 

36. G. I. Dimov and G. V. Roslyakov, Prib. Tekh. Eksp. 3, 31 

(1974) [Instrum. Exp. Tech. 1L. 658 (1974)]. 

37. B. A. D'yachkov and V. 1. Zinenko, At. Energ. 24. 18 (1966) 

[SOY. At. Energ. 24, 16 (l968)]; B. A .. D'yachkov, V. 1. 

Z1nenko, and M. A. Pav111, Zh. Tekh. Fize 41, 2353 (1971) 

[SOY. Phys. - Tech. Phys. ]!, 1868 (1972)]. 

38. R. J. Girnius, L. W. Anderson, and E. Staab, Nucl. Instrum. 

and Methods 143, 505 (1977). 

39. W. Gruebler, P. A. Schmelzbach, V. Konig, and P. Marmier, 

Phys. Lett. A 29, 440 (1969); Helv. Phys. Acta 43, 254 (1970). 

40. J. R. H1skes, A. M. Karo, P. A. Willman, and W. J. Stevens, 

Phys. Let. 68A, 221 (1978). 

- 14 -



. ' 

41. R. N. Il lin,. V. A. Oparin, E. S. Solv lev and Ne V Fedorenko, 
Zh. Eksp. Teor. Fiz. Pislma Red. I, 310 (1965) [JETP Lett. I, 
197 (1965»]; Z~. Tekh, Fiz. 36, 1241 (l966)[Sov. Physo -
Tech. Phys. li, 921 (1967)]; R. N. 11 1 in, V. AS. Oparin, 1. 

T. Serenkov, E. S. Solov lev and N. V. Fedorenko, Proc. VII 
Int1. Conf. on PhYs. of Electronic and Atomic Collisions, 
Amsterdam, 1971. L. M. Branscomb et al, Editors (North
Holland Publishing Co., Amsterdam. 1971), v. 2, p. 793 • 

42. R. K. Janev and Z. M Radulovic, Phys. Rev. A !I, 889 (1978). 
43. Vu. M. Khirnyi, and L. N. Kochemasova, Prib. Tekh. Eksp. I, 56 

(1970) [Instrum. Exp. Tech. 3, 693 (1970)]. 
44. T. E. Leslie, K. P. Sarver. and L. W. Anderson, Ph,ys. Rev. A 

4,408 (l971). These results as plotted have been renorma1i
zed (multip1ed by 2.0) to take into account more recent 
measurements of a.o• 

45. F.W.Meyer, Rev. Sci. Instrum. lit 1295 (1980); J.Phys.B li. 
3823 (l980). 

46. F. W. Meyer and L. W. Anderson, Phys. Rev. A li, 589 (1975); 
Phys. Lett. 54A. 333 (1975); F. W. Meyer, C. J. Anderson, and 
L. W. Anderson, Ph,ys. Rev. A li, 455 (1977). 

47. T. J. Morgan. J. Stone. M. Mayo. and J. Kurose, Phys. Rev. A 
20. 54 (1979). 

48. T. Nagata in Proc. XI Int. Conf. on Phys. of Electronic and 
Atomic Collisions, edited by K. Takayanagi and N. Oda (Kyoto. 
Japan 1979). pp. 512-513; J. Phys. Soc. Japan 46, 919 (1979); 
J. Phys. Soc. Japan 48. 2068 (1980). and private communication. 

49. R.E.Olson, E.J.Shipsey. and J.C.Browne, Phys.Rev. A li, 180 
(1976). The values for ao_ cited should be divided by four 
(R.E.Olson, private communcation). 

50. A. S. Schlachter, P. J. Bjorkholm, o. H. Loyd, L. W. Anderson, 
and W. Haeberli, Phys. Rev. 177 184 (1969). 

51. G. Spiess, A. Valance. and P. Pradel. Phys. Rev. A 6 746 
(1972) • 

- 15 -



ADP 76 
ADP 80 
AGHA 
AHA 
Bew 
BlPSS 
BVC 
CASR 
OMS 
OR 
DZP 
GAS 
GSKM 

HKWS 
IOSF 
JR 
KK 
LSA 
M 
MA 

_ MSMK 
N 
N79a 
o 
OL 
ass 
PRSSV 

SBLAH 

SSS 
SVP 
TGS 
VBC 

REFERENCES TO DATA IN FIGURES 

Agafanov, D'yachkov, and Pavli1 (1976)28 
" " "" (1980)29 

Anderson, Girnius, Howald and Anderson (1977-1980)30 
Anderson, Howald, and Anderson (1979)31 
Bohlen, Clausn1tzer, and W1lsh (1968)32 
Berkner, Leung, Pyle, Schlachter, and Stearn~ (1977)33 
Brouillard, Claeys, and VanWassenhove (1977)22 
Cisneros, Alvarez, Barnett, and Ray (1976)34 
Dreiseidler. Miethe, and Salzborn (1981)35 
01mov and Ros1yakov (1974)36 
O'yachkov, Z1nenko, and Pavlii (1966-1911)37 
Girnius, Anderson, and Staab (1977)38 
Grueb1er, Schmelzbach, Kon1g, and Marmier 
(1969, 1970)39 
H1skes, Karo, Willman, and Stevens (1978)40 
1111n, Opar1n, Solov l ev, and Fedorenki (1965-1971)41 
Janev and Radu10v1c (1978)42 
Kh1rnyi and Kochemasova (1970)43 
Leslie, Sarver, and Anderson (1971)44 
Meyer (1980 )45 
Meyer and Anderson (1975-1977)46 
Morgan, Stone, MayoA and Kurose (1979)47 
Nagata (1979-1980)40 
Nagata (1979)23 
Olson (1980) 19 
Olson and L1u (1980)18 
Olson, Sh1psey, and Browne (1976)49 
Pradel~ Roussel, Schlachter, Spe1ss. and Valance 
1974)1~ 
Schlachter, Bjorkholm, Loyd, Anderson, and Haeberli 
(1969)50 ' 
Schlachter, Stalder, and Stearns (1980)10 
Sp1ess, Valance, and Pradel (1972)51 
Tuan, Gautherin, and Schlachter (1974)21 
VanWassenhove, Brouillard, and Claeys (1977)22 

- 16 -

-. 

• 



Figure Captions 

1. Sumary of equilibrium yield F.: for H in typical metal va
pors (Sr, Cs, Na) and gases (H2, Xe). 

2. Schematic diagram of experiment to measure charge-state frac
tions. A flux Iinc is incident on a target of thickness 11'. 

Fluxes 1+. 10• and 1_ in charge states +,0, and - leave 
the target. 8 

3. Schematic behavior of currents and Charge-state fractions as a 
function of target thickness 11' for a 3-state ~stem-(+,o, and 
-) with the incident beam in Charge-state +. Figure 3a shows 
currents Ii, indicating optimum values of the 0 and - charge 
states; Fig. 3b shows Charge-state fractions Fj, indicatin9-
equilibrium values. An example is low-energy H incident on 
an alkali-vapor target. 

4. Schematic behavi or of Charge-state fracti ons F i as a func
tion of target thickness 1r for 2 systems having an F~pt. 
Figure 4a shows an unusual 3-state system, e.g., fast H- in
cident on a gas target; the Fo fraction shows an optimum 
value. Figure 4b shows moderate energy He+ incident on a 
metal-vapor target; the fractions Fo(m) and F_ both have 
an optimum value. 

5. Schematic diagram of apparatus used by the LBL groupiO to 
measure Charge-state fractions in alkali-metal vapors. A 
heat-pipe target is shown. A transverse electric field is 
used to Charge-state analyze the beam after the target; 
Farad~ cups are used to detect the 0+ and 0- f ons, and a 
pyroelectric detector is used to detect the 00 atoms. 

6. Schematic diagram of apparatus used by the LBL group12 to 
measure Charge-state fractions in alkaline-earth vapors. The 
target was heated by quartz lamps. 

7. Charge-state fractions, Fi. as a function of cesium-target 
thickness, T, for l-keV 0+ incident on cesium vapor. IO 
Also shown are Charge-state fractions including the fraction 
in the metastable 0(2s) state measured by Pradel et al,lS 
and the total beam transmitted through the target. iO 

8. Charge-state fractions Fi and total transmitted beam as a 
functi on of target number and li ne densi ti es for 3-keV 0+ 
incident on barium vapor. 12 Line density has an uncertainty 
of 50 percent. 

9. Cross sections for 0 ions and atoms in cesium vapor. 6 

10. Electron-capture cross sections for H+ + Cs(6s) (solid 
l1nes) and H+ + C*(6p) collisions (dashed lines), calcula-
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ted by Kimura et al e 17 The heavy solid and dashed lines 
belong to the total capture cross sections. The detailed 
H(2s) and H(2p) cross sections are labeled. Experimental 
cross sections of Nagata48 are given by solid circles for 
total electron capture and by solid triangles for H(2s) pro
duction for collisions of H+ with ground state Na(3s). 

11e Calculated electron-capture cross sections for H+ + Na(3s) 
collisions (solid lines) and H+ + Na* (3p) collisions 
(dashed 11nes) calculated by Kimura et al e 17 Same notation 
as in F1ge 100 

12. Cross section 00- for deuterium in cesium vapor .. 8 s l0 Ex
perimental results are shown as pOints, calculations as lines. 

13. Cross section a_o for deuterium in cesium vapor. 8 ,10 Ex
perimental results are shown as pOints, calculation as lines. 

14. Cross section a_o calculated by Olson and Liu18 for the 
electron-loss reactions H-+ Alk ~ HO + •• where Alk::: Na, K, 
Rb, and Cs (solid lines). The components of the ~lectron loss 
that are due to electron transfer, H- + Alk~Ho + Alk-, 
are given by the dashed l1nes. The difference between the 
above cross sections represents direct detachment of the 
H+ + Na + e- continuum and production of autodetaching 
states of H+Na~*. 

15. Calculation of acceptance angle required to observe 50 per
cent or 90 percent of the negative ion fonnati on for HO on 
cesium, calculated by 01son. 19 The calculations on H
producti on in HO + Cs co111 si ons are gi ven by sol i d 11 nes 
while the measurements of Cisneros et a1. 34 for 0- pro
duction in 0+ Cs collisions are given by dashed lines. 

16. Percent of the total elastic cross sections found outside 
various angles for the HO + Cs collision system, calcula
ted by 01 son.7 

17. Precent of the total elastic cross section found outside 
various angles for the HO + Na collision system, calcula
ted by 01 son.7 

18. Cross sections a+m and a+r for protons in cesium vapor, 
measured by Prade1 et a1.b a+m is the cross section for 
electron capture in the metastable 2s state, a+r for 
electron capture in the radiative 2p states. 0: incident 
H+;4I: incident 0+ (shown at equivalent H+ velocity). 

19. H(2s) fractional yield as a function of Cs target thickness T 

for incident H+ energies between 0.5 and 2.5 keY, measured 
by Prade1 et a1. 15 The H(2s) fraction shown in this figure 
is the fraction of outgoing beam in the 2s state relative to 
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the total outgoing beam; ordinate corresponds to a 10 percent 
fractional yield. 

20. Summary of measurements of metastable atom fraction f2s in 
neutral beam for H+ in cesium vapor. 

21. Metastable atom fraction f2s in neutral beam for H+' in 
alkali vapors, measured by Nagata. 23 

220 Equilibr1um yield, F~, for D in cesium vapor. 10 

23. Opt1mum negative-ion conversion effic1ency. nQpt. for D 
in cesium vapor. 10 

24. Equilibrium yield, F:, for D in sodium vapor. 10 

250 Optimum negative-ion conversion effic1ency. n~pt, for D 
in sodium vapor. 10 

26. Equilibrium yield, F:, for D in cesium vapor, comparing 
di rect measurement wi th yi el d cal cul ated from cross secti ons 
(Eq. 11).8 

27. Equilibrium yield, F:, for a in strontium vapor. 12 

280 S1 ngle-el ectron-capture cross sect10ns ata. for colli si ons of 
H+ with Mg,25 Ba. 25 Sr and Ca~ vapor targets, 
measured by Mayo et al. 24 

2~. Double-electron capture cross sections al-l for collisions 
of H+ with Mg,2S Ba,2S and Sr and Ca24 vapor targets. 
measured by Mayo et al. 24 

30. Single-electron capture, a8- l and loss, a01. cross sec
tions for collisions of H with Sr, measured by Mayo et 
al. 24 

31. Electron-detachment cross section a-IO for H- in col
lisions with Ca and Sr vapor targets •• , Ca target; 0, Sr 
target. inferred from ao_ and F: measurements. 24 

32. Cross section for formation of H(2s) atoms in Ar, He, Ba. and 
Mg targets reported by Morgan and Eriksen. 25 

33. H(2s) metastable atom fraction of the neutral beam as a 
function of proton energy for Cs, Mg, and Ba targets, repor
ted by Morgan and Eriksen. 25 

34. SUlJIDary of equilibrium yield, F:, for H in Sr, Ca, Cs, Ba, 
Rb, Mg, and Na vapors. 12 
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350 Charge-state fractions for 25-keV He+ in cesium vapor25 as 
a function of target thickness w. 

36. Computed fractions of atoms in singlet states and triplet 
states for 25-keV He+ in cesium vapor. 26 

37. Maximum yield of He- ions for He+ in cesium vapor.26 

38. Measured negative equilibrium yield vs. energy for various 
projectiles in sodium vapor (electron affinities in eY given 
in brackets) reported by Heinemeir and Hvelplund. 21 

39. Measured negative equf11birium yeild vSo energy for various 
projectiles in magnesium vapor (electron affinities in eV 
given in brackets) reported by Heinemeier and Hvelplund.27 
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