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ABSTRACT 

Cross-section measurements of the dissociation modes 

+ + + + + + + H3 - (3H and H + H 2), H + H2 ' H + 2H, H + H 2, H +2H , H + H2 ' 

and 3H+ are reported for H/ energies between 400- and 1800-keV in 

targets of H
2

, N
2

, and Li. For the H2 target, comparisons are made 

+ + with available previous measurements of H, H , H 2, and H2 produc-

tion cross sections at lower energies. Cross - section measurements 

+ + + for 270- to 1200-keV H 2 - H2 ' H+H, and 2H are also reported. 
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1. INTRODUCTION 

Elementary interactions of fast H/ ions with gases have been 
t 

studied in considerable detail, but similar studies of the next molec-

ular hydrogen ion, H3+' either experimental or theoretical, appar

entlyhave not been reported. A number of experiments are listed 
I 

below in which cross sections for producing a given interaction pro~-

+ uct, e.g., H or H, have been deduced. Some measurements of H 

yield as a fUnction of gas target thickness have also been reported, 

because of the interest to the controlled nuclear fusion program in· 

ways to make intens e neutral beams. 

An energetic H3+ ion colliding with a tar~et atom or molecule 

can be destroyed as a result of 

.(a)· electron capture + 
H3 (1) H3 --
H + H2 .. 

( 2) 

3H (3) 

(b) dissociative excitation H+ 
3 -- H+H+ 

2 
(4) 

H+ + 2H ( 5) 

H+ + HZ (6) 

(c) ionization 
0+ 

H + 2H+ (7) H3 --
H+ + H + 

2 (8) 

or (d) double ionization H+ 
3 -- 3H+. (9) 

Although potential energy surfaces calculated for the H3 mol

ecule indicate that there is no stable configuration for the electronic 

ground state, reaction (1) has been included bec~use highly excited H3 

-
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molecules have been observed experimentally.1 .We have not included 

reactions which might lead to H formation, but we note that Williams 

2 
and Dunbar have reported cross sections for the production of H 

from H3+ in the energy range 2-50 keY. The process of H formation 

is not known. 

We have investigated these dissociation modes by pulse-height 

analyzing the collision fragments and comparing them in coincidence. 

We have obtained the cross section for electron capture (we could not 

distinguish the three modes) and cross sections for each of the modes 

(4)-(6) for 400- to 1800-keV H3+ ions colliding with H
2

, Li, and N
2

. 

Of previous measurements report~d in the literature2 - 19 on the 

dissociation ofH
3
+, those pertinent to this paper are summarized in 

Table I. 2-12 Most of these cross sections are for the formation of 

H, H
2
,H+, or H

2
+ and are, therefore, a combination of cross sec

tions for the various modes (1) - (9). To our knowledge there are not 

previously published measurements for the individual dissociation 

modes. Sweetman performed such measurements for 1- to 3-MeV 

H3+ in the early 1960' s, but these have not been published. 20 

The analysis of the data required a knowledge of cross sections 

for the reaction H 2 - H + H+, 2H+, and H/. These cross sections 

were measured with less precision than those for H3+; the results 

are reported in the Appendix. 
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II. APPARATUS AND PROCEIYURE 

The apparatus was similar to that used for measuring dissoci

ation of HeH+ ions, and the reader is referred to Ref. 21 for detai1s~ 

Ene,rg eticH
3
+ ions were produced in a Van de Graaff accelerator 

equipped with an rf ion source. The ions were momentum analyzed 

and passed through a gas cell (or oven for' the Li target) and the ex-

iting beam and collision fragments were magnetically separated and 

directed toward an array of fourSi surface -barrier detectors. The 

. + 
diameter of the H detector was 2.5cm; the other detectors, 1 cm. 

The procedure described in Ref. 21 was used to establish that all r.e

action products were detected; it was found that the 3H+ resulting 

from double ionization had sufficient transverse energy to require-the 

larger detector in this position. 

The pulses from each detector were amplified, shaped, and 

sorted by pulse height with single-channel analyzers. The products 

from each of the dissociation modes were identified by comparing the 

corresponding single-channel analyzer outputs in coincidence. The 

counting logic is outlined schematically in Fig. 1. 

Since the pulse amplitude produced in a Si surface-barrier de-

tector is proportional to the energy deposited in the detector, the two 

H atoms resulting from reaction (5) registered the same pulse height 

as the H2 molecule resulting from reaction (6). It was possible to 

distinguish between these two processes by installing a retractable 

screen (several layers of ~OO-line/cm mesh) with a net transmission 

of about 1% in front of the neutral detector: The two H atoms 

II 
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produced by reaction (5) are spatially separated (because of their dis-

sociation energy) and the probability of both atoms penetrating the 

-4 
screen is ~ 10 . Thus by recording the collision fragments both 

with and without the screen in place, it was possible to distinguishbe- • 

tween reactions (5) and (6). A more detailed description of this meth- I 

od and a description of the screen can be found in Ref. ZZ. 

In principle, this method should also allow us to differentiate 

between reactions (1), (2), and (3); however, the counting rates for the 

electron-capture fragments were so low that it was impractical to ob-

tain quantitative data at any but the lowest energy. 

Two target cells were used: HZ and N
Z 

gases were metered into 

the cell described in Ref. 21. We assign a standard uncertainty of ± 7% 

to the gas target thickness (molecules/cm
2

). Lithium vapor was pro-

duced in a stainless steel oven with multiple heat shields. The effec-

tive length of the target was 4.79 cm; the entrance and exit apertures 

were 0.254 and 1.09 mm respectively. Resistive heaters were embed-

ded in the stainless steel structure, and chromel-alumel thermocou-

pIes inunediately above and below the vapor chamber were used to de

termine the temperature. The thermocouple system was calibrated 

at 0 0 and 1000 C, and at the melting point of lithium,23 180.5±0.5° C. 

The melting (or solidification) point was identified hy a change in a . 

curve of temperature vs time at cohstant heater power. The data in 

the compilation by Hultgren ~ ~. 23 were used to convert temperature 

to vapor pressure. We assign a standard uncertainty of ± 12% to the 

Li-vapor target thicknes s. 
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At each energy the analyzer magnet was set to center the beams 

on the detectors, and the upper - and lower -level discriminators on 
, ' 

the single-channel analyzers were set with the aid of a 400-channel 

pulse-height analyzer. Data were accumulated by counting the pulses 

from the beam and from all the collision fragments while the gas cell 

, (orLi oven) was maintained at a c'onstant pressure. Measurements 

were made at 10 to 20 different pressures, from background (approx

imately 5 Xi 0 - 6 Torr) to a pressure which was sufficient to attenuate 

the inc ident H/ beam by 10 to 15%. 

III. ANALYSIS 

The basic method of analysis was the same as that used for 

HeH+ (Ref. 21) with four detectors positioned to collect neutrals, H3+' 

+ + + H 2 , and H. The total number of incident H3 could be determined 

by surmning the reaction products and adding this sum to the H3+ 

counts, which represented the part of the beam that had suffered no 

collisions. The sum of the reaction products was independently de-

termined from the coincidence counts and from the individual counts. 

Any discrepancy alerted us to a loss of particles (due to mis-steering 

or scattering) or a failure in the coincidence circuits. This was par

ticularly important, since the 3H+ -producing collisions scattered the 

products sufficiently to require special care to assure collecting them 

all. 

Once the number of incident H3+ was known, the fractions of the 

, + + + +, '+ + 
beam emerging as H 3 , H2 + H , H2 + H, H2 + H or 2H+H ,,3H or 

II 
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HZ + H, arid 3H+ were determined at each target pressure. By use of 

the low-transmission screen the HZ +H+ and ZH + H+ fractions were 

separated. 

From the attenuation of the H/ fract,ion as a function of target 

thickness IT (the nwnber density of the target gas multiplied by the tar-

get length) we obtained the total attenuation cross section aT: 

(IT) = F + ( IT = 0) exp ( - lTa, T) • 
H3 

(10) 

, " + ' 
where F H + (IT = 0) is the fraction of the H3 beam that survives colli-

3 
sions with slits and/or background gas. This fraction was approx-

imately 0.995. 

The changes in the fraction of the beam registered in coincidence 

channel i is 

dF./ d IT = FH + (IT) a. 
,1 3 1 

+ ~ F . ( IT) a. . ~ F . (IT) a .. , J J 1 1 1J 
j i j i 

(11 ) 

where a. is the cross section for the collision that leads to the set of 
1 ' 

reaction products registered in channel i and a .. is an appropriate 
1J 

cross section that would change products registered in channel i to 

products registered in channel j. For HZ and N Z most of the a .. were 
, ~ 

. Z4 Z5 
obtainable from the hterature;' for Li there is a dirth of cross-

section data, and measurements were limited to very thin targets for 

'which the a .. corrections would be negligible. Cross sections involv-
1J 

ing collisions of energetic HZ molecules were not found for any of the 

targets used; we therefore decided to measure them with a slight 

I ! 
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modifiCatlon of the present apparatus. These measurements are of 

lower precision than those for H3+ and are described in the Appendtst-. 

A numerical scheme was used to obtain the cross sections lI. 
I 

+ from a least-squares fit to Eq. (11). In all but the 3H case, the sum-

mations of Eq. (11) were small compared to the fir st term, even at 

the highest pressures used, and mostly served to confirm and improve 

the accuracy of the results obtained from the "initial growth" portion 

of the curves. + In the case of 3H , however, the population was so 

small, relative to the other products, that small ionization losses 

from these products resulted in relatively large additions to the 3H+ 

population. For this reason many of the cross sections for the pro

duction of 3H+ are quoted with larger errors than the others. 

IV. RESULTS 

The cross sections obtained from this experiment are given in 

Table II. The column labeled lIT lists the total cross section derived 

from the attenuation of the H3+ beam; !:. is the total- cross section ob

tained by summing the partial cros s sections. The two should, of 

course, be equal, and the close agreement of these two numbers gives 

an internal consistency check of our results. The standard errors 

are compounded from systematic uncertainties in the target thickness 
I 

(± 7 % for HZ and N Z and ± 1Z% for Li), standard deviations of least-

squares fits of counts vs target pressure, and run:-to-run reproduc-

ibility. 
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The results for the hydrogen target are repeated in graphical 

form in Fig. Z to illustrate the energy dependence for the .various par-

tial cross sections. The energy dependence is qualitatively similar 

for the other targets. The cros s section for H3+ -- 3H, HZ + H· has 

the steep energy dependence which is characteristic of electron-

capture proces ses. 

With the low-transmission screen positioned in front of the neu-

tral detector, no statistically significant counts were observed on the 

scaler recording pulses produced by three H atoms. Thus, within 

our detection efficiency, no H3 molecules were present in our beam. 

The detection efficiency was such that we should have observed H3 if 

more than 0.10/1. of the electron-capture reactions [(1) + (2) + (3)] pro-

ceeded via reaction (1). 

Although we could not distinguish between the production of 3H 

and H + H
2

, we present the following evidence that most of the electron 

capture results in H +H2: Only reactions (Z) and (6) produce H2 mol

ecules. We recorded (Fig. 1) the total number of HZ produced as well 

as the number of H2 produced in coincidence with H+ [ reaction (6)] . 

The difference in these two signals gives the number of HZ produced 

in coincidence with H [reaction (2)]. At our lowest energy this differ-

ence was. equal to the combined 3H and H + H2 signal; thus we conClude 

that 3H production was negligible with respect to H + H2 production. 

At the higher energies the difference between H2 and H+ + HZ was 

i statistically insignificant and this technique could not be used. 
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As mentioned in the analysis section, we had to measure H2 

collision cross sections needed in the data reduction. We give the re-
I 

sults of the.se lower -precision measurements in the Appendix. 

V. DISCUSSION 

Although we have not found any published partial cros s - section 

data for comparison with our results, there area number of reported 

measurements of cross sections for production of H, H+, H/, etc. 

fragments, mostly for H3+ energies less than about 100 keV (Table I). 

There are also a few measurements of yields of H atoms per H3+ in 

our energy range (these are required for controlled-fusion-experiment 

design studies). 

Cross sections for particle production, obtained from appropriate 

combinations of the partial cros s sections in Table II, are given in 

Table III. To allow easy comparison with other experimental results, 

the cross sections for a H2 target are also given in Figs. 3-6. At 

lower energies, where there are more measurements, we see a large 

spread in the reported cross sections. This spread may be due, at 

h~ast in part, to different excitation distributions of the H/ ion be

cause of different ion- source conditions. Variations with ion-source 

parameters have been reported in Refs. 2, 6, and 7. (All ion sources 

were of the rf type, except that Kupriyanov ~ ~.4 used an electron 
6 . 

bombardment source, and McClure, a cold-cathode PIG source.) 

We did not make a systematic search for such effects, and can only 

report that in a year's operation with two different Van de Graaff ac~ 
. i 

celerators, no cross-section variations larger than 10% were observed. 
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In Fig. 7 we show curves of ", the ratio of the number of nuclei 

emerging as energetic neutral H and HZ to the number pf nuclei in the 

. incident H3+ beam. The solid lines have been calculated from the par

tial cross sections of Table II, the HZ cross sections given in the Appen,.. 

dix, and (T •• (Sec. III) from Refs. Z4 and 25. Direct measurements of 
1J 

" are shown for comparison at 940 keV. An" curve· obtained by 

Middleton ~ <g. 12 at 550 keY is shown for comparison. The cons is-

tency of the" data gives some additional confidence in these measure-

ments. 
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APPENDIX 

To make corrections in the growth curves for secondary reac-

tions in H2 and N
2

, it is necessary to know the electron-capture 

and loss cross sections for H+, H, H/, and for the dis·sociation 

+ modes for H2 and H 2 • Among these, the ionization and dissociation 

modes for H2 could not be found in the literature, and it was neces

sary for us to measure these cross sections. 

For convenience, we produced an H2 beam directly from the 

H3+ beam by admitting gas into the beam line ahead of our apparatus. 

The charged particles that remained were swept out by installing a 

large permanent magnet just ahead of the target cell. The resulting 

beam was 10-20% H2 molecules, with the rest Hatoms. The low 

transmission screen was used to test for the presence of 2H counts 

and these were not found, indicating that the collimation at the target 

cell was sufficient to exclude at least one of all H atoms produced in 

pairs. No H3 molecules were seen. 

The methods of taking and reducing data were the same as for. 

the rest of the experiment, except that one of the coincidence circuits 

i+ 
was changed to measure H + H. The 2H yield was not determined. 

The results are presented in Table A. 

Due to the large background of H atoms in the beam, the stand-

ard error is estimated to be ± 25 %, except as otherwise indicated. 

This was sufficient for our purposes. 
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Although insufficient data were available to fully correct the 

Li curves, we did measure the HZ cross sections in Li as well and 

include them here. 
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Table L Surrunary of published results on the dissociation of H3+. Cross sections for the 
. :t + -

production of H, H 2, H , H2 ' and H are denoted by Ofi' <TH ' <T +' <TH +, and <TH-. The 
last three entries in the table refer to papers where yields M ditIsociatton fragments were 
reported as a function of target thickness. 

Authors 

Fedorenko (1954) 

Kupriyanov ~~. (1962)_ 

Barnett ~ <g. (1962) 

McCiure (1963) 

Chambers (19&$) 

Bottiglioni et al. (1966) 

Williams and Dunbar (1966) 

Solov' ev et al. (1967) 

Barnett et <g. (1963) 

n' yachkov (1968) 

Middleton eta!. (1971) 

Ref. 

3 

4 

5 

6 

7 

8 

2 

9 

10 

11 

12 

H+ 
3 

energy range 
(keV) 

5-25 

30-100 (D3+) 

40-200 

5-120 

2-55 

20- 50 

2-50 

60-180 

60-400 

100-400 

410-550 

Targets 

H
2

, N
2

, Ne, Ar 

n 2 

H2 

H2 

H2 

Li plasma 

H
2

, He, Ne, Ar 

H
2

, Mg 

H 2, H
2

0 

Li 

H2 

Cros s sections 

<TH +,- <TH + 
2 

<Tn +, <Tn + 
2 

<TH +, <TH + 
2 

<TH +, <TH +, <TH , 
2 

<TH +, <TH + 
2 

<TH + 

<TH +, <TH +, <TH -
2 

<TH + 

<TH 
2 

Yields of dissociation 
fragmerits VB target 
thickness 

H 

+ + + 
H, H , H2 ' H3 

+ + + 
H + H 2, H , H2 ' H3 

, 
~ 

-J 



Table II. Cross sections for dissociation of H3+ (10- 17 cm2/molecule). The measured total at-
tenuation cross section is ()T; the sum of the partial cross sections is l;. 

H+ () for indicated p;oductsa 

3 3H 
H+H + H++2H H++H H+2H+ H++H + 3H+ Target energy (TT and l; 

2 2 2 gas (keV) H+H2 

H2 409 19.5 1.08 2.85 . 4.90 1.22 6.20 3.01 0.214 19.5 

940 10.4 0.034 1.53 2.22
b 

0.79 4.07 1.58 O.1Z
b 10.3 

1800 5.7 0.0026d 
0.77 1.17 0.61 2.35 0.74 0.037

b 5.7 

Li 400 31.1 0.48 4.4 6.4 2.9 11.0d 4.0
e 0.80£ 28.8 

900 18.6 0.10
c 

2.7 4.2c 
1.6

c 7.6 2.3 0.26
c 

18.7 , 
1800 11.2 0.015c 

1.7 2.5 1.1 c 4.0 1.9 <0.2 11.5 ... 
00 
I 

N2 409 67 2.74 7.0 10.7 3.0
b 

26.9 10.2 5.8 66 

940 51 0.227 4.5 6.2 2.6
b 

23.4 8.7 4.8 51 

1800 35 0.031 2.73 5.1 1.94 18.0 5.2 2.26 35 

aStandard errors are ± 15% for Li and ± 100/0 for H2 and N
2

, except as indicated. 
b ±15'70· . 

c :i: 20% 

d :i: 25% 

. e:i:30% 

f ±60% 
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Table III. Cross sections (10 -17 cm2/molecule) for the production 
of the H3+ -collision fragments H, HZ, H+, and H2+, obtained from 
appropriate combinations of the entries in Table II. Standard errors 

,.{ .. are ± 150/0 for Li and ± 100/0 for H2 and N 2, except as indicated. , 
.I 
i 
I 

I 
H+ 

Target 
3 

energy (JH (JH (J 
H+ 

(J+ 
gas. (keV) 2 . H2 

H2 409 19.9 2.30 22.2 5.86 

940 10.1 0.82 13.1 3.11 

1800 5.46 0.61 7.33 1.51 

Li 400 28.7 3.38 37.7 8.4 

900 18.8 1.70a 24.1 5.0 

1800 10.7 1.12
a 14.1 3.6 

N2 409 58.0 5.74 95.1 17.2 

940 40.5 2.83 78.7 13.2 

1800 31.0 1.97 55.0 7.93 

a 
± 200/0. 
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Table A. Cross sections (10- 17 crn2/rnolecule) for the ionization 
and dissociation of energetic H2 in H 2 , Li, and N2. Standard i 
errors are ± 25%, except as indicated. 

a 

Target 
gas 

Li 

± 40%. 

Cross section for indicated product 

H2 H/ H+ H+ 2H+ 

energy 
(keV) 

270 

600 

1200· 

270 

600 

1200 

270 

600 

1200 

13 

6.3 

3.4 

17 

10 

7 

38 

26 

20 

<6 

2.7 

1.9 

8 

6 

3.5 

<27 

18 

13 

<0.6 

0.2
a 

0.14 

1. Sa 

<1.2 

<0.5 

< 5.8 

3.8 

2.6 

. I 

i 
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FIGURE LEGENDS 

Fig. 1. Counting logic: Gates from the single-channel analyzers I, 
II 

drove the scalers and the "and" circuits. Each "and" required 

simultaneous gates from the two sources in order to drive its scaler. I I 
The 2H and H2 counts were distinguished by use of a low-transmiSsion, 

screen piaced in front of the neutral detector (see text). 

Fig. 2. Collision cross sections for H3+ in H 2 . Cross sections 

shown are for the interactions yielding the products shown at the right 

of each curve.. Standard errors are ± 100/0 unles s otherwise indicated. 

Lines are shown only to connect the corresponding data points. 

Fig. 3. Cross section for the production of H atoms by collisions of 

+ . 6 
H3 with H 2 . Present results, .--; McClure, - - - . 

Fig. 4. 

sions of 

Fig. 5. 

with H
2

. 

Cross section for the production of H2 molecules by colli

H3+ with H
2
.Present results,--; McClure, 6 - - - • 

Cross section for the production of H+by collisions of H3+ 

4 . 3 
Present results, --; Kupriyanov et a!,. , K; Fedorenko, 

7 F; Chambers (two different ion source conditions), C1 and C2; 

McClure, 6 M ; Barnett, ~t C!:..!., 5 B;Williams and Dunbar2 (twodif

~erent ion source conditions), W1 and W2; Solov' ev, et~., 9 S. 

Fig. 6. Cross section for the production of H/ by collisions of H3+ 

with H 2 • See Fig. 5 for explanation of symbols. 
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Fig. 7. + The fraction of the power of an incident H3 beam converted 

to Hand H
2
,l"), in an H2 target vs target thickness. The solid lines 

have been calculated from known cross sections. The. are the re-

sults of the present experiment; the dashed line is an experimental 

curve by Middleton, et al. (Ref. 12). 
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r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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