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Charge transfer and electron detachment for collisions of H and D with H
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Total cross sections for charge transfer and electron detachment for collisions of H and D
with atomic hydrogen have been separately determined for collision energies that range from a few
electron volts up to several hundred electron volts. The experiments are performed with an ap-
paratus that utilizes a crossed-beam configuration with a radio-frequency discharge as the source of
atomic hydrogen. The experimental results are compared with several calculations and with other
measurements that overlap the present results at the highest collision energies.

I. INTRODUCTION

The system of H +H is the most fundamental nega-
tive ion-atom combination, yet despite the conceptual
simplicity of this system, it presents some of the most
vexing difficulties, both from an experimental and
theoretical point of view. Due to the inherent difFiculty
of producing intense, well-characterized beams of hydro-
gen atoms at room temperature, investigations of low-
energy collisions of negative ions with atomic hydrogen
have been few and mostly emphasized energies above 500
eV. Recent developments in the area of merged beams'
may remedy this deficiency.

In a low-energy collision of H with H there are
several processes which are of fundamental interest:
associative detachment,

H +H~H~+e

direct detachment,

H +H —+H+H+e

and charge transfer,

H +H-+H+H

These three reactions are of great importance in the phys-
ics of stellar atmospheres and, in particular, in the calcu-
lation of stellar absorption coeScients and opacities. It is
well known that these reactions and the reverse of (1),
i.e., dissociative attachment, play vital roles in determin-
ing the equilibrium densities of H and electrons in the
solar chromosphere.

Reaction (1) has been studied theoretically by Bieniek
and Dalgarno and Browne and Dalgarno, and its
thermal rate constant has been determined by Schmel-
tekopf et al. In fact the H2 system has received atten-
tion primarily in the context of e +H2 collisions, both
theoretically ' and experimentally, ' and although the
calculations reproduce qualitative aspects of this scatter-
ing process, they do not predict the correct isotope shift.
The processes of direct detachment and charge transfer
for H +H have also received considerable attention.
Based on a general theory first elaborated by Massey and

Smith, " Mott and Massey, ' and Bates, Massey and
Stewart, ' charge transfer cross sections have been re-
ported by Dalgarno and McDowell' for collision ener-
gies between 10 eV and 10 keV. Experimentally, Hum-
mer et al. ' have found good agreement with those calcu-
lated cross sections for charge transfer for energies be-
tween 0.1 to 1.0 keV, and fair agreement for the energy
range from 1.0 to 10 keV. Their results show that the
charge-transfer cross section o cT(E) decreases monotoni-
cally with increasing energy up to 1.0 keV, whereas above
that energy o cT(E) falls off faster than predicted, mainly
due to the failure of the perturbed stationary state (PSS)
theory to allow for momentum transfer. Hummer et al.
also reported direct detachment cross sections o, (E) over
the same energy range and they are in good agreement
with the calculated cross sections of Bardsley' in the en-

ergy range between 0.4 and 2.0 keV. These latter calcula-
tions, based upon a local complex potential (LCP) model,
are for energies up to 10 keV and predict that a, (E)
should also decrease monotonically with increasing ener-
gy. Above 2.0 keV however, the direct detachment cross
sections measured by Hummer et al. appear to agree
qualitatively more with calculations using the Born ap-
proximation by McDowell and Peach. ' Bardsley also
reevaluated the charge-transfer cross sections of Dalgar-
no and McDowell by incorporating his results for elec-
tron detachment and found excellent agreement with the
experimental results of Hummer et al. ,

"in particular at
energies above 1.0 keV.

Other descriptions of electron detachment within the
framework of the LCP model have been made by Browne
and Dalgarno who studied the relative contributions of
the X„and X states of H2 to the electron-detachment
cross section. Their calculated detachment cross section
showed the usual decrease with increasing energy above
about 100 eV, but a relatively constant cross section of

0
about 15 A between approximately 100 and 10 eV and
decreasing below 10 eV.

The difficulty in theoretically assessing the charge-
transfer and electron-detachment cross sections for
H +H lies mainly in the problems associated with deter-
mining the energies of the H2 resonant states. Figure 1

shows a schematic of the two lowest states of H2 and
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H2. ' Substantial disagreements exist between the calcu-
lated states of Hz (see Amaya-Tapia et al. ' and refer-
ences cited therein for an excellent discussion on this
point), in general in regard to the crossings of the X„
and Xg states of H2 with the H2 continuum and, in par-
ticular, the magnitude of the energy of the X„state. It
is clear, however, that the molecular anion becomes un-

stable where the Xz „states of Hz cross into the contin-
uum representative of H2+ e.

At present, not many experiments have been reported
which further elaborate on the results of Hummer
et al. ' Geddes et al. ' studied total stripping and H+
production in collisions of H +H in the l—300-keV
range, and Gealy et al. determined total neutralization
cross sections for H +H over the energy range from ap-
proximately 60 eV to 2 keV. Although the latter mea-
surements extend far lower in energy than those of Hum-
mer et al. , the individual contributions of charge transfer
and electron detachment to the total neutralization were
not determined. Esaulov has reported difFerential
electron-detachment cross sections of H +D and
D +H, and his work suggests that cr, does not increase
with decreasing energy but remains relatively constant
down to about 100 eV. Indeed Esaulov concludes that
his results are "contrary to the prediction of the LCP
model and it seems desirable that a thorough measure-
ment of this cross section (o, ) at low energies be per-
formed. "

In this paper, we report measurements of the total
electron-detachment and charge-transfer cross sections
for collisions of H and D +H, for laboratory energies
from 7 eV up to 400 eV.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

As shown in Fig. 2, the device used for the total cross-
section measurements is of the crossed-beam configur-
ation. The negative ions H and D are produced in an
arc-discharge source (a) of a type which has been used
previously in this laboratory in a number of studies in-
volving collisions of negative ions with gaseous tar-
gets. The source gas consists of a mixture of Ar, H2,

R (A)

FIG. 1. Schematic of the two lowest states of H2 (Ref. 18)
and H& (Refs. 9 and 29).

and Dz in the ratios 2:1:1. After extraction the H or
D ions are mass selected (b) and subsequently focused
by a series of Einzel lenses (c).

The ion beam is focused through a 1.3-mm aperture
and enters the scattering region which consists of a 30'
section of a cylindrical electrostatic energy analyzer with
a radius of curvature of 76 mm. The voltage across the
two curved plates, V„and V, are chosen such that the
ion beam will pass resonantly through the analyzer. The
transmitted primary ion beam is monitored by a Faraday
cup (f), and the laboratory energy distribution may be
determined by a series of grids, (gi ) and (g2), before and
after the primary ion beam passes through the collision
region.

The maximum beam intensities of H and D for this
particular ion source are about 0.5 nA, and the energy
spread of the ion beam ranges between 1 eV for the
lowest collision energy and 5 eV for the highest.

The grids (g, ) just before the Faraday cup also serve to
suppress any secondary electrons produced by collisions
of the ion beam with the Faraday cup.

Halfway through the cylindrical-analyzer section the
ion beam and neutral target beams intersect orthogonal-
ly. The transverse field maintained across the curved
plates (n) and (p) allows the slow product ions and elec-
trons to be extracted perpendicularly to the plane defined
by the reactants. The collision products, after focusing
by an Einzel lens (d) pass through a region of magnetic
field (e) which separates electrons from those product
ions which are a result of charge transfer. The scattered
products are detected by conventional particle multipliers
(h) and their outputs are amplified in vacuum (i) to
reduce rf-related noise.

The atomic hydrogen beam is produced in a commer-
cially available source (j), briefly described below. The
source may be positioned under vacuum conditions, al-
lowing a separate gas nozzle (k) to be moved into place,
thus making it possible to introduce an alternate target
gas into the scattering region. The relative collection
efficiencies for the product anion and electron detection
systems, at a given collision energy, are determined by
normalization to the known total cross sections o, (E)
and ocT(E) for H +02. These two cross sections are
comparable in magnitude over the energy range of in-
terest. The normalization procedure yields energy-
dependent transmission functions for the product anion
and electron detection systems. The transmission func-
tion for anions is slightly different from that for electrons;
however, the ratio of these transmission functions is
found to deviate from unity by no more than 12% over
the energy range of 5 (E & 300 eV.

The neutral hydrogen atom beam source is of the rf
discharge type and has been described in detail else-
where. High purity H2 is admitted by a paladium leak
into the discharge region which is surrounded by a
water-cooled jacket and rf resonator. The discharge is
struck by feeding 20—30 W of rf power into the resonator
at a frequency of about 36 MHz. Once the discharge sta-
bilizes, the input power can be reduced to about 11 W
and the rf frequency may be tuned to achieve maximum
absorption of the rf power. The dissociation fraction is
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FIG. 2. Schematic diagram of the crossed-beam apparatus: (a) arc discharge source, (b) momentum analyzer, (c) and (d) Einzel
lenses, (e) separator magnet, (f) Faraday cup, (g, ) and (g& ) grids, (h } particle detectors, (i}amplifiers, (j}rf discharge atomic hydro-

gen source, (n) and (p) deflector-extraction plates, (k) rotatable gas nozzle, and (I) top electrostatic shield.

found to be as high as 88%%uo and its determination shall be
discussed at a later point. The hydrogen atoms and resid-
ual H2 molecules effuse from the discharge region
through a 2-mm bore capillary, which contains a bend
"to reduce uv light leakage from the discharge, " fol-
lowed by an exit capillary of about 20-mm length and 1-
mm bore. The lower part of the rf source is clad in a
copper shield which serves as additional rf shielding and
also prevents charge buildup on the exit nozzle. In the
present configuration the atomic hydrogen source is
joined to the vacuum system by means of a precision
three-dimensional manipulator.

To insure that the inside of the rf discharge source is
free of contaminants, which is essential for low recom-
bination rates on the surface, three procedures are of ut-
most importance: (i) a positive pressure must always be
maintained inside the pyrex source tube, typically about
0.1 torr, with respect to the background pressure inside
the target chamber of approximately 6X10 torr; (ii)
the entire vacuum system is roughed down from atmo-
sphere through a liquid nitrogen trap; and (iii} venting
occurs only with dry nitrogen.

To determine the dissociation fraction f of the target
beam, i.e., the percentage of H2 molecules dissociated, re-
cent measurements by Gealy et al. for the total neutral-
ization cross sections for H +H(oH) and H +H2(oH )

2

are used. The collisiona1 products collected with the rf
power off are

ofF H (4)

Relations (4) and (5}yield the dissociation fraction

f =(I..~I.~ 1)~(2'"(~H~~H—, )—1) . (6)

The known total neutralization cross sections for H +H
for E=200 eV also enable us to determine the absolute
values of o, (E) and ocT(E) Alternately, .the relative
cross sections may be normalized to previous measure-
ments of o, (E) for H +H2 which have been reported by
this laboratory. This latter normalization scheme gives
identical results owing to the agreement between the
measurements of o, (E) for H +H2 reported by Gealy
et al. and Huqet al. for E )65 eV.

There are two nontrivial sources of noise which are en-
countered in the experiment. Electronic amplification of
the rf leakage from the atomic beam source is minimized

where n is the number density of Hz and the propor-
tionality constant k depends on the primary ion beam in-
tensity, geometrical target thickness, and the product col-
lection efficiency of the apparatus. With rf on, the densi-
ty of Hz is reduced to (1—f)n and the resultant density
of H is (2/2'~ )nf, assuming that the thermal kinetic en-

ergy of the target particles remains the same. The col-
lisional products are then

I,„=kn [(1 f)o„+2' frr—H) .
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with substantial shielding of the source as well as the
detectors and by placing the preamplifiers in vacuo adja-
cent to the particle detectors. In addition, a quarter-
wave T (for 36 MHz) is inserted into the output cable to
further reduce any residual rf-related noise. The other
background signal is due to electrons which arise from
collisions of the negative ion beam and uv photons (from
the atomic beam source) with surfaces in the collision re-
gion. The intensities of these extraneous electrons are
determined by simply terminating the target and ion
beams, respectively.

The full overlap of the target beam with the ion beam
is verified by scanning the target beam across the ion
beam and observing that this induces a negligible flux
change in the ion and electron detectors. Alternatively
the same negligible effect can be observed by slightly
changing the voltage across the two curved tracks, there-
fore sweeping the ion beam across the target beam. The
target beam density is chosen such that the attenuation of
the ion beam is less than 5%; therefore the efFects of mul-
tiple collisions are negligible.

The measurements determined with the crossed-beam
apparatus are repeatable to within 10%. Using the
transmission functions determined with H +02, previ-
ous cross-section measurements for electron detachment
in H +H2 (Ref. 24) and charge transfer and electron de-
tachment in D +Oz (Ref. 25} can be reproduced with
this apparatus to well within their reported experimental
uncertainties. The uncertainty in the ratio o.H/O. H at

2

E =125 eV, as reported by Gealy et al. , is +10%; our
determination of the dissociation fraction is reproducible
to within 65%. Additional uncertainties in our experi-
ment amount to less than +10%. Therefore the uncer-
tainty associated with the measured cross sections for
H +H and D +H reported here is determined to be
+15%.

III. RESULTS AND DISCUSSION

A. Charge transfer of H and D with H

The measured cross sections for charge transfer are
shown in Fig. 3 as functions of E/m, where E and m are
the relative collision energy and reduced mass of the pro-
jectiles. As usual in resonant charge transfer, cross sec-
tions are very large at low collision energy and decrease
rapidly as the collision energy increases. The present re-
sults overlap and agree well with the earlier measure-
ments by Hummer et al. ' for E &100eV.

The features of acT(E} can be understood with a sim-

ple semiclassical model in which the nuclei are assumed
to move classically and the electrons adjust adiabatically,
remaining in eigenstates of the electronic Hamiltonian.
The initial state for the collision, with the "extra" elec-
tron on the projectile p, may be written:

'P~ =(1/~2)(gg+P„),
where g and u refer to the gerade and ungerade states as
depicted in Fig. 1. The states Pg and P„evolve indepen-
dently during a collision, accumulating different phase
factors. The final state after the collision is
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FIG. 3. Total cross sections for charge transfer as a function
of E/m for H +H (open circles) and D +H (closed circles).
Also shown are solid lines representative of the experimental re-
sults of Ref. 15 and a calculation of Ref. 14; dashed lines, a cal-
culation of Ref. 16; dot-dashed line, the present calculation
from Eq. (12) in the text.

4I =(1/&2) P exp ——I es(R)dt

+(()„exp ——' f s„(R)dt

where s(R) is the energy of the particular state as a func-
tion of the internuclear separation. Owing to the relative
phase, 4& is partially in the charge-transferred state with
the extra electron on the target,

'P, =(1/&2)((tg —(()„) . (9)

The charge-transfer probability for the collision is then
(e, ~eI)', or

P =sin — (s —s )dt
o

(10)

As may be seen in Fig. 1, H2 is unstable for small inter-
nuclear separations. The lifetime of H2 in this unstable
region is estimated' to be about 10 ' s, which is almost
one order of magnitude shorter than the collision time.
It is thus reasonable to assume unit probability for elec-
tron detachment from H2 in this region during a col-
lision. Charge transfer is then due to collisions with large
impact parameters b. The trajectories of the nuclei for
those large impact parameters are approximately straight
lines, and by defining x =R ~ —b, Eq. (10) can be rewrit-
ten as

] a)
P(b, v) =sin (eg —s„)dx

Av o

it follows that

(12)rrcT(E)=2m I P(b, E)b db+ (Rg R„) . — —
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the calculations of Bardsley et al. ' When this expres-
sion for b,(R) is used in (12) to calculate ocT(E), the re-
sult is in excellent agreement with the present measure-
ments, as may be seen in Fig. 3.

The result of an earlier calculation for ocr (which did
not take electron detachment into account) by Dalgarno
and McDowell' is shown in Fig. 3 as is a subsequent cal-
culation by Bardsley' which includes corrections for
electron detachment.

0 +H

H +H

10 100 1000

E (eV)

FIG. 4. Total cross sections for electron detachment as a
function of the relative collision energy E for H +H (open cir-
cles) and D +H (solid circles). The crosses are the experimen-
tal results from Ref. 23 and the solid line summarizes the exper-
imental results of Ref. 15. The dashed line is the calculation of
Ref. 6 and the two adjacent solid lines for E & 10 eV represent
the cross sections for associative detachment which have been
extrapolated from the low-energy (E =0.13 ev) calculation of
Ref. 5.

—0.473R

h(R ) = 11.4 (13)

0
where b is in eV and R is in A and the fitting is done to

The above equations explain the observed isotope effect
of FACT for the projectiles H and D

The potential difference eg(R) —e„(R)=h(R) may be
fitted to

B. Electron detachment for H and D +H

The experimental cross sections for electron detach-
ment o, (E) are shown in Fig. 4 as functions of relative
collision energy. No distinction between direct and asso-
ciative detachment can be made. The observed behavior
of 0, can be qualitatively understood. As may be seen in
Fig. 1, electron detachment may occur as H approaches
H in the X„and Xg states which are equally populated.
The X„state crosses into the continuum at R„=1.6 A
and thus becomes unstable for R & R„. The unstable X„
state is a shape resonance, consisting of a (2po „)electron
bound to a (lscr ) core; it decays into the parent 'X
state when the electron tunnels through the p-wave cen-
tripetal barrier associated with the (2po „)level. The life-
time of the X„state is about 10 ' s based upon the mea-
surements' of vibrational excitation of H2 by low-energy
electrons. Thus, the unstable X„state formed during a
collision will decay with almost unit probability, and it
contributes to the electron detachment a cross section of
(n/2)R„.

Electron detachment via the Xg state of H2 is very
similar to that via the X„state discussed above. The Xg0
state crosses into the continuum at Rg 2 6 A and for

TABLE I. Charge-transfer and electron-detachment cross sections for collisions of H with H
and D.

Laboratory collision
energy

(eV)

0

Hydrogen target (A )

0'e 0'cT

2
Deuterium target (A )

&e OcT

7
8
9

11
13
16
20
25
35
50
70
90

120
160
200
250
300
350
400

7.2
7.8
8.4
9.1

10.3
10.9
12.8
14.0
13.0
12.8
12.8
13.0
13.0
12.3
12.3
13.0
13.0
13.0
12.7

134
116
110
104
107
101
98
94
82
74
68
66
59
59
53
43
35
32
28

7.8
7.0
7.4
8.6
9.0

10.0
10.0
11.4
13.0
12.6
12.0
12.9
12.7
12.0
12.0
12.7
13.0
12.8
11.8

165
140
131
127
116
113
104
97

103
99
87
84
79
74
68
60
53
48
42
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R & Rg it may decay into the parent X„and ' X states.
However, the decay into the 'X state is less probable
since the Xs state consists of a (2p o „)electron bound to
a (lsog)(2po„) core requiring core rearrangement for
detachment into the X state. This prediction is
confirmed by Esaulov in measurements of the energy-
loss spectra in H +H collisions. The decay X ~ X„ is

very similar to the decay X„~'Xg and contributes a
maximum of (n. /2)Rg to cr, . Accordingly, if R and R„
are taken to be 2.6 and 1.6 A, an upper limit to the de-
tachment cross section is a, =15 A . This is slightly
larger than the present observations for a, (E) for E ) 10
eV, suggesting that the crossing radii given above are
perhaps too large. A calculation of a, (E) by Browne and
Dalgarno is also shown in Fig. 4; it similarly indicates
that the upper limit for cr, is about 15 A . The decrease
in cr, (E) for E (10 eV is due to finite thresholds of the
direct detachment channels. Since the X„state of H2 is

always repulsive, detachment from the X state to the
X„state has a threshold in excess of the electron alnity

of H.
The cross section for associative detachment ot,D(E)

has been calculated to be 22 A for E=0.13 eV. An
upper limit for cr~D(E) for E )0. 13 eV may be estimated
by assuming that o ~D is inversely proportional to the col-
lision velocity, i.e., by assuming that the rate constant is
independent of the collision velocity. Estimates of
o ~D(E) which are based upon this assumption are shown
in Fig. 4 for 1 & E & 10 eV. If we subtract this estimated
aAD(E) from the observed cr, (E), the resulting cross sec-
tions (which are presumably for direct detachment only)
are approximately the same for D and H for a given
value of E. This is in accordance with a LCP model for
electron detachment in the case where the width of the
resonant state is large (i.e., the lifetime is short); this is
surely the situation for the H2 molecule.

Also shown in Fig. 4 for comparison with the present
results are the earlier measurements of o, for higher col-
lision energies by Hummer et al. ' and the results of o,
derived from the differential energy-loss spectra for the
H +H collisions by Esaulov.

The experimental results for o., and o.cT are given in

Table I for each of the laboratory collision energies sam-
pled in this experimental investigation. As mentioned
earlier, the uncertainty in the cross sections presented in
Table I are 215% for all collision energies.

IV. SUMMARY AND CONCLUSIONS

The cross sections for charge transfer in collisions of
H and D with H display characteristically resonant
behavior and a velocity-dependent isotope effect for the
H and D projectiles. The electron-detachment cross
sections for the H and D projectiles are the same
when compared at the same collision energies; they are
approximately constant from 10 to 200 eV and decrease
with decreasing collision energy below 10 eV. The con-
stant cross sections suggest that electron detachment via
the H2 resonances is saturated for E & 10 eV. The de-
creasing cross sections below 10 eV are probably due to a
finite threshold for the detachment from the ionic Xg
state to the neutral X„state.

While the measured cross sections for H and D +H
are reasonably well understood in terms of existing mod-
els, a more detailed understanding will require more cer-
tainty in the energies of the Xg and X„states of Hz
The diSculty involved in calculating the energies of these
states has been discussed in detail by Amaya-Tapia
et al. ' They suggest that measurements of differential
cross sections for charge transfer would provide a sensi-
tive test for the calculated energy difference between the

Xg and X„states. However, the present results for cr,
imply that the X and X„states do indeed have very
short lifetimes which, in turn, implies that the differential
cross section for charge transfer will be sharply depleted
for large angles. Thus, measurements of these differential
cross sections will probably not yield much further infor-
mation about the potentials for R &R .
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