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H and D densities are measured in low-pressure plasmas by photodetachment to con-
firm and extend previous work done with probes. Measurements indicate no isotope de-
pendence, withn rising in proportion to ne' in the density range below n, =10'0 cm ~.

This functional dependence is consistent with H production by a nonlinear process such
as dissociative attachment to excited hydrogen molecules and H loss by diffusion.

Previous work' has shown that the H density
in a hydrogen plasma is about 100 times larger
than the density computed from the cross sec-
tions then known for H production and loss. How-
ever these results were questioned because of
the method of measuring H density by Langmuir
probes. The purpose of the present work is to
confirm by an alternative method the existence
of large densities of H ions in hydrogen plasmas
and to extend the measurements to a deuterium
plasma. This subject is of interest because of
the need for sources of D ions for neutral injec-
tion into controlled fusion devices. The method
developed for measurement of H ion density by
photodetachment will be of use in higher-density
plasmas where probe measurements are not pos-
sible.

Photodetachment has previously been used to
measure negative-ion densities in oxygen plas-
mas. ' We applied this technique to the measure-
ment of H density in plasmas, since it has sever-
al advantages over the alternatives. The inter-
pretation of photodetachment signals can be veri-
fied by comparison with known cross sections
and by mass analysis of extracted ions.

Photodetachment (H + photon-H+ e) in a plas-
ma produces an increase in electron density n,
without an immediate increase in the positive-
ion density n, . The change in n, can be deter-
mined by probes or by microwaves, depending
upon the geometry and plasma density. A light
pulse from a ruby laser is suitable for this pur-
pose because the photon energy (1.8 eV) is suf-
ficient to detach the electron (0.75 eV affinity)
but is too low to interact with the plasma by other
single-photon processes such as photoionization.
The photodetachment cross section is near its
maximum (4x 10 "cm') at this energy.

To assure that the photodetachment signal is
proportional to the density of H and not of other
negative ions such as OH, 0, or 02 (for which
the cross sections are one or two orders of mag-
nitude lower), we have magnetically analyzed the

negative ions extracted from the plasma and also
have verified (Fig. 1) that our measurements
agree with the theoretical photodetachment frac-
tion (4n /n ) computed from the cross section
(o p„) for the photodetachment of H, but not with
that for other ions:
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The apparatus used for the photodetachment
measurement' consists of a ruby laser capable
of delivering pulses of 1 J energy and 30 ns dura-
tion, a probe circuit measuring the relative in-
crease in n, due to the laser pulse, and a cali-
brated light monitor measuring the energy of each
pulse. Various tests were applied to assure the
authenticity of the photodetachment signals. Fig-
ure 1 shows that for laser pulses above 0.1 J the
photodetachment fraction is essentially unity and
we can determine the relative density of H from
the change in the probe electron-current density:

-/Ne rte/ e reprobe/1probe gc'

Because of large noise signals at higher laser
energies, most of our photodetachment data were
measured at laser pulse energies between 0.1 and
0.2 J. Whenever experimental conditions changed
we repeated the test indicated by Fig. 1 in order
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FIG. 1. Photodetachment of several negative-ion
species by ruby laser light as a function of laser pulse
energy, according to the theory of Eq. (1). Experimen-
tal data points are superimposed upon the theory of Eq.
(1) for H, where 0/km = 139 cm /J and the area of the
laser beam is 3 cm'.

1538 1979 The American Physical Society



VOLUME 42, NUMBER 23 PHYSICAL REVIEW LETTERS 4 JvNz 1979

1010—

10'-
E
O

I
C

10

10
10'

~ ~ Hp

ooD2

I l

1010 1011

n (cm j

FIG. 2. Photodetachment measurements of the depen-
dence of n upon n, in H, and D, . The ration /n, was
measured by a large probe valid for relative measure-
ments. The value of n, was measured separately by a
Iungmuir probe. The least-squares fit to the hydrogen
data gives n =10 "n, ' 'with an uncertainty of 1870.

to determine the appropriate range of laser pulse
energies. The large signals at high laser pow-
er density (1 to 10 1VlW/cm2) are due to the inter-
action of laser light with the probe surface and
with surfaces at the plasma boundary. The probe
technology is reported in Ref. 3.

Positive and negative ions were extracted from
the plasma and mass analyzed by a magnetic mass
spectrometer. The mass spectra measured with
and without a cold trap indicate a strong effect of
water vapor. The dominant species of negative
and positive ions were H and H,

' when the trap
was cold, but were OH and H,O' when the trap
was warm. Mass analysis confirmed that the
photodetachment signal was correlated with the
density of H ions and not with other species.

Figure 2 shows the dependence of n upon n, in
H, and D, plasmas confined only by their ambipo-
lar potential. ' The neutral-gas density was 2
&10'~ cm '. The proportion of hydrogen in the
deuterium plasma did not exceed l(Po. In H, the
electron temperature varied in the range 0.10-
0.40 eV, with a weak dependence upon n, .

kT, =(0.2 eV) ln[n, /(1.7x108 cm 3)]. (3)

Figure 2 indicates that the negative-ion density
is not isotope dependent and increases approxi-
mately in proportion to n, ' in the range of n, be-
tween 1.7 && 10 and 1.1&10io cm-3. At maximum
density the ratio n /n, is 0.35.

Two mechanisms involving intermediate states
were proposed' in order to explain the observed
nonlinear dependence of the H density upon the
plasma density and the large H density'. (1) dis-
sociative attachment (DA) of electrons to vibra-

tionally excited hydrogen molecules:

e+H, (v) - H, ('Z„')-H(1s)+H;

(2) DA to an electronically excited long-lived
state of hydrogen molecules:

e yH ( II„) H ( II„)-H(2P)+H

(4)

In 1978 theoretical' and experimental' work
showed the cross sections for Reaction (4) to in-
crease by four orders of magnitude from v =0 to
~ =4. The increase is even stronger for deuteri-
um. Although DA to the ground state of the H,
molecule is notorious for its strong isotope de-
pendence, this dependence is rather weak for the
higher vibrational levels, for which the cross
section attains 4&10 "cm'. Estimates of the
cross sections for Reaction (5) indicate' that they
are in the range from 10 "to 2&10 "cm'. No
isotope dependence is expected in this case.

Although the recently acquired data' ' show
that the DA cross section increases by orders of
magnitude when H, is vibrationally or electron-
ically excited, it is not yet possible to decide
whether Reactions (4) and (5) can account for the
H density observed in plasmas. Two peculiar-
ities of these plasmas are at the origin of this
difficulty:

(a) The neutral density is low (1-10 mTorr);
therefore the unknown survival probability of vi-
brationally excited hydrogen molecules striking
a wall is a critical para. meter.

(b) The electron temperature is low (~ 1 eV);
therefore only the highest vibrational levels are
effective in Reactions (4) and (5). If, however,
Reaction (4) were responsible for the observed
H density, then the principal source of hydrogen
molecules in highly excited vibrational states has
to be determined. Various possible production
processes have been considered, such as charge
exchange of H,

' and H, (v = 0), wall neutralization
of H, ', mutual neutralization, and electron col-
lisions. The contribution of dissociative recom-
bination of H, ' ions, yielding hydrogen molecules
in highly excited vibrational states, may also be
important, but its rate is not yet known.

The functional form of the n dependence upon
n, ' can be explained by a nonlinear H production
process, such as DA to excited H„when the loss
of H is dominated by diffusion. If we assume
this production mechanism (cross section v*) to
be dominating, the steady-state condition is

n, n*&v+,& =n /T, (~)

where n* is the density of excited H, .
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Since the excited molecules are produced by
plasma collisions and destroyed by collisions
with the wall, we should expect, for the low neu-
tral and plasma densities used in this experiment,
n* to be proportional to n„ for both vibrational
and electronic excitation.

At low plasma density, when the H loss is dom-
inated by diffusion, the lifetime can be shown to
be proportional to n, .'
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~„.~ = n, /C. (7)

This follows from the following considerations":
The lifetime for diffusion of the H ions is deter-
mined by their Qux across the potential barrier
at the plasma surface; therefore it has a strong
dependence upon the ratio of electron and nega-
tive ion temperatures,

y 2' i&1'2~ (nt &~& n reir-
S kT ) &m, n, (8)

(V/S is the pla, sma volume to surface ratio).
Equation (7) is compatible with (8) and with the
empirical dependence (3) if k7' =0.4 eV and C
=1.6~10' cm s '.

n is expected to rise in proportion to n, ' only
up to densities when the loss of negative ions by
destruction (mutual neutralization and detach-
ment in electron collisions) becomes dominating.
The transition to a new- functional form of the n
dependence upon n, will occur when ~dg3tr ~djg p

where

&d.3~&
'=2~10 'ne

For H the correspondingn, is 1&10' cm ',
which is at the upper limit of our measurements.
At higher densities, n is expgcted to increase
only linearly with n, . It is then possible to make
a conservative extrapolation of this model to the
densities required for controlled fusion injection
(n ) 10" cm ').
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