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Excited-State Atomic-Hydrogen Population Resulting from 10-keV Proton and 20-keV Hq+
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Investigations are made of the production of excited-state hydrogen neutrals using 10-keV
proton or 20-keV H&+ beams and a magnesium vapor cell. Optical measurements are used to
determine the population of the n = 6 level as a function of target thickness and to determine
the relative populations for 3 ~e —8. The cross section for capture into the n = 6 level for
incident H2+ is found to be about equal to that for incident protons. An approximate 1/ee de-
pendence of the excited-state populations is found for e~ 6 with an assumed 2l + 1 weighted
substate distribution.

I. INTRODUCTION

In some thermonuclear-fusion experiments, it
is neeessax'y to maximize the excited-state popu-
lation of injected atomic-hydrogen beams in order
to increase the trapped-particle density. An im-
pox'tant aspect of this process is the ion-beam-
neutralizer interaction. For the case of atomic
hydrogen, it has been found that neutral-beam

px'oduction may be enhanced by breakup plus
neutralization of molecular ion (Hs+} beams rather
than by neutx alization of protons. ' The present
work reports on an investigation of the relative
excited-state production rates of protons and
molecular ions for an atomic-beam energy of
10 keV and a magnesium neutralizer.

Excited-state production with protons incident
on magnesium has been investigated for n = 9-16
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with an electric-gap-ionization technique' 4 and
for n = 6 by an optical technique. ' Atoms with
electrons in the n =6 state are not directly useful
in thermonuclear expeximents because the Lorentz
fields created in most experiments are only suf-
ficient to ionize states where n «10. However, in
most experiments the measured populations are
found to scale as n ' for the levels n =9-16, as
is theoretically predicted. ' Excited-state produc-
tion with H, ' and H, ' ions incident on magnesium
has been investigated using electric gap ioniza-
tion. 4

In the yresent experiments we have optically
measured the intensity of the Balmer-series lines
for transitions from the levels 3 «n «8 and have
x elated intensities to excited-state-yroduction
cross sections by assuming various substate dis-
tributions. The measurement technique is similar
to that used by Berkner et a/. ' for the level n = 6.
This method is more easily adapted to larger
beams and can be applied during the injection of
the neutral beam. It suffers in that some substate
distribution must be assumed in order to relate
intensities to populations and in that the intensities
of the usable levels (s ~ 9) are not easily measured.

II. EXPERIMENTAL APPARATUS

The experimental apparatus is shown schemati-
cally in Fig. 1. The ion source is of the duoplas-
matron type and is capable of operation in either
a proton or a H, + mode. A mass-dependent focus-
ing system with eollimators for intercepting the
unwanted and defocused ions then further ensures
the purity of the beam. An analysis of the ion
components fox' both a 10-keV proton and a 20-keV
H, ' beam reveals that both consist of greater
than 95% of the desired ion sPecies. The remain-
der of the proton beam is 10-keV H, + and the

remainder of the H, + beam consists of about equal
portions of 20-keV yrotons and 10-keV protons,
with the latter coming fxom H, + breakup on resid-
ual gas. These xesidual impurities are considered
in the uncertainty analysis. Beams of 5-cm diam
and either V-10 mA of 10-keV protons or 10-20
mA of 20-keV H, ' are passed through a magnesium
vapor cell, located about 100 cm from the source,
and onto a target located 240 cm from the source.

The magnesium vapor cell is a Calrod-heated
copper tube with tantalum end plates to prevent
magnesium buildup, ' Cell magnesium temyeratuxe
is measured with two iron-eonstantin thermo-
couples. Magnesium line densities are determined
by obsex'ving the neutx'al fraction of an emerging
proton beam and then applying published ionization
and neutralization cross sections. An effective
cell length is then determined by dividing the line
density by the magnesium density inferred from
the measured magnesium temperatux e and pub-
lished vayor-pressure data. The length deter-
mined in this manner is equal to the geometrical
length (40 cm) within the uncertainty accrued from
the uncertainty in the neutralization cross section.

Lines in the visible spectral region are observed
with a 1.0-m Czerny-Turner spectrometer and an
8-11 response photomultiplier tube. A grating
grooved with ll80 lines/mm and biased at 8000 A
is used, resulting in a system lineax' dispersion
of 9.2 A/mm. The beam is viewed through a Pyrex
window with the entrance slit located 51 em from
the beam center. The segment of the beam viewed
is defined by the S.l-em beam collimation and by
slits. The slits are adjusted such that the length
of the beam viewed is 4.8 cm and the viewed region
begins 10.2 cm below the tantalum end plates of
the magnesium cell.

Beam neutral fractions are determined by using
a magnetic field transverse to the beam just below
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the magnesium cell to deflect any charged particles
remaining in the beam. Beam currents are deter-
mined by measuring the temperature rise and the
flow rate of the target-cooling water.

Calibration of the optical system is done by ob-
serving the intensity of the N, '(8 'Z+- &'Z,')
band at 3914 A when passing a 20-ke7 proton
beam through nitx'ogen at pressures of 1@10 '
to 1x10 ' torr. This method was selected because
of the proximity of the 3914-A band to the higher
Balmer-series lines, because published absolute
cross-section data are available for the production
of this band, ' ~ and because proton bombard@. ent
of nitrogen is easily done in our system. The value
selected fox this cross section, 1.2+0.3@10 "
cm', is that of Gardiner et gl."because of their
apparent care in doing the measurement and the

- detail reported for their method. " The slit widths
need to be sufficiently wide to pass all of the rota-
tional structure which contributes to the N, ' band,
and yet should be as narrow as possible to prevent
impurity lines from interferring with the Balmer-
line intensity measurements. A 26-A spectral slit
width was chosen after comparing a 1.6-A scan
with a published scan of the rotational structrue
of the N, ' 3914-A band. " Nitrogen pressures are
determined by using a Bayard-Alpert ionization
gauge. The effect of the 8,' component of the
beam, which results prom charge exchange with
the nitrogen, is taken into account by using the
published cross section for N, ' 3914-A-band
production by incident H,o." The optical-system
efficiency determined in this way showed day-to-
day variations of 1% but no over-all change over
a period of two months.

Balmer-series line intensities are normalized to
3914 l by correcting for the differences in grating
spectral response, for the differences in attenua-
tion by the Pyrex viewing window, and for the
response of the photomultiplier tube. These
corrections are less than 15% on all lines except
n =3. The line intensities are corrected for dark-
current backgrounds and for zero-cell-density
backgrounds arising from Balmer-series line
production through neutx'alization of the ion beam
by the residual gas in the beam dxift region.

Reported measurements'"'~ indicate that both
the 3914-A band of N, + and the n =6 line of the
Balmer series are essentially unpolarized. No
data could be found for the polarization of other
Balmer-series lines and no polarization correc-
tions are applied.

III. DATA ANALYSIS

In the process of neutx alization of the ion beam
within the charge-exchange cell, excited hydrogen

atoms are produced. The decay of these beam
atoms in the region viewed by the spectrometer
provides Balmer -series line radiation. Deter-
mining the excited-state production rates can
then be accomplished by first relating the transi-
tion rates in the viewed region [N(H„) ] to the
excited-state current leaving the cell {Nf ) and
then by relating N~ to the excited-state produc-
tion rate in the cell (N„').

The n-state atoms after leaving the ceQ are
assumed to undergo no substate mixing. Vfe are
therefore concerned only with the substates which
contribute directly to Balmer-series lines in the
region beyond the cell. The lower level of Bal-
mer-series transitions is n'=2 and has the sub-
states l' =0 and 1. The selection rule gl =+1
then means that only the substates l=0, 1, and 2
contribute to Balmer-series transitions. Between
the cell and the viewed region the effect of decay
in the substates of concern will be given by the
decay exponentials with each weighted by its
relative population [E,(nl)]:

where g, is the distance between the cell and the
viewed region and g is the beam-atom velocity.
A(pf) is the transition probability for the state
nl and is given by the sum of the individual tran-
sition probabilities [A(nl-n'I')].

In the observation region, only those transitions
resulting in a Balmer line need to be considered.
The relevant transition probabilities are
A(nd-2p), A(sp-2s), and A(ss-2p), with the
transitions from each of the substates nl being
a fraction A(s&- 2l')/A(nl) of the total transitions
from state nl. The total number of transitions
from the substate n will be one minus the decay
exponential. Combining this we have

N( ) Ng~~( I)
-«A(nl) A(nl-2l')

N „= „~~,n exp

x 1 —exp

where g, is the length of the viewed region.
The relationship between N~ and N'„ is obtained

from the local-cell excited-state generation rate
[N„(«)] due to n-state formation from H, ' ions and
protons:

N„(«) =c,„„pI~(«)+c~, „pI~+(«),
where g is the penetration into the cell, g~ „and
0~+ „are the cross sections for n-state atom
formation, I&(«) and I&+(«) are the local proton
and H, ' cux rents, and p is the cell magnesium line
density.
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In this analysis we neglect the contribution to the
n-state population directly from neutrals. If the
cross section for this process is small compared
with the two excited-state-production cross sec-
tions considered, Eq. (2) will be a good assump-
tion at the low cell densities where the cross-sec-
tion determinations are made. This is because the
neutral fractions at low cell densities are small.
Assuming a constant cell density over the cell
length (L), N„' is now obtained by integrating
N„(x) over the cell length

) L
N„= N„(x') dx'

~) p

t L L
= g, „p I,(x') dx'+ g„,+„„p I~+ (x') dx'.

30 0

NL is obtained by considering the decay of the
n-state atoms in going from g to L with the veloc-
ity v. The decay will be given by the decay expo-
nential using a total transition probability A(n)
obtained by weighting the substate transition prob-
abilities A(nl) with the relative populations [F,(nl)]:

A(n) =g F,(nl) A(nl) .
j=o

Integrating the decay of N„(x) over the cell length
now gives NL:

for production of molecular neutrals from molecu-
lar ions, OHo ~+ is the cross section for produc-
tion of molecular ions from molecular neutrals,
and I„o(x) is the equivalent current of molecular"2
neutrals.

Assuming no scattering losses in the cell, the
incident nucleon current (I,) is given by

Io = IH (x) +I&(x) + 2I&+ (x) + 2I~ o(x), (7)

where the factor of 2 in the H,
+ term comes from

an accounting of equivalent atomic units.
Simultaneous solution of Eqs. (I) and (3)-(V) now

yields the cell excited-state production rate (N'„).
Field-free transition probabilities as calculated
by Hiskes and Tartar" are assumed and are given
in Table I. The cross sections 0'& Ho and O'Ho

& areP

taken from Berkner et al.'; the cross sections
&H +~, eH + H o, ~H + H o are taken from Solov'ev

2 2 1 2 1'
et al.'; the cross sections cr~ „and oH + „are to"2
be results of this analysis, so initial estimates
are made and an iterative procedure is used. No
published values of vH o H + were found, so extreme

2
values of zero and infinity are used to establish
limits on g&+ „.The extreme g„,o H

+= 0 gives a
lower limit for I„and therefore an upper limit
for g + „. The extreme ~ o „+= ~ gives an

H2

upper limit for I„and therefore a lower limit
for o&+

These calculations are carried out using two

~L
=p

~

dx' [go P~(x')+g~+ „I~+(x')]
v'0

n'
A (nl n'l')

Ref. 18

TABLE I. Balmer-series transition probabilities
108s i)

The proton current [I (x)] is obtained by consid-
ering that it is decreased by neutralization and

increased by ionization of H, ' and by breakup of
H,+:

dIo(x) = -Io(x)go „ppdx

+IHI)(x)gs o ~dx+IH + (x)g~+~ dx ) (5)
1

where 0„+~is the cross section for proton pro-
H2

duction from H,'. The expression for the current

I&+(x) has the losses due to breakup and neutrali-
zation and the gain due to ionization of H2:

Ho+(x)
= (-In)+(x) [—,'(gs2+ o+gH, + Hp)+gs2+ H~]

+IH o(x)g„o +}pdx, (6)

where 0&+ „o is the cross section for atom pro-
H~

duction from H, ', oH + H o is the cross section
2

0.0631
0.224
0.646

0.0258
0.0967
0.206

0.0129
0.0495
0.0942

0.007 35
0.0286
0.0514

0.004 59
0.0180
0.0313

0.00305
0.0120
0.0205

0.002 14
0.008 44
0.0142
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different assumptions for the substate distribution.
One is a distribution having all available substates
for a given ss equally populated, or a (2l+1)
weighting. Such a statistical distribution can be
maintained by collisional and electric field mixing
within the cell. This mixing process will be more
effective as n increases because the energy dif-
ferences between substates become smaller. The
statistical distribution assumption enters our
equations as

F,(ssl) =F,(ssl) =2l+1/n'.

Another possible assumption is some given initial
distribution undergoing decay but no mixing. For
the levels n =3 and 4 and thin cells it has been

found that the populations of the emerging beam
are not statistical, but rather have a high popula-
tion of the l=0 state. " The nonstatistical distri-
butions of the 1=0, 1, and 2 substates of the n =3
level for 10-keg protons incident on He, Ne, Ar,
H„N„and 0, from the data of Hughes et al."
were considered. No similar data for a magnesium
target were found. All of these distributions pro-
duced a decrease of about the same magnitude in
the excited-state cross sections over those cal-
culated with the statistical distribution assumption.
The O, distribution of 0.45, 0.35, and 0.15 for
E=O, 1, and 2, respectively, results in the great-
est decrease in the reported cross section, this
being about 50% lower, and therefore it was used

TABLE II. Errors.

Source of error

Error in 0& 6=6.0x10 cm

+(x10 cm ) -(x10' cm

Error in 0@ &
= 6 Qx 1Q cm

+ (xl0&s cm s) -(x10&s cm

+25% for published 3g14-A
cross section 1~ 5 1.5 1.5 1.5

Uncertainty in pressure

Uncertainty in effective cell
length

+20% for published O'H~

+20% for published 0H+ „0
2 ~H2

+20% for published O'H+

Neglect of O'H o
1

IH O(0)
1

Beam-ion impurities

TotalX = s2

NA =does not apply.

0.49

0.54

NA

NA

NA

0.02

0.12

1.67

0.49

0.54

NA

NA

NA

0.15

0.02

1.67

0.49

0.54

&0.01

&0.01

&0.01

0.02

1.67

0.49

0.54

&0.01

&0.01

&0.01

0.15

0.03

0.22

1.69
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for comparison in these calculations.
With an incident proton beam, I&+(0) and I&+(x)

are zero and the equations become analytically
solvable. Equations (3), (5), and (7) combine to

~00'H 0 p
. I(0)—

+0'p~ 0 &H ~+0'p~ 0

x(1- exp[-(osL ~+o~ „0)pLI),

while Eqs. (4), (5), and (7) yield

@~=pe „J0—
OH 0-0+0'p-H 01 1

exp[-(vg p+oy g,)pI] am[-LA-le)lu]~

[A(n)/v p( -oH0, +,o„0)

1V. RESULTS

sources of random error are the beam-current
measurement, the optics calibration, and the
line-intensity measurement. The error bars shown
in Fig. 2 are fox' random error only.

The n = 6 population collisional-loss cross section
(o, ) and the cross section for producing s = 6
atoms in beam magnesium atom collisions (o„o )
are estimated by fitting a three-level mode12' to
the proton data. The three levels are considered
as currents of protons (I~), ground-state atoms

(IH 0), and n =6 atoms (N,'). The appropriate equa-
tion is then

dN', = [I~(x)o~, +Ie[0(x)]][sa, -N,'(x)o, Ip d». (10)

The solution to this equation is fitted to the pro-
ton data of Fig. 2 by varying gH o, and 0, to get
simultaneously the correct asymptotic population
and as nearly as possible the correct peak popula-
tion and its corresponding line density. The re-
sulting cross sections are OH o, = 1.5 x10 "cm'
and o, =1.4@10 "cm'. Although these values
are well determined by this procedure, no combi-
nation of values makes the three-level-model curve
fit within the errox bars of moxe than a few points.
These values can therefore at most be considexed

Figure 2 shows the fraction of the incoming nu-
cleons which are converted to n = 6 atoms, (N, /I, ),
obtained from the observed number of H, transi-
tions, the statistical substate distribution assump-
tion, and Eqs. (3)-(I) as a function of the cell line
density for incident 10-keV px'otons and 20-keV
8,', The cross sections fox n = 6 atom production
are obtained from the linear relationship between
No/I, and pL at low cell densities. For an assumed
statistical distribution the values are equal:
o~, =o„+,= (6.0X10 "cm')+30%. This indi-
cates that the flux advantage possible in using
molecular ion beams, ' because of the Child-
Langmuir law considerations and because each
20-keV H, ' is potentially two 10-keV H, o, is only
available with thick targets when highly excited
states are desired.

The cross-section uncertainties are shown in
Table II and are dominated by the uncertainty in
the N, ' 3914-A-band-production cx'oss section.
Other sources of systematic error considered are
the nitrogen pressure determination, effective
cell-length determination, uncertainties in the
published 8,' cross sections, neglect of excited-
state production from neutrals, and the effect of
ion and neutral impurities in the incident beam.
The effect of a preferential loss of the excited-
state atoms, because they are skimmed off as
they diverge within the cell, ' is estimated to be
small and no error was assigned. Considered as

)O )4
I I I I I I I I I I I I

e i0-15

l
u ~O-t6

)O- 57

)O- $8

LLJ

LLj

STATISTICAL
8UBSTATE

DISTR I 8U TION

NON —STATISTICAL
SUBSTATE DISTRIBUTION

qp-49 I I I I I I I I I I I I I

3 2 5 4 5 8 7 8 9 $08 $215 )4 )5
PRINCIPAL QUANTUM NUM 8ER n

FLG. 3. Experimental cross section for electron cap-
ture into various e levels for incident 10-kev protons
using statistical and nonstatistical weightings of sub-
states. Results of l1'in et al. (Ref. 2} are shown for high-
er levels. The theoretical n 3 distribution is shown nor-
malized to the total capture cross section at n=1.
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estimates and the three-level model cannot be
used as a basis for assigning uncertainties. An

H,' level is now added to the model, which adds
the term I&+g~+ ~pdx to the right-hand side of
Eg. (10). With ail cross sections determined
above, the fit of the H, ' curve shown in Fig. 2 is
obtained.

Our cross section o~, = (6.0 x 10 "cm2) p 30%
agrees with the value reported by Berkner e$ aL'
of 8.7+ 3.1x10 "cm' for the same statistical
distribution assumption. Our estimated values
g80,=1.5x10 '8 cm' and 0, =1.4x10 "cm' can

1
be compared to their estimates of gHo, =5x10 "

1
cm' and g, =1.7x10 "cm'.

The low-density cross-section determinations
were done for proton beams and the levels 3 «g «8.
A spectral slit width of 3.5 A is used to resolve
higher Balmer lines from impurity lines and the
results normalized to the n =6 cross section re-
ported above. The n =9 line could not be resolved
from an impurity line. These results are shown in
Fig. 3 for both the statistical and the nonstatistical
distribution assumptions. The error bars shown
are random errors only. Also shown are the
electric-field-ionization data of Jl'in el; al.' for
10 «s ~ 13 and a dashed 1/s' plot normalized to
the total caputure cross section g~„„o.

The cross section g~, calculated with the
statistical distribution assumption is higher than
the total neutralization cross section (g~ „0) so
this assumption cannot hold for n =3. A peak in

g~ „at n =2, as predicted by Hiskes, '2 would fit

well with the nonstatistical distribution data. On
the other hand, a 1/s' distribution is predicted'
for higher n, and the statistical distribution data
follow this curve at higher n but the nonstatistical
distribution data do not. Considering these things
and the fact that energy differences between sub-
states decrease with increasing n, it would seem
plausible that as n is increased above 3 the sub-
state distribution goes from one similar to that of
Hughes et gl." to a statistical distribution at n = 6.

Electric-field measurements of Q'in et u/. ' for
10 «n «13 result innsg~ „=2x10 "cm', as
shown in Fig. 3. Our measurements for n =6, 7,
and 8 yield n'g~ „=1.3x10 "cm'.

V. CONCLUSIONS

The excited-state populations of 10-ke7 atomic-
hydrogen beams resulting from neutralization of
a 10-keV proton beam and from dissociation and
neutralization of a 20-keV H, ' beam are measured
and analyzed. The results show that the cross
sections for the two processes are the same when

considering only the number of incident charged
particles. Therefore the potential increase in
neutral-beam currents, because H, + ions can
become two hydrogen atoms, carries over to
excited-state production only for thick targets.
An approximate n ' dependence of the excited-
state population is found if a statistical distribu-
tion is assumed for n ~ 6.
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