
VOLUME 37, +UMBER 1 PHYSICAL REVIEW LETTERS 5 JULY 1976

The typical frequency of the nt = 2 mode was l8
kHz. These MHD properties are similar to those
of circular tokamaks. 5'6

If we assume that the major axis of the cross
section b is reduced effectively to b' due to cur-
rent shrinking while a is unchanged and that the
m = 2 mode is a kink mode, ' the value of b' can be
estimated from Fig 5.and Eq. (l); the estimated
value of b' is 23 cm for t = 0.8 msec, giving the
elongation degree of 2.3. This is the lower limit
since rn =2 mode may be (partly or entirely) the
resistive tearing mode. '

In the latter half of the discharge, there ap-
peared negative voltage spikes (- —20 V) on the
loop voltage (Fig. 4). The magnetic probe signals
show the following: (i) These negative spikes oc-
curred when the m = 2 oscillations were almost
damped down; (ii} these corresponded to the su-
perposition of m = 0 expansion in the minor radius
and an inward shift in the major radius (- 2 cm);
and (iii) n is 0. An increase of the Hs signal coin-
cided with the negative voltage spike. These ob-
servations show that this negative voltage spike
is quite similar to the "disruptive instabQity""
familiar in circular tokamaks.

Because of lack of direct measurements of tem-
perature and density, definite statements cannot
be made about the P value. However, it is dem-
onstrated experimentally that a D-shaped, elon-
gated configuration at low safety factor q has
been obtained by means of active field shaping
and that the MHD properties of the discharge are
analogous to those of a circular cross-section
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Ion current densities up to several kiloamperes per square centimeter and total ion cur-
rents ranging from 50 to 150 kA have been produced at voltages of 100-300 kV in a modi-
fied relativistic-electron-beam diode. The experiments are in general accord with the
predictions of a recent reflex-triode theory.

There has been considerable interest recently
in the production of intense ion beams with pulsed
diode techniques. ' ' Intense ion flows in the di-
ode regions of electron beam generators have, in
fact, been invoked to explain aspects of the ob-
served diode behavior for both self-pinched flows'
and reflex diode configurations. '*' '

In this Letter, we present results of an exper-
imental study of the ion flow created in the reflex
configuration described in Ref. 2. Briefly, this
configuration consists of a planar diode immersed
in an externally applied axial magnetic field, with
a thin anode foil and a virtual cathode beyond the
foil that reflects essentially all of the electrons
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back into the diode region. Two new experimen-
tal results are presented here: First, measure-
ments of the reflex-diode voltage and current as
a function of foil thickness show a dependence in
general accord with theory' and demonstrate that
total currents up to 30 times the Langmuir bipo-
lar flow value are achieved. Second, again in ac-
cord with theory, measurements by several tech-
niques verify the presence of intense ion current
densities up to several kiloamperes per square
centimeter and total ion currents ranging from
50 to 150 kA.

The experiments were carried out on the OWL
II generator, ' and we used basically the same
magnetic field coils, voltage diagnostics, and
current loops as the earlier reported work. ' To
measure ion flow, me added Faraday collectors
with self-contained calorimeters, and neutron
counting diagnostics. Four Faraday collectors
were located within the cathode stalk. Three of
these units were radially separated 1 cm behind
the cathode and the fourth was axially displaced
an additional 25 cm to provide time-of-flight in-
formation. All Faraday-collector -calorimeter
units viewed the anode foil through ~~6-in. holes
in the cathode plate. Signal cables from these
diagnostics were ducted out through the wall of
the second transformer stage of the OWL II gen-
erator inside an aluminum pipe which was suffi-
ciently long to provide transit-time isolation
against the negative cathode potential.

The anode foils were made of titanium (0.5-1.0
mil) or Mylar (0.1-2.0 mil, aluminized on the
virtual cathode side). They were mounted 9.5 mm
from the 3-in. -diam cathode. The anodes were
coated on the cathode side with pump oil to serve
as a source of H' ions, or with 0.2 mg/cm' of
CD, when D' ions mere desired. %hen using the

CD, -covered anode foil, a deuterium-loaded tita-
nium plate (also with ~~6-in. holes) was used as
the cathode. Two silver activation counters lo-
cated just outside the magnetic field coils' were
used to detect neutrons from the reaction 'H('H,
n)He' occuring in the cathode. Unless stated oth-
erwise, the virtual-cathode drift space contained
-20 mTorr of hydrogen and the longitudinal mag-
netic field was 16 kQ. This slight hydrogen fill
in the drift tube was empirically found to aid in
the suppression of apparent diode voltage oscil-
lations which reduced ion flow.

Figure 1 shows oscilloscope traces for a proton
experiment with a —,-mil titanium anode; the
diode gap voltage signal was corrected for the in-
ductive error' (tube voltage minus I.I). The di-
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FIG. 1. The osciOoscope @rave forms shown are total
diode current I (=I;+I,), diode gap voltage V, current
of near Faraday collector, and current of far Faraday
collector. A 0.5-mil titanium anode foil eras used with

20 mTorr of hydrogen filling the drift tube.

ode's characteristics show two distinct opera-
tional modes. For the first 50 nsec the diode
voltage and current behave as a normal 2.5~ di-
ode. Homever, there follows a transition period
during which the total generator current climbs
steeply and the diode voltage drops. During this
transition the near Faraday collector indicates
that ion flow begins. For the remainder of the
pulse (from 60 nsec to diode closure at 160 nsec)
the diode remains in a new lom-impedance mode
(-0.4 0) of 650 kA and 280 kV. The delay in the
time of arrival at the far Faraday collector cor-
responds to 280-keV protons, confirming the vol-
tage trace.

Our explanation and that of others' for these two
diode operational modes is that sufficient elec-
tron beam energy (-200 J) must be deposited in
the anode foil before it becomes an ion plasma
source. Once this anode plasma is well estab-
lished the theoretically predicted low-impedance
ion mode can begin. More than three dozen ex-
periments over the whole range of foil thickness
verified this diode impedance transformation
coupled with onset of ion emission. Only two ex-
ceptions to this result were found. First, when

higher hydrogen fill pressures were used in the
drift tube the virtual cathode became neutralized
well before diode closure; thus electrons ceased
being reflected back into the diode and the diode
returned to its normal impedance state. ' Second,
when a solid plate was located in the drift tube
approximately one anode tube diameter from the

22



VOLUME $7~ NUMBER 1 PHYSICAL REVIEW LETTERS 5 JULY 1976

1000
~O

200—

—1000

-500
Ql

O

100—

4

4
( )

—200

~~I

/
/

(p) r /
—

IBp(p)

50—
rrr/ 4

/
20 ~

5000—

2000—0

1000—

500—

I
I I

I
I I I I

10—

I &otal
0.5 1

-100

I I I I II . ~50
lpV oo

200—

Foil thickness, px (mg/cm )
2

FIG. 2. Measurements of tota1 diode current (o) and

voltage {g) are shown versus anode foil thickness for
proton (P) and deuteron (D) experiments. Also shown is
the calculated bipolar current. Data points for px =~
are observed normal diode characteristics with no re-
flexing electrons. Except for anode foil changes, all
experimental conditions are constant.

anode foil the diode also operated only in a nor-
mal impedance state. This plate apparently dis-
torted the potential lines forming the virtual cath-
ode and prevented electron reflection.

In Fig. 2 the average reduced voltage and the
peak total diode current are displayed as a func-
tion of foil thickness; for the thinnest foils the
diode impedance dropped to -0.1 Q. For the pur-
pose of later discussion Fig. 2 also shows the
value of the total Langmuir bipolar current l» for
this diode' .

I„=(1.86A/9~)(2e/m)"

x [1+(Z~/I'~']V'~'/d'

where A is the diode area (45 cm'), V is meas-
ured reduced diode voltage, and d is the anode-
cathode gap (taken as - 5 mm, because of diode
closure).

In Fig. 3 we show the measurements of average
current density as a function of anode foil thick-
ness. These data only represent those shots
where anode-cathode spacing was 9.5 mm (to
keep pulse duration constant), pulse charge was
2.9 to 3.1 MV (nearly constant tube voltage), and
slight H, gas fill (20 mTorr) was present in the
drift chamber to stabilize the virtual cathode.

Qur most reliable measurement of ion current
intensity was the neutron diagnostic. The neutron
output at 90' from the reaction 'H('H, n)He' was
chosen because its cross section is well known,
there is no threshold (important for low-energy
ions), and the technique is unhampered by the
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FIG. 3. Displayed are measurements of ion current
density versus anode foil thickness for otherwise con-
stant experimental conditions. Various data points are
for different diagnostic measurements on the same ex-
periment; clusters of data points are from repeated
experiments. o, 8, and i are, respectively, neutron
diagnostics, calorimeter, and Faraday-collector read-
ings for deuteron experiments; 0 and 4 are, respec-
tively, calorimeter and Faraday-collector readings for
proton experiments.

negative polarity of the cathode. Details of this
diagnostic technique are given elsewhere. ' To
unfold the neutron count in terms of a tot'al cur-
rent and current density we used the average di-
ode voltage value that was measured during the
ion emission phase (Pig. 2) and an ion pulse dur-
ation of 50 nsec, and we assumed uniform emis-
sion across the 45-cm' cathode area. The prin-
cipal source of error in the neutron diagnostic is
the uncertainty of the deuterium-titanium atom
ratio within 2 pm of the cathode surface, which
encompasses the range of the bombarding deu-
terons. ' We estimate that our experimental cal-
ibration of this concentration has an uncertainty
of ",00'L The shot-to-shot variations of meas-
ured neutron output were less than this uncer-
tainty.

Data points for current densities as measured
by Faraday cup and calorimeter at 1.5 cm radius
are also shown in Fig. 3. Where appropriate,
diagnostic output signals were related to J,. using
the area of the, -in. holes, the measured voltage
during ion emission, a 50-nsec pulse duration,
and the calibrated sensitivity of the collectors
and calorimeters. We cannot state an uncertainty
in the calorimeter readings. Although the calo-
rimetric contribution due to radiation can be
shown to be negligible, we have no estimate of the
anode-cathode plasma energy or how well it coup-
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les to the calorimeters through the ~6-in. holes.
Uncertainty in Faraday cup readings is also un-
specified. Care was taken to zero bias the Fara-
day collectors relative to the cathode; thus sec-
ondary electrons emitted from the collector sur-
face are largely canceled by the slow electrons
which must accompany the intense ion flow. How-

ever, again because we have no experimental cal-
ibration of this effect, we do not ascribe error
bars.

A pinhole-camera x-ray picture of a 0.5-mil-
titanium-foil experiment showed an axial maxi-
mum of intensity. This would be expected since
maximum B8 self-fields are approximately 2.5
times stronger than the applied 16 kQ; hence par-
tial beam pinching should result. Anode-foil
damage covered a region slightly less than the
full cathode area, thus confirming partial beam
pinching. Also, signals from the outer Faraday
collector at v = 3 cm peaked earlier in time (dur-
ing the steeply rising current phase) and at a
lower level than the other collectors. This indi-
cates that ion currents were emitted from the
region of the ref lexing electrons which in our ex-
periment had helical axial trajectories rather
than the one-dimensional trajectories analyzed in
theory. ' The dominance in our experiment of the
reflex ion diode mechanism over that due to beam
pinching is indicated by the observed voltage de-
pendence upon anode foil thickness, a phenome-
non predicted by reflex theory and not expected
in pinched-beam ion diodes.

Comparison of these experimental results with

the steady-state theory of Ref. 2 is complicated
by the fact that the exact shape of the total elec-
tron spectrum in the diode region is unknown.

This shape depends on scattering and absorption
in the foil, and it is also modified at large radii
by the fact that B~ &8~. For these reasons, the
theory uses "model" spectra as the best availa-
ble approximation to the real situation. But for
all model spectra, the theoretical results display
two important features: First, large ratios of

(I, + I, )/I» occur when-the average number of an-
ode.„transits q of the ref lexing electrons is close
to the critical maximum q„second, when g-g„
the ion-electron current ratio I, /I, should be
substantially higher than its bipolar value (Zm/
M)".

The experimental measurements of diode vol-
tage and current meet the first of the above con-
ditions; Fig. 2 shows that the ratio (I, +I, )/I» is
always much greater than unity, ranging from 4
to 30. This result implies that q =q„which is

the condition for substantial ion currents. The
deuterium current measurements (neutron diag-
nostics for which we have the most eonfidenee)
plotted in Fig. 3 confirm that prediction. Using
100 kA as an average value of deuterium ion cur-
rent I, , and 700 kA for I,. + I„ then we find I,/I,
= 0.17, which is a factor of 10 higher than the bi-
polar value of this ratio.

A further connection between the experiment
and the theory is found from the following expres-
sion for the average number of anode transits g.'

& = R(v)/3px= 0.005V'I'/px, (2)

where R(v) is the residual range (milligrams per
square centimeter) of an electron of energy eV
(kilovolts), px is the thickness of the anode foil
(milligrams per square centimeter), and the fac-
tor 3 is based on Monte Carlo calculations"
which show that half of the electrons penetrate
less than one-third of the range. Equation (2)
uses an approximate fit to R(v), which is nearly
independent of foil material. '

Since q =q„and since Monte Carlo calcula-
tions" suggest that the electron energy spectrum
should not change rapidly with foil thickness, we
should expect that g, is approximately a constant
for different foil thicknesses. Thus, from Eq. (2)
one finds the scaling relation V- (px)'I'. A slow
increase of reduced diode voltage with foil thick-
ness is observed (Fig. 2) which is close to this
prediction.

From Eq. (2) and Fig. 2, we find 2 &q &5.
This result and the ratio I,/I, = 0.17 are both con-
sistent with an axial electron energy spectrum
which is intermediate between the model spectra
A and 8 of Ref. 2. This suggests that the spec-
trum is weighted towards low energies, as might
be expected for significant electron scattering.
Further work is needed to evaluate the effects of
different foil materials and thickness on spectrum
shape and g„which determine diode voltage and
efficiency parameters.

These results demonstrate a new low-impe-
dance mode of operation of high-current diodes
which is connected with the generation of intense
ion currents and confirms the essence of a steady-
state theory of reflex-diode operation. ' Impor-
tant parameters, such as the divergence angle of
the ion beams, have not yet been determined.
Nevertheless, it seems quite probable that con-
tinued development of this technology could pro-
duce intense pulsed ion beams that would have
important applications such as the initiation of
field reversal or energetic plasma startup for
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mirror -confined plasmas.
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The known low-temperature properties of H and D in Nb are explained by a model of
tunnel-split pocket states.

The structure and diffusive properties of H cen-
ters in metals have recently become the focus of
renewed interest due in part to the nonclassical
nature of several observed properties. Even for
the best-studied case of dilute solutions of H in
Nb, however, the local structure of the H impuri-
ty has remained a puzzle. In this Letter we show
that the known properties of H and D in Nb pos-
sess a consistent and satisfactory interpretation
in terms of a system of tunnel-split pocket states.

Our discussion employs octahedral (o), tetra-
hedral (t), and triangular (7') interstitial sites of
the bcc lattice, distinguished by differing sym-
bols in Fig. 1(a). H diffuses by hopping even at
low temperatures', it therefore seems probable
that self-trapping localizes these impurities.
For this reason we suppose that a H wave func-

tion centered on one site may spread onto dissim-
ilar neighboring sites only. Figures l(b)-1(d)
show the octahedral-, tetrahedral-, and triangu-
lar-centered orbital systems that follow from
these assumptions. In the remainder of this Let-
ter we examine the consequences of these ideas
for the specific case of H and D in Nb.

The observations to be explained are as fol-
lows: (a) Large deviations from a harmonic De-
bye-Vfaller broadening appear in neutron quasi-
elastic-scattering results, ~' which can be ana-
lyzed as the sum of takeo rms amplitudes, -0.14
and -1 A, respectively. (b) Heat-capacity' and
thermal-resistance' anomalies occurring in Nb-
8 and Nb-D dilute solutions at -1'K exhibit
marked nonclassical isotope effects. (c) Neutron
structure analysis' and diffuse scattering' have


