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The maximum power achieved in a wide variety of high-power devices, including electron and ion diodes,
z pinches, and microwave generators, is presently limited by anode-cathode gap breakdown. A frequently
discussed hypothesis for this effect is ionization of fast neutral atoms injected throughout the anode-cathode
gap during the power pulse. We describe a newly developed diagnostic tool that provides a direct test of this
hypothesis. Time-resolved vacuum-ultraviolet absorption spectroscopy is used to directly probe fast neutral
atoms with 1-mm spatial resolution in the 10-mm anode-cathode gap of the SABRE 5 MV, 1 TW applied-B
ion diode. Absorption spectra collected during Ar RF glow discharges and withdg@a® fills confirm the
reliability of the diagnostic technique. Throughout the 50—100 ns ion diode pulses no measurable neutral
absorption was seen, setting upper limits of (0.12—% B)'*cm™ 2 for ground-state fast neutral atom densities
of H, C, N, O, and F. The absence of molecular absorption bands also sets upper limits of (0.16—1.2)
X 10" ecm 2 for common simple molecules. These limits are low enough to rule out ionization of fast neutral
atoms as a breakdown mechanism. Breakdown due to ionization of molecules is also found to be unlikely. This
technique can now be applied to quantify the role of neutral atoms in other high-power devices.

PACS numbds): 52.70.Kz, 52.25.Jm, 52.75.Pv, 51.5Q.

[. INTRODUCTION across an ion diode gdd] and, presuming that the light
originated from neutral-atom emission, they constructed a
Pulsed power devices generate up to 100 TW of electricanodel for gap breakdown by ionization of dense, fast neutral
power for a variety of applications. The optimum perfor- atoms. Subsequently, ionization of charge-exchange neutral
mance of such devices is limited by loss of electrical insula-atoms was used as the foundation of a semiempirical gap
tion across an anode-cathode gap at some time during theosure mode[2] and proposed as a fundamental limitation
power pulse. This diversion of the current from the electricalon powers attainable in MITLs. This suggestion provided the
load into electron or ion losses generally leads to rapidlyinitial motivation for the experiments described in this paper.
falling voltage and decreased energy delivered to the load. In later experiments, Pal and Hammg] and Maron
This problem, known as gap breakdown, is common to mangt al. [4] measured I emission in an ion-diode anode
high-power devices, including pinches, microwave tubes, plasma. It is important to recognize the distinction between
magnetically insulated transmission ling#1ITLs), and anode-plasma measurements and AK gap measurements.
electron- and ion-beam diodes. Understanding the mechanode-plasma measurements are valuable and may be re-
nisms and mitigating gap breakdown offers the promise ofated to AK gap behavior, but they are not a direct means of
reaching a higher-power regime. One hypothesis for gagharacterizing the AK gap itself. Nevertheless, in Réf.the
breakdown is that neutral atoms desorbed from the anodaitial ~1 cmjus plasma advance was modeled by fast-
surface participate in charge exchange with accelerated ionmgeutral ionization, but this plasma advance appeared to stop
and the resulting fast atoms rapidly fill the anode-cathodesarly in the power pulse and thus could not explain gap
(AK) region[1,2]. In this context, “fast” means the atoms breakdown. Litwin and Maron5] constructed a more-
cross the gap on the time scale of the pulse, typically imply-detailed neutral-atom charge-exchange expansion model for
ing >10 cmjus velocities. If these fast neutral atoms are ofan anode plasma and found that rapid ionization required
sufficient density and can be ionized during the power pulsepeutral densities of-4x 10cm™3. Bluhm et al. [6] men-
the resulting extra charge flow causes the voltage across thi®ned measurements of a neutral flux about double the ion
anode-cathode gap to drop rapidly. We define gap breaklux throughout an~800-ns 0.5-MV ion-beam pulse, using
down to occur when this extra charge flow becomes compasecondary electron detectors and a charge-exchange cell with
rable to the load current. In this paper, we describe spectran ion detector. Horiokaet al. [7] reported uncalibrated
scopic measurements showing that ionization of fast neutrathadowgraphy and resonant interferometer measurements
atoms is not responsible for gap breakdown in a 1-TW ion-across a diode AK gap, showing indications of neutral atoms
beam diode. Gap breakdown due to ionization of moleculen the gap~150 ns after the start of diode current. Interfer-
is also considered and found to be unlikely. ometer measurements on a diode by Tuszeveskdl. [8]
There has been considerable speculation, some calculahowed no indication of plasma forming in the diode during
tions, and few direct measurements of neutral atoms in higthe 0.6 us ion beam pulse, but did exhibit an interesting
power devices. Pronet al. recorded weak continuum light negative phase shift several mm from the anode at about the
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time of gap breakdown; they noted that this phase shift could
be produced by~ 10*cm ™3 neutral atoms in the probed vol-
ume. In all of these investigations the fast-neutral-atom
anode-cathode gap density estimates required to explain the
phenomena were on the order of'3010""cm 3.

In recent ion-diode experiments conducted at the Particle
Beam Fusion Accelerator (PBFA 1) and SABRE accelera-
tors, the limits on the achievable ion-beam power have been
attributed [9] to some form of gap breakdown. In these
applied-B ion diodeg10], a strong applied magnetic field
(typically several Teslais used to restrict electron flow
across the anode-cathode gap when multi-MV voltages are
applied. This enables the accelerated ion beam to carry a
large fraction of the current across the gap. The intense ion
beam can be extracted and used as an inertial confinement
fusion driver[11], for example. The 20-TW, 2-cm AK gap L og
PBFA Il and the 1-TW, 1-cm AK gap SABRE diodes are anode

among the highest power ion-beam devices yet tested and FiG. 1. Top(a) and side(b) views of VUV line-of-sight in the
have been described in detail elsewhiei@,12. In the com-  cylindrically symmetric SABRE diodénot to scalg In (b) the
putational work of Pointon[13], calculations of charge- absorption collection region is indicated by solid lines and the emis-
exchange effects in ion diodes showed that for PBFA Il con-sion by dashed lines.
ditions, the contribution of electron or proton impact
ionization of neutral atoms to the diode current would beleading to transitions in the visible may not be populated. In
small unless the neutral-atom density approachedhis study, we use a pulsed VUV continuum backlighter
~10"cm™3, a conclusion similar to previous studies in low- source shining between the SABRE diode anode and cathode
power diodes. It was found that, in the PBFA Il diode, gen-to measure spectroscopically the ground-state neutral-atom
eration of such a-10'cm ™3 charge-exchange neutral-atom density. The backlighter emission is viewed with a time-
density could occur in the-40 ns pulse if they assumedl  resolved VUV spectrometef21]. The absorption of the
hoc an initial 13"cm™3 layer of cold neutral atoms in the backlighter continuum at characteristic wavelengths of the
2-mm region near the anode. The effect of charge exchangesonance transitior(®r edge} gives a direct absolute mea-
on diode voltage-current characteristic curves was also insurement of the line-integrated AK gap neutral at@mmol-
vestigated theoretically in Ref14]. A possible mechanism eculg density. In these experiments, no measurable absorp-
for the production of fastcharge-exchangeneutral atoms tion features were seen, setting upper limitg ©f12—1.5)
with the field-threshold, LiF thin-film ion sourdd5] used in % 10**cm™2 for ground-state densities of H, C, N, O, and F.
PBFA Il and SABRE experiments was described in RefsThese bounds are sufficiently low to rule out ionization of
[16—18. In this scenario, a cold impurity layer is formed by fast neutral atoms throughout the gap as a mechanism lead-
electron thermal and stimulated desorption of adsorbed iming to gap breakdown. Similar upper limits for common
purities due to the hundreds of A/érelectron leakage cur- simple molecules are (0.16—1:210cm 3. lonization of
rent across the magnetically insulated gap to the anode sumolecules is also unlikely to cause gap breakdown, but we
face. Expansion and ionization of these neutral atoms may beannot preclude the possibility that electrons produced by
responsible for the sharp rise in beam-impurity ions at themolecule ionization perturb the gap potential and contribute
time of rapidly dropping voltag¢9,16—18. This localized, indirectly to breakdown.
near-anode neutral ionization scenario cannot produce gap
breakdown by itself because the current drawn is still subject
to the space-charge limit. However, such a mechanism could
lead to filling of the gap with fast charge-exchange neutral The absorption spectroscopy diagnostic system consists of
atoms that might subsequently contribute to breakdown. a VUV continuum source and a time-resolved normal-
The results described above provide cause for concerimcidence VUV spectrograph. The continuum backlighter is
that neutral ionization leads to gap breakdown. Quantitativea relatively long pulsed discharge known as a BRV source
evaluation of this hypothesis requires direct measurements ¢£2]. The BRV emits a 100—200-ns-wide pulse -©600—
the neutral density in the gap between the an@teanode 1500 A light from a 3-mm-diameter aperture. The light is
plasma and the cathode. Prior to the present study, the onlylirected across the AK gap parallel to the anode and into the
such measurements were |Lvisible-emission spectra ob- VUV spectrograph as shown in Fig. 1. The spectrometer
tained[19,20 on the PBFA Il and SABRE ion diodes. These line-of-sight collection region is defined by an elliptical input
spectra showed that less thax 2012cm™2 fast (~50 cm/  mirror, focusing to a~1 mm waist in the AK gap dimension
us) Li neutral atoms exist in the AK gap of these diodes, far(i.e., in the direction of ion-beam acceleratiof21]. The
lower than the approximately cm™2 densities estimated emission from the BRV that is collected by the spectrometer
to be needed for fast gap breakdown. However, visible spednput mirror sampls a 1 cmwide region at the AK gap
troscopy cannot search effectively for many common neutralvertical direction, Fig. (b)], in the middle of the active
atoms such as H, C, and O because the resonance transiticrsode region. The active anode inner and outer radii are 4.5
lie in the vacuum-ultravioletVUV) and the excited states c¢cm and 6.5 cm, and the chord length for absorption in front

elliptical
mirror

into VUV
spectrograph

mirror

II. VUV ABSORPTION DIAGNOSTIC
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TABLE I. Resonance and photoionization wavelengths of likely 15 T r r r
fast neutral atoms. I
Blue-side E
absorption [
ResonanceAbs. oscillator Photoionization coefficient 2
Neutral X (A) strengthf ,ps N (R) we (cm™ k)
>
H 1215 0.42 912 213 -
c 945 0.27 1101 E
N 1200 0.35 853 240
O 989 0.056 911 121 1 X
F ~955 0.088 712 R T 1600 1160 1200

Wavelength (Angstroms)

#Provided by E. J. McGuire, Sandia National Laboratory.
FIG. 2. Absorption spectrum(solid with 5.5 mTorr CQ
of the anode is about 7 cm. Note that the elliptical mirror cand'erentially-pumped gas fill. The unabsorbed BRV spectrum is

. . . . . h dashed line. Al h i tfdotted-dash
also collect light emitted from excited atoms and ions in the> OVn @S & dashied Ane. /uSo Shown 1S spectdotted-dashed

diode gap region; the emission collection volume is Iargercalcmated using Coabsorption data of Chaet al. [25]
than the absorption collection voluntgee Fig. 1

The spectrograph is a 1-m focal length instrument with
input slit widths of 60—20Qum. The 120xm slit width used
in these experiments corresponded-® A instrument width I
at the detector plane with a 600 1/mm grating. The spectral

range was~600—-1250 A, spanning the resonance lines and

photoionization energies of H, C, N, O, and F, as shown inypich is within the uncertainty of our observed intensity
Table I. These were the atoms most likely to be present iRatio. Thus, for an absorption edge the diagnostic works as
the diode gap during the power pulse. The detector is & 4Qsypected. The blue-side absorption coefficigatsfor vari-
mm-diameter gated microchannel pl@@CP) framing cam-  o,s neutral atoms are shown in Table l; typicajly,
era. We used a Cul photocathode in a seven stripline CoNnz | so thatu, NI/Ny may be neglected.
figuration. The striplines were gated with 6-ns-wide 1000 V. A second test of the absorption system was to detect the
pulses spaced 8 ns apart, providing time-resolved data spagO, molecular absorption spectrum, particularly the two nar-
ning a 54 ns total time record. The spectra at the MCP framrower bands at about 1090 A and 1125 A that have shapes
ing camera output were recorded on Kodak TMAX similar to Doppler-broadened atomic lines. A 5.5-mTorr
P3200 film. differentially-pumped C@gas fill gave the absorption spec-
The time-resolved spectrograph has been used to recotelim shown in Fig. 2. Overlaid is a spectrum calculated from
emission spectra from the SABRE anode and cathode plashe experimental work of Chaet al. [25], using a line-
mas[23] and there is no reason to suspect the operation failgensityN|=3.1x 10°cm~2 corresponding to an absorption
in an absorption mode. Nevertheless, we performed two tesisath length of 160 cm at 5.5 mTorr. Note that the no-
to verify that the absorption system worked as intendedabsorption spectrum in Fig. 2 has been smoothed, and the
Such tests are not trivial because, as described below, detegfgnal is rapidly falling off below 890 A since this region
able absorption features require a medium with Dopplefyas near the edge of the MCP. Overall, the very reasonable
broadening that is comparable to the instrument resolutionagreement with Chaet al. confirms that the VUV absorp-

In the first test, a spectrum was collected wiae6 mTorr Ar  tion spectroscopy system used in our experiments functions
RF-glow discharge was present in the SABRE vacuunmgs expected.

chamber. The Ar ionization edge at 787 AM shell) was
clearly seen as a step in the continuum intensity on film.
Since the glow is only very weakly ionized, we estimate the
Ar| ground-state population density over thel50 cm We collected absorption spectra for several SABRE shots
path across the vacuum chamber Bs=NypTqo/(pgT) with the line of sight at varioug locations across the 10-mm
~2.0x10"cm ™3, where N, is Loschmidt’s number. The AK gap: 0—1 mm, 1-2 mm, and 5—6 mm from the anode.
uncertainty in this estimate i£30%, due mainly to the fact Figure 3 shows typical current waveforms and VUV-
that a differentially pumped gas flow was used, rendering aispectrometer-frame center-times for one such shot. Note that
accurate pressure measurement difficult. The ratio of thé these experiments, impurity ions that could originate from
light intensity above background fog on the film just to theionization of contaminant neutral atoms in the gap appear in
red side of the 787-A edgé, , to that on the blue sidé,_, the ion beam at roughly 27 ns, where 0 is approximately
was |, /1 _=4.9+3.4, with a large uncertainty because of the beginning of the ion-beam current. Despite several shots
the near-fog film density on the blystrongly absorbedside  with good continuum intensity on film, no absorption lines
of the edge. Using the published average absorption coeffivere seen, even later in the pulde-60—150ns in Fig. B
cients(assuming the one-dimensional slab approximation foiThe absence of absorption lines with our measured signal-to-
radiation transpojt to the red and blue sides of noise ratio §/N) establishes upper bounds on the AK gap

=30cm ! and u_=800cm ! respectively[24], one has a
theoretical intensity ratio

+

=elu-"#) (NN 1=2 4+0.7,

Ill. RESULTS
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FIG. 3. Relative cathode currefBdotK) and lithium ion beam
current(FcupLi histories for SABRE LiF shot #1247, along with
BRV x-ray diode monitor history. VUV spectrometer frame times
(arrows and approximate duration of backlighter VUV output are
indicated.

whereN is the number of absorbers per unit volume of ab-
sorption oscillator strength In this equation we neglect the
stimulated emission term, since we expect the upper levels of
the resonance lines to be much less populated than the
ground states. This is justified by the fact that spontaneous
emission from the neutral-atom resonance lines is not ob-

. . i served, implying that the upper levels are not sufficiently
ground-state neutral densities for the various atoms listed iBopulated to contribute significantly in E€g).

Table I. As well, the absence of absorption bands of known For a<0.01, one has the limit of small natural damping,

strength and wavelengths gives upper bounds on various M@yhich should hold in our case of VUV resonance lines even
lecular species that might be present. for Doppler-broadening effective temperatufigs as low as

In addition to the continuum light, numerous intense ionrpom temperature. Then E¢R) can be written a§26]
lines were seen in emission at various distances from the
anode during the power pulse. When viewing 0—1 mm from k(N) _e 2a
the anode, lines from various ion-charge states of C, O, and R €T \/—;[1—23 F(s)], 4
F, including C IV, O VI, and F VII appeared just after the
start of the ion beam. These lines indicate plasma formatioghere
near the anode during the pulse, and again confirm that the
spectrograph was functioning as intended. The emission was
also detected later in the pulse with the line of sight at vari-
ous distances from the anode. This may simply be undesired
light collected from the very bright anode plasma, since theThe absorption depends on the value of the line-center opti-
quality of the elliptical collecting optic allows some stray cal depthkyl, which is proportional to the number of absorb-
light from the anode region to enter the spectrograph evegrs in the line of sight. We average E@), using Eq.(4),
when the nominal spatial location is in the middle of the gap.over the regionm\\; centered ak, for each line of interest in
Alternatively, it may indicate plasma jetting into the diode Table I, given a Doppler widtiAX g (FWHM) as specified
gap. This plasma would have to be emitted nonuniformlyby Tp:

from the anode or cathode since simultaneously acquired I ST JAM.C2
space- and time-resolved visible spectra show Stark-shifted Ne=2hoV2In2Tp/AmyC.

Li I emission, ir!dicating that a I_arge ele_ctric field exists ir_1 atHere,A, m,, andc are the atomic number, proton mass, and
least some regions along the line of sight. Such large field§peeq of light, respectivelyip is defined as the “effective”

are incompatible with plasma densities above approx'mate'boppler-broadening temperature, in the sense that it repre-
5x10"cm™? since the plasma would screen the field. Whilesents the width of the velocity distribution parallel to the
the appearance of highly ionized plasma ions is interesting, iinode, even though the actual velocity distribution may not
is outside the scope of this paper. be characterized by a Maxwellian.

In order to see an absorption line, the Doppler-broadened An upper bound on thé \;-averaged fractional absorp-
linewidth should be comparable to the instrument spectrafion 1-(1/1,) is the reciprocal of the signal-to-nose ratio,
resolution. If the linewidth is narrower than the spectral reso-1/(S/N). This in turn gives, using Eqg1)—(4), an upper
lution, the absorption feature is smeared over the instrumerdound on the densitiN. Thus, for a givenS/N one may
profile. The narrower the linewidth, the higher the densitycalculate the upper bounds on the ground-state deNsity a
must be in order to detect an absorption feature. In the alfunction of Ty for each resonance line in our spectral win-
sence of strong remission effects, for a spectral line oflow. Results from such a calculation are shown in Fig. 4 for
Lorentzian (natura) width AN, and Doppler widthA\ g, our parameters 08/N~6 andA\;=2 A. Note that at low
one may write the transmitted light intensli¢\) of incident Ty the upper bound on ground-state neutral density rises
continuum lightl 3(\) across a uniform attenuating medium rapidly due to the smearing effect of the instrument width
of path lengthl and absorption coefficierk({\) as[26] masking the absorption feature. We have used the fractional

S
F(S)Ee‘SZJ e’dy.
0
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TABLE lll. Measured upper bounds on various molecular den-
sities in SABRE AK gap based on absence of strong absorption
bands.

Molecule  Band centefA)  ppea(Cm™)  Npay (10Mcm™)

H, 839 700 10

N, 973 4500 1.6

0, 957 1650 4.3

! CO, 1125 4000 1.8

1013 . . ——— co 932 4400 1.6
100 107 102 108 108 105 H,0O 1030 600 12

Doppler Temp (eV)

FIG. 4. Upper bounds on ground-;tate den;ities for various athefore the power pulse, then the velocity both parallel and
oms as a function of Doppler-broadening effective temperagre  arpendicular to the anode can be small and the minimum
The vertical da_sr_led line corresponds to Doppler broadening Me&jatectable density could be large. However, the goal of this
sured for fast Li in Ref. [20]. work is to search for fast neutral atoms, where fast means
. . they fill the gap on the time scale of the pulse. Neutral atoms
ibs?];ﬂt'.osnai\tle;ﬁgerge(;vserrtet:je.La?ne?ﬁ‘e?.?ﬁ;)t\GT’haéSr:g'f On'ghat have large velocities perpendicular to the anode tend
It IW rtil N l;thy v u o IFi 4 X? iln th : reqian 120N3150 to have large velocities parallel to the anode. Thus, it is
:AF;\O ons ot the curves 9. % are € regining helpful to expres3p in terms of the velocity measured per-

| .

In general, the velocities responsible for producing thependICUIar to the anode, and the half-angle divergence

Doppler broadening are not known. However, in previousAe:v”/UL' wherey, corresponds to the half width at half

: - “maximum of the velocity distribution parallel to the anode.

experimentg 19], we measured the parallel and perpendicu- _
i L ThenANg=2Aqv,/c and

lar velocity of fast lithium neutrals produced by charge ex-
change of the accelerated lithium ion beam. In the present

: : : 2Amc?  Amy(v,)?
analysis, we assume that the effective Doppler-broadening _[ Y P~ _ p\UL
temperature for all fast neutral atoms is the same as previ- ° | ¢/ 2In2 2In2
ously measured for Licharge-exchange neutral atoms. The

implications of this assumption are discussed below. In th§nere E, is the fast-neutral-atom energy in the direction

previous Lii measurements, we fourith~3.3keV. In this  hemendicular to the anode. Our definition of fast neutral at-
case, the Doppler FWHM is comparable to the instrumenpms implies that a minimum value of, is approximately
width even for heavier impurities such as oxygen. From the,min_q g cm/40 ns=2x 107 cm/s. A lower limit for T then

intersection of the curves in Fig. 4 with the dashed line at 3'3dépends mainly o\, the divergence of the fast neutral
keV and using the 7-cm pathlength, we obtain the UPPeLioms. '

_?_Olé?dﬁ f_lcztr] th; fast grm;nd—sl,tatel neut:ral densities shown in previous measurements of fast lithium neutral atoms
toaDi .Ier Eroztgggi?ln Osmgeeﬁjo?éc?uIz?rf%t;?SrSSIgs;insglr\lle 20] we found’vl'l-'~2.5>< 10° cmis, vy ~5x 10 cms, EV
bp 9 9€NeT- 9.1 keV, A6 ~0.5, andTE ~3.3keV. The upper bounds

2. The upper bounds for various molecular specics. argh (e fastneutralatom densil displayed in Table I as-
shown in Table III. Sumed that the contaminant atoms we are searphmg for here
all have the same value df;~3.3keV. According to the
equation above, this assumption is satisfied if the contami-
nants are born with energy and divergence similar to the

No absorption features were observed in these experR'€Vious Lil measurements. ,
ments. The negative nature of this result forces us to make !tiS possible thaflp for some fast neutral atoms is lower
assumptions about the linewidth, or equivalently the effecthan for others, for example because they might be born in a

tive Doppler temperatur@,, . If the neutrals are produced different anode region. In order for this possibility to impact
our basic conclusion that breakdown throughout the gap due

TABLE II. Measured upper bounds on fast-neutral-atom densi0 neutral ionization does not occdfp must be much lower.
ties in SABRE AK gap based on absence of absorption lines.  Previous work[5,13] and our own estimates below indicate
that breakdown throughout the gap requihes 101°cm ™3,

U 2_E_J_
(46) “In2

(40

IV. DISCUSSION

Nmax from abs line We now examine the quantitative implication for H and F;
Neutral (10 cm™d) the lightest and heaviest contaminants considered here. From
y 1o Fig. 4, if N~101_5cm‘3 for hydrogen, we requireTq
c 3'_5 ~1.3 eV:(ﬁ)TE'. In addition, the minimum velocity
N 1.6 needed to qualify as a “fast” neutral atom implies tr&{t
0 15 ~208 eV, 44 times lower thaB" . At this minimumuv , , if
E 10 TB~1.3eV, we must have #H~0.065, 7.6 times lower

than A¢“. Similarly, if N~10"*cm™3 for fluorine, we re-
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quireTE~60 eV=(£)TY . The minimumu, corresponds to We use the maximum rates at 100—200 eV electron energies
EF 306 KeV= (1/2.3) "Bl and. if TF—goey. AgF  Of ov=(412,11,11,11%10 Ycniins for H, C, N, O, F,
~LO 01'0 about 5 tirﬁes Iotver tha,he“ D ' respectively, as given in Lot28], to allow for a secondary

To evaluate whether such reduced value3 of E, , and electron avalanche. These give characteristic avalanche times
il 7for (H, C, N, O, B of (2100, 233, 564, 57, 82ns. The

A# are plausible it is necessary to invoke a model for how vV - '
E, andAd arise. The only process to our knowledge that isavalanche-mm;ed cpntamlnant be_am curren.t density for our
capable of producing such large valueskf is charge ex- 20 NS pulsei IS (ignmated By~ (qned)/ 7. Using the mea-
change of accelerated contaminant ions within a cold neutrafUred Ne~ 10cm® [29], d~1cm, and r=100ns, this
layer in front of the anode. The fast contaminant neutra@ives Jc~0.016 kA/cn¥, compared to measured ion current
atoms that result are expected to acquire the velocity angensities of 0.5-1.0 kA/cfn Thus, we conclude that impact
divergence of the ions at the instant the charge exchangdvalanche ionization of these AK gap neutral atoms is too
takes place, as described in REI0]. ThenE, depends on SIOW to significantly affect diode behavior.

the spatial profile of the charge-exchange probability as the 1N€ Upper bounds for molecular species given in Table Il
ions are accelerated away from the anode. This probability i€ @Pproximately an order of magnitude higher than the
turn depends on the energy dependence of the charg ounds on neutral atoms. C_onsequently, the evalua}tlon of the
exchange cross section and the spatial dependence of tfi€ Played by molecules in gap breakdown requires more
cold layer density that causes the charge exchange. The crosdMplete models than in the above estimates for atomic ion-
section peaks at different energies for different ions. How-Zation. For example, suppose the gbns_lgy equals the up-
ever, previous Li measurement20] showed that for these Per bound established here (X;IOI cm ). We estimate
conditions, charge exchange occurs before ions reach the ete _|ciglzat|on time scale using a cross section of 8
ergy corresponding to the maximum charge-exchange cros$ 10 _sz for primary ionization by the ion beam, assum-
section. In this case, the cross section is monotonically ini"d the ion current density rises to 1 kA/&myer 50 ns, and
creasing for all ions as they are accelerated through the co#S0 assuming the maximum cross section for secondary
layer. It is then reasonable thit is similar for all ions, if _electrqn ionization. This overestimates thg ionization, since,
they are accelerated through the same potential drop and tifé reality, the secondary electrons are quickly accelerated to
same cold layer that induces the charge exchange. Therefof@gh energies by the large electric field. With these assump-
it is very unlikely thatEf could be 44 times lower thdﬁhi' tions, we find that the |Qn|zat|on fraction reachesf 0.1% in
On the other hand, a value EIf~(1/2.3)EE is possible. about 20 ns and 1.0% in 50 ns. These values imply that

The divergence of the fast neutral atoms is expef2ei ionization of a 16°cm™3 H, cloud is unlikely to cause cata-
to be comparable to, or slightly larger than, the divergence o?.trlo phl(;ilgap bregkdow?, kt;utdtfz)at ;ui igl%e|erfi§IOT g:ip poten-
the accelerated ions at the instant the charge exchange o dpro : de r’?]ay ﬂ? pertur t? fy i cr’r;] eoef(;or]rsh
curs. Note that this divergence is generally much larger thaffrocuced when tne ionization fraction reaches u.1%. 1hese
the final divergence of the accelerated ion beam, since thgstimates indicate the need for detailed computer simulations
beam ions acquire much less energy parallel to,the ano evaluate the effect of molecular ionization. No such simu-
than perpendicular to the anode as they are accelerat rationslare a\(ailable at present for SABRE condi;i.ons. .HOW'
across the bulk of the gap. This divergence res[@] ever, simulations have been perforni8@] for conditions in

(g i the 20 TW diode used on the PBFA Il accelerator. In Ref.

mostly from electric fields generated parellel to the anode o 05 em-3 -
for example because of ion source nonuniformities or[?’o]’ lonization of 5< 107 cm ™ H, was sufficient o perturh

instability-induced field fluctuations. A¢ is 4.9—-7.6 times the gap and modify the extracted i°"? current, b.Ut i.t did. not
cause gap breakdown. Note that this density is five times

smaller than for Li, we would have to suppose that theh. her than th bound blished h d that the i
divergence-inducing fields were smaller by similar amounts. igher than the upper bound established here and that the ion
urrent growth in the higher power PBFA Il diode is faster,

We regard this as unlikely, since the divergence-inducin L o
noth factors that promote faster ionization. Our conclusion is

fields exist throughout the diode gap and the observed io . > :
beam divergence varies by less than a factor of two from on&hat .'f a moIecuI_ar cloud exists in the SABRE diode at the
maximum density compatible with the present measure-

species to anoth¢®,10]. Our conclusion is that values &% ments, then it could contribute to degraded diode perfor-

low enough to be consistent witl~ 10*>c © are uniikely. dnance but it is unlikely to cause gap breakdown by itself
Assuming the upper bounds of Table Il apply across th Note that the upper bounds of Tables Il and Il are line-

gap we can now show that impact ionization of neutral atoms , . - . . e
is too slow to explain AK gap breakdown. We will be ex- of-sight averagedensities. It is possible that narrow “fin-

tremely conservative and use the maximum possible rates f(g(ers” of higher densities could exist over some fractiop 1/

electron-impact ionization, rather than the MeV energies ex9f the absorption path with negligible absorption in between
’ e fingers, making the neutral density upper boumtimes

pected to actually populate the gap, as well as the maximurﬂ? her than th | in Table Il K the |
possible densities in Table II. Note that ion impact ionization \gher than the vaiues In fable 1l. However, the largé angu-
cross sections are in general very similar to those of elecl-a.r veloqty _spread of the charge-exc'hanged heutral atoms
trons, but attain their maxima at higher energiggically with typical ion source parameters will tend to merge any

100 keV/amu. The characteristic rate 4for electron impact ;f'ngerS”l of P?ﬁtral f'eﬂts'ty out g‘ t?ihdloorl]e gap. Leht the d
ionization avalanche may be written as alf angie or the velocity spread of the charge-exchange

neutral atoms b@. The present experiments provide no new
information on 6, but in previous measuremenf0] we
~Now. found 6~24° for charge-exchanged Latoms. Using this as

T n; a guide, we can estimate limits on the size that such fingers

1 Nneov
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might have. In order for the density upper bounds to be dively shunt the Lil ion current. In the present work, we did
factor of, sayp= 10 times higher than in Table Il, we imag- not attempt to study the neutral atom densities withid.5
ine the neutral atoms originate from spots of sizeparated mm of the anode surface.
by distanceD. For an absorption measurement parallel to the The main value of this work is in the development of a
anode a distance away from the surface, one then would method suitable for answering an important question for sys-
require the neutral atoms to occupy at mogt @f the line-  tems operated at high electromagnetic powers. So far, no fast
of-sight path, so thafin two dimensiong neutral atoms or molecules have been detected and the SA-
BRE data are not consistent with the hypothesis advanced by
d+2tand 1 5 VanDevendef2] that gap breakdown results from ionization
D p throughout the gap. However, further measurements with im-
proved signal to noise are needed to provide more definitive
We do not knowa priori eitherD or the fractional spot size results on the role of molecules. Also, we note VanDe-
a=d/D. However, it is clear from Eq(5) thatap<1. Solv-  vender's hypothesis may still be important in other devices.
ing Eq. (5) for D gives The production of fast neutral atoms in high-voltage gaps
depends on various parametéamsutral-atom-layer formation
2 tand (6) over the electrodes, the electron dose to the anode, current
l1-ap’ densities, and electric fielfland thus can play different roles
) i i i in different systems. In particular it may turn out to be im-
A lower bound forD is obtained by neglectingp in Eq.(6).  hortant in the extremely high power systems currently being
Then, usingx=5mm and the representative values fromyeyejoped. The method developed here may be applied to
above,D is at least 4.5 cm. Note that this is conservative,jgiermine the role of fast neutral atoms in the breakdown of
since these bounds wquld allow the 'neutral spots to fl:I||ya variety of high power systems. The method can be ex-
merge atx=5mm. Taking these estimates together withignqed by performing experiments with higher spectral and

measurements of the ion beam that indicate it is uniform ORpatial resolution, for example by using a laser-produced
thi_s length scale, it seems that one may prgclude the poss&asma as a backlighter to supply more photons.
bility of neutral-atom fingers resulting from ion charge ex-

change.
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