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ABSTRACT 

Pulsed-power driven ion diodes generating quasi-static. -10 MV/cm. l c m  scale-length 
electric fElds are used to accelerate lithium ion beams for inertial confinement fusion 
applications. Atomic emission spectroscopy measurements contribute to understanding 
the acceleration gap physics, in particular by combining time- and space-resolved 
measurements of the electric field with the Poisson equation to determine the charged 
particle distributions. This unique high-field configuration also offers the possibility to 
advance basic atomic physics, for example by testing calculations of the Stark-shifted 
emission pattern. by measuring field ionization rates for tightly-bound low-principal- 
quantum-number levels. and by measuring transition-probability quenching. 

INTRODUCTION 

The light-ion beam approach to inertial confinement fusion'proposes to achieve 
the required high energy density by accelerating a lithium ion beam to about 
30MeV using one or two acceleration stages, each driven with a high-power 
( - l O O T W ) ,  -30-nsec-duration pulse. Present experiments at the Particle Beam 
Fusion Accelerator II (PBFA II) facility routinely generate quasi-static, -10 MV/ 
cm, -1 cm scale-length electric fields. This enables experiments studying the 
physics of the ion beam acceleration gap and these conditions also present a unique 
opportunity for extending experimental atomic physics into the 10 MV/cm regime. 
This paper describes our application of atomic spectroscopy to ion diode plasma 
physics issues, with an emphasis on the atomic physics required to understand the 
results. In addition, we describe preliminary experiments that illustrate the potential 
of using data from this device for basic atomic physics. 



-20 nsec, 10 M V  power pulse through conical magnetically-insulated transmission 
lines connected to the top and bottom of the diode. The ion beam is accelerated 
radially inward from the inner surface of a cylindrical anode toward a target placed 
on the axis. An approximately 3 T magnetic field, applied parallel to the anode, 
insulates the anode-cathode (AK) gap against electron losses. 

The visible spectroscopy diagnostic system17 collects light from approximately- 
cylindrical 2-mm-diameter lines of sight aligned parallel to the anode. Multiple 
lines of sight are used to obtain radial and azimuthal spatial resolution, where the 
radially-resolved measurements provide a profile across the AK gap and the 
azimuthal measurements determine the degree of cylindrical uniformity. One 
configuration determines the global uniformity using lines of sight at opposing 
azimuths of the 15-cm-radius diode, while a second configuration with 2-10 mm 
azimuthal spacing measures the uniformity over a small azimuthal sector. The light 
is transported in fiber optics to remote streaked spectrographs for recording with - 
1 nsec time resolution. A multiplexing technique enables time-resolved spectra 
with - 50 8, range and 1.5 8, resolution to be recorded simultaneously from 8 
different spatial locations on a single spectrograph. Data from 18 locations were 
obtained in each experiment. The relative spacing of the lines of sight is accurate to 
- + 0.2 mm and the absolute accuracy of the line-of-sight bundle relative to the anode 
surface is & 0.5 mm.The timing between spectra is accurate to k0.4 nsec and the 
timing accuracy relative to the electrically-recorded diode diagnostics is & 2 nsec. 

LI I ATOMIC PHYSICS IN HIGH ELECTRIC FIELDS 

Most measurements to date have relied on Stark-shifted 2s-2p and 2p-3d 
emission from lithium neutral atoms. Lithium atoms are launched into the gap when 
a small fraction of the lithium ions charge exchange in a thin, dense, desorbed 
contaminant layer near the anode. The charge-exchange or@ of the Li neutrals 
impacts the electric field measurements because the Li neutral atoms acquire a high 
velocity transverse to the beam acceleration direction, due to the ion beam source 
divergence. This high transverse velocity results in large Doppler broadening 
(typically 10-15 %I> that prevents resolution of the individual Starweeman line 
components. In addition, measurements on the cathode side of the gap are not 
possible until neutrals arrive there, typically -10-15 nsec into the pulse. 
Nevertheless, the Li I charge-exchange neutral atom emission is convenient, it 
provides good accuracy without disturbing the normal diode operation, and 
measurements with neutral atoms provide brighter visible light emission intensities 
than ion emission measurements. We typically analyze 15-20 lineouts from each 
spectrum, averaging over 4 nsec intervals to improve the signal-to-noise ratio. A 
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FIGURE 1. Electric field as a function of the Stark / Zeeman emission pattern centroid 
wavelength shift for the Li 12s-2p transition at B = 6 T. The dashed curve is from Stambulchik and 
Maron" and the dot-dash curve is from M~Guire'~. The solid Curve represents the quadratic 
relationship, shift (A) - EcMv/cm)'/lS. illustrating the departure of the shift from the quadratic 
approximation at fields above about 5 Mv/cm. 

exchange events that populate the 2p level, as well as by ion impact excitation from 
the 2p level. The dominant de-excitation mechanisms are expected to be field 
ionization and radiative decay. Prior measurements of the state-selective charge- 
exchange cross section23 indicate significant 3d population should be present early 
in the power pulse. However, the 2p-3d emission is not observed until near the end 
of pulse. This is almost certainly because the 3d electrons rapidly field ionize under 
the 5 - 10 W / c m  field. This is consistent with previous detailed calculations of the 
field ionization rate24 and expectations based on semiclassical approximations. 

As noted above, the 2p-3d is split into red-shifted and blue-shifted components 
when it first appears. The red-shifted component arises from the 3 d m ~  = 2 state and 
the blue-shifted component is a superposition of transitions originating from the 3d 
mL = 0,l states (throughout the text mL refers to the absolute value of the orbital 
angular momentum quantum number). The mL = 2 transition is red-shifted, and is 
less strongly perturbed, because the selection rules prohibit the 3p level from 
perturbing the 3d mL = 2 state.The red-shifted feature appears first. The appearance 
of the blue-shifted feature is delayed because this component has a lower threshold 
for field ionization and it is more strongly shifted once it does appear. The larger 
Stark shift of the mL = 0,l states and the existence of even small electric field 
variations along the line of sight tends to smear the blue-shifted transitions into a 
broad line, making it more Micult  to observe above the continuum. The field 
measured from the red-shifted feature is consistent with the field obtained from the 
2s-2p transition (Figure 3; a more complete analysis including the shift of the mL = 
0,l component and extraction of uncertainties from the data is in progress). While 
this agreement is satisfying, it does not represent a stringent test of the Stark pattern 
calculations because the uncertainty associated with measuring the field from the 



in the transition probability caused by the electric field. Calculations of the change 
in the transition probability performed using the computer code described in 
Reference 20 show that the transition probability for the mL =0,1 component 
decreases by about 30% as the field increases from zero up to 3 MV/cm. The mL = 2 
component changes by only a few percent. The larger change for the mL = 0,l 
component is because these levels mix strongly with the nearby 3p level, while the 
mL= 2 does not. 
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Measurements and calculations of the 3d mL= 0,l to 3d mL = 2 intensity ratio 
are shown as a function of the electric field in Figure 4. The data and calculations 
are normalized so that the intensities from the two features are set equal at zero 

FIGURE 3. Electric field measured from the data shown in Fi,oure 2. The solid curve is the result 
from Li I 2s-2p and the dashed curve is from Li I2p  - 3d (mL = 2). 

FIGURE 4. Intensity ratio of the Li I 2 p 3 d  components {mL = 0.1) / {mL = 2}. normalized to 
zero electric field. The solid line is a calculation based on Reference 20. The plus. asterix. and 
triangle symbols are measurements from three separate PBFA II experiments. The experimental 
uncertainty in the ratio is roughly f 25%. 



existing in the AK gap during the -15-20 nsec prior to the initial observation of the 
2p-3d emission (see Figures 3 & 5). Calculations of the field ionization24 indicate 
that this is unlikely. Excitation from the Li I2p  state by Li ion impact excitation is 
also under investigation (electron hpac t  excitation is small because of the 
relatively-high electron energies in the diode gap). The elapsed time between the 
field dropping below - 4.7 Mv/cm (where fast field ionization is expected) and 
reaching the 3.7-3.9 MV/cm field (where the transition is observed) is about 3-5 
nsec. The key question to evaluate for the ion impact excitation hypothesis is 
whether this is long enough to produce sufficient 3d mL=2 population to account 
for the observed intensity, given the measured ion current density and 2p population 
density. A similar analysis can be applied to the 3d mL= 0 , l  states. Resolution of 
these issues may enable testing of theoretical predictions for the field-ionization 
rates. 

APPLICATIONS TO DIODE PLASMA PHYSICS 

A temporal sequence of electric field profiles measured from Stark-shifted Li I 
2s-2p emission in a single PBFA 11 experiment is shown in Figure 5. The AK gap 
in this experiment was 18 mrn. The fust measurement at 46 nsec corresponds to the 
onset of ion current. The diode physics aspects of these results are describ’ed in 
Reference 3. The field measured near the anode surface is 9-10 MV/cm, in contrast 
to the zero field expected for a space-charge-limited plasma ion source. This result 
is consistent with a recent theoretical hypothesis27 that the LiF ion source produces 
Li ions via electron-assisted field desorption. The almost-flat electric field profile 
near the anode at peak ion power (62 nsec) implies that there is a - 2-3 mrn thick, 
zero-net-charge region near the anode, in contrast to the positive net charge 
suggested by the simulations described in Reference 7. Note that according to the 
Poisson equation, the net charge density is proportional to the derivative of the 
field; hence, a field profile with zero slope implies zero net charge density. About 
10 mm from the anode the electric field profile reverses its slope from negative to 
positive, implying a region with localized positive net charge in the middle of the 
gap. We emphasize, however, that these results are obtained by assuming uniform 
conditions along the line of sight. The effect of possible non-uniformities on the 
conclusions is under investigation. Azimuthal asymmetries between the 
measurements performed on opposite sides of the diode persist over much of the 
pulse, indicating that E x B drifting electrons are unable to cancel the asymmetries. 
These results suggest that improvements are required in both experiments and 
simulations in order to understand the power-coupling efficiency and divergence. 



within 5.5 rmn of the anode is sufficient to cause -25 m a d  of beam deflection 
(averaged over the first 1/2-2/3 of the power pulse), comparable to the 25-35 m a d  
measured at the target on axis. Work is in progress to measure the radial and 
azimuthal extent of E4 over larger radial and azimuthal distances in order to help 
identify its origin. 

Additional aspects of both atomic physics and diode physics can be explored by 
adding impurity dopants to the anode. In one such experiment, BaF2 and LiF were 
co-evaporated onto the anode in an approximately 1: 1 molecular ratio. The primary 
motivations for adding BaF2 to the anode were to provide a direct measurement of 
ion divergence and to enable Zeeman measurements of the magnetic field. Note that 
the lithium ion beam divergence is very difficult to measure directly because the 
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FIGURE 6.  Top view of the diode AK gap illustrating the method used to determine the non- 
radial electric fields from the Stark shift measurements. The circles represent individual 
spectroscopic lines of sight that are approximately 2 mm in diameter. The dashed curve illustrates 
the path for the line intesal. In actual experiments a larger array of points (up to eighteen total) is 
used to obtain more complete measurements of the radial and azimuthal dependence. 
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FIGURE 7. Preliminary measurements ofthe azimuthal component ufthe electricfield obtained 
using a line of sight arrangement similar to that shown in Fi,m 6.  but with an additional row of 
lines of sight at a third azimuth. The curves labeled A/B refer to one pair of azimuths and the curves 
labeled BIC refer to the other pair. Ion current onset in this experiment was at 41 nsec. The time 
history on the left corresponds to 5.5 mm from the anode surface and the spatial plot on the right 
corresponds to t = 71 met. 
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present experiment the Ba II and Li I emission were collected with lines of sight 
located at the same radial distance from the anode, but at adjacent azimuths 
separated by 2 m. Data described above shows that differences of about 10% in 
IEl can exist over this azimuthal separation. We plan to perform a more stringent test 
of these Stark pattern calculations by collectins light in a single line of sight and 
splitting it into two streaked spectrogiaphs. This should enable a cross-comparison 
of the Li I and Ba II results to within approximately & 5%. 

. . ' ' . . ' . . . ' . . - ' . . . ' . . . . 

0 
i A A 

0 
A 

- - 
4. 

- 
- 
- 
- 

. . .  I . . . . . . . , . . . , . . . , . . . '  

CONCLUSIONS 

Measurements of Stark-shifted emission clearly provide new insight into the 
complex plasma physics in ion diode acceleration gaps. In particular, these 
measurements enable comparisons of the 3-D electromagnetic simulations that are 
used to predict diode operation with detailed measurements for the first time. 
Interpretation of the measurements requires accurate calculations of the line 
emission patterns under - 10 MV/cm electric fields and 3 - 6 T magnetic fields. In 
addition, the high field routinely produced on PBFA II invites basic atomic physics 
measurements for low-lying levels that were previously impossible. Measurements 
of the Li I 2p-3d transitions are consistent with calculations of field ionization 
thresholds, although stringent tests of the calculations require progress in 
understanding level population mechanisms. Preliminary measurements of the 
dependence of the line component intensities on the electric field are also consistent 
with predictions. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac-. 
turer, or otherwise does not necessarily constitute or imply its endorsement, ream- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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ABSTRACT 

Pulsed-power driven ion diodes generating quasi-static, -10 MV/cm, l c m  scale-length 
electric fields are used to accelerate lithium ion beams for inertial confinement fusion 
applications. Atomic emission spectroscopy measurements contribute to understanding 
the acceleration gap physics, in particular by combining time- and space-resolved 
measurements of the electric field with the Poisson equation to determine the charged 
particle distributions. This unique high-field configuration also offers the possibility to 
advance basic atomic physics, for example by testing calculations of the Stark-shifted 
emission pattern. by measuring field ionization rates for tightly-bound low-principal- 
quantum-number levels. and by measuring transition-probability quenching. 

IN'IXODUCTION 

The light-ion beam approach to inertial confinement fusion'proposes to achieve 
the required high energy density by accelerating a lithium ion beam to about 
30MeV using one or two acceleration stages, each driven with a high-power 
(-loom), -30-nsec-duration pulse. Present experiments at the Particle Beam 
Fusion Accelerator 11 (PBFA D) facility routinely generate quasi-static, -10 M Y /  
cm, -1 cm scale-length electric fields. This enables experiments studying the 
physics of the ion beam acceleration gap and these conditions also present a unique 
opportunity for extending experimental atomic physics into the 10 W / c m  regime. 
This paper describes our application of atomic spectroscopy to ion diode plasma 
physics issues, with an emphasis on the atomic physics required to understand the 
results. In addition, we describe preliminary experiments that illustrate the potential 
of using data from this device for basic atomic physics. 
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The primary motivation for atomic emission spectroscopy measurements in ion 
diodes is the need to understand and control the influence of the acceleration gap 
charged-particle dynamics on the ion beam brightness. Stark-shift measurements of 
the electric field distribution can be combined with the Poisson equation to 
determine key features of the charged-particle beha~io?~. Understanding the 
charged-particle distributions is of fundamental importance as we seek to increase 
the ion beam brightness because they largely control the enhancement of the ion 
current above the nominal Child-Langmuir space-charge limit4*j and because non- 
uniformities in the charge density can induce beam microdivergence or steering 
errors that reduce the focussed intensity6'. Our results3 show that theory and 
experiment are in reasonable agreement for the first 5 nsec of the ion beam pulse, 
but as the ion current grows significant discrepancies arise. The measurements 
provide evidence for new diode phenomena, including field-limited rather than 
space-charge-limited ion emission, a region with zero net-charge density near the 
anode, localized positive net-charge in the middle of the gap, and persistent 
azimuthal asymmetries. Our recent work has emphasized measurements of the 
small electric field component perpendicular to the direction of beam acceleration 
and on measurements of emission from Ba 11 dopants, both with the aim of 
improving understanding of ion beam divergence. 

A new opportunity for atomic physics measurements is provided by the 
relatively long duration (tens of nsec) and large volume (-1000 an3) of the high- 
field region. Previous emission spectroscopy Stark effect investigations2 were 
limited to electric fields below 1 Mv/cm, about an order of magnitude below the 
fields in the PBFA 11 acceleration gap. Higher fields are certainly generated in 
short-pulse laserlo, plasma wakefield acceleration'', and micro-needle 
experiments'2. Also, the effect of high electric fields on hydrogen has been 
investigated13 using the motional Stark effect to reach -3 Mv/cm. However, the 
short duration and/or small volume of the high-field regions has prevented 
acquisition of atomic spectra from these experiments. The conditions in present 
PBFA 11 experiments thus enable studies of the high-field Stark effect that were 
previously impossible. Comparison of independent calculations and results from 
different species supply confidence that theoretical predictions of the Stark pattern 
are accurate to within & 510% at fields up 10 MV/cm. Preliminary results for 
transitions from the tightly-bound Li I 3d level are consistent with predictions of the 
electric field ionization threshold, and provide the first experimental evidence for 
transition probability quenching of these transitions. 

EXPERIMENTALMETHODS 

The experiments described in this paper were erformed using a cylindrically- 
symmetric applied-magnetic-field ion diode'4-'! PBFA 11 supplies a 20 TW, 



-20 nsec, 10 M V  power pulse through conical magnetically-insulated transmission 
lines connected to the top and bottom of the diode. The ion beam is accelerated 
radially inward from the inner surface of a cylindrical anode toward a target placed 
on the axis. An approximately 3 T magnetic field, applied parallel to the anode, 
insulates the anode-cathode (Ax) gap against electron losses. 

The visible spectroscopy diagnostic system17 collects light from approximately- 
cylindrical 2-mm-diameter lines of sight aligned parallel to the anode. Multiple 
lines of sight are used to obtain radial and azimuthal spatial resolution, where the 
radially-resolved measurements provide a profile across the AK gap and the 
azimuthal measurements determine the degree of cylindrical uniformity. One 
configuration determines the global uniformity using lines of sight at opposing 
azimuths of the 15-cm-radius diode, while a second configuration with 2-10 mm 
azimuthal spacing measures the uniformity over a small azimuthal sector. The light 
is transported in fiber optics to remote streaked spectrographs for recording with - 
1 nsec time resolution. A multiplexing technique enables time-resolved spectra 
with - 50 8, range and 1.5 8, resolution to be recorded simultaneously from 8 
different spatial locations on a single spectrograph. Data from 18 locations were 
obtained in each experiment. The relative spacing of the lines of sight is accurate to 
- + 0.2 mm and the absolute accuracy of the line-of-sight bundle relative to the anode 
surface is & 0.5 mm.The timing between spectra is accurate to i-0.4 nsec and the 
timing accuracy relative to the electrically-recorded diode diagnostics is & 2 nsec. 

LI I ATOMIC PHYSICS IN HIGH ELECTRIC FXELDS 

Most measurements to date have relied on Stark-shifted 2s-2p and 2p-3d 
emission from lithium neutral atoms. Lithium atoms are launched into the gap when 
a small fraction of the lithium ions charge exchange in a thin, dense, desorbed 
contaminant layer near the anode. The charge-exchange oriah of the Li neutrals 
impacts the electric field measurements because the Li neutral atoms acquire a high 
velocity transverse to the beam acceleration direction, due to the ion beam source 
divergence. This high transverse velocity results in large Doppler broadening 
(typically 10-15 A) that prevents resolution of the individual Stark/Zeeman line 
components. In addition, measurements on the cathode side of the gap are not 
possible until neutrals arrive there, typically -10-15 nsec into the pulse. 
Nevertheless, the Li I charge-exchange neutral atom emission is convenient, it 
provides good accuracy without disturbing the normal diode operation, and 
measurements with neutral atoms provide brighter visible light emission intensities 
than ion emission measurements. We typically analyze 15-20 lineouts from each 
spectrum, averaging over 4 nsec intervals to improve the signal-to-noise ratio. A 



single Gaussian is fit to each spectral line, with a wavelenuth uncertainty 
determined using the fluctuation levels of the entire spectrum'. The shift is 
measured relative to the zero-field wavelength established using emission recorded 
after the power pulse (when the electric field is zero). The procedure determines the 
Stark shifts with a typical uncertainty f. 0.2 - 0.4 A, compared to -6 A maximum 
shifts for the 2s-2p and 20-200 8, maximum shifts for the 2p-3d Li I transitions. 

The spectral data provides the Stark shift as a function of time and space. The 
interpretation of this data requires calculations of the Stark / Zeeman line emission 
pattern as a function of E and B, for values of E that are higher than any previous 
terrestrial Stark-shift measurement. Inde endent calculations were performed at 
Sandialg and at the Weizmann Institute' in order to improve confidence in the 
results. Both calculations use direct diagonalization of the Hamiltonian without 
invoking a perturbation approach. The Zeeman and Stark effects are treated self- 
consistently and the effects of high-lying levels are included. The Weizmann 
Institute calculations also include level shifts due to interaction with continuum 
states. The calculations agree to -1% with available published that extend 
up to - 0.4 MV/cm. A comparison of the two calculations for the Li I 2s-2p 
transition using B = 6 T and E = 0-11 W / c m  is shown in Figure 1, where the 
centroid of the emission pattern is averaged over all observation directions (in 
actual data analysis we take the directions of the electric and magnetic fields and 
the line of sight into account). Note that the shift is to the blue, so that larger shifts 
correspond to shorter wavelengths. The impact of the magnetic field strength on the 
interpretation of the experiments reported here is negligible because the high 
electric field dominates the centroid shift and the large Doppler broadening 
prevents observation of the individual line components. A shift assuming a 
quadratic dependence on E is also shown in Figure 1. The shift in both calculations 
is approximately quadratic in E for fields up to about 5 W / c m ,  but at higher fields 
the calculated shifts deviate from the quadratic curve. The quadratic curve was used 
in the analysis presented below, since it lies between the two detailed calculations 
and the quadratic approximation is easy to use. At any given shift the fields 
determined from the two calculations agree to better than rt 5% for fields up to 10 
MY/cm. This uncertainty is not included in the error bars presented below. The 
differences between the calculations at fields above 10 W / c m  are currently under 
investigation. 

A streaked spectrum and a characteristic lineout from a PBFA II experiment are 
shown in Figure 2. In this experiment we first observe shifted Li 12s-2p emission 
at -56 nsec, simultaneous with the onset of ion current. The Li I2p-3d emission is 
not observed until -78 nsec and when it first appears it is split into red- and blue- 
shifted components. Interpretation of these data requires an understanding of the 
various population and de-population rates, as well as accurate calculations of the 
Stark/Zeeman patterns. The 3d level is initially populated by the same charge- 



FIGURE 1. Electric field as a function of the Stark / Zeeman emission pattern centroid 
wavelength shift for the Li 12s-2p transition at B = 6 T. The dashed curve is from Stambulchik and 
Maron" and the dot-dash curve is from M~Guire'~. The solid curve represents the quadratic 
relationship. shift (A) - E(Mv/cm)2/lS. illustrating the departure of the shift from the quadratic 
approximation at fields above about 5 Mv/cm. 

exchange events that populate the 2p level, as well as by ion impact excitation from 
the 2p level. The dominant de-excitation mechanisms are expected to be field 
ionization and radiative decay. Prior measurements of the state-selective charse- 
exchange cross section23 indicate significant 3d population should be present early 
in the power pulse. However, the 2p-3d emission is not observed until near the end 
of pulse. This is almost certainly because the 3d electrons rapidly field ionize under 
the 5 - 10 MV/cm field. This is consistent with previous detailed calculations of the 
field ionization rate24 and expectations based on semiclassical approximations. 

As noted above, the 2p-3d is split into red-shifted and blue-shifted components 
when it first appears. The red-shifted component arises from the 3d mL = 2 state and 
the blue-shifted component is a superposition of transitions originating from the 3d 
mL = 0,l states (throughout the text mL refers to the absolute value of the orbital 
angular momentum quantum number). The mL = 2 transition is red-shifted, and is 
less strongly perturbed, because the selection rules prohibit the 3p level from 
perturbing the 3d mL = 2 state.The red-shifted feature appears first. The appearance 
of the blue-shifted feature is delayed because this component has a lower threshold 
for field ionization and it is more strongly shifted once it does appear. The larger 
Stark shift of the mL = 0,l states and the existence of even small electric field 
variations along the line of sight tends to smear the blue-shifted transitions into a 
broad line, making it more Micult  to observe above the continuum. The field 
measured from the red-shifted feature is consistent with the field obtained from the 
2s-2p transition (Figure 3; a more complete analysis including the shift of the mL = 
0,l component and extraction of uncertainties from the data is in progress). While 
this agreement is satisfying, it does not represent a stringent test of the Stark pattern 
calculations because the uncertainty associated with measuring the field from the 



2s-2p transition grows as the field shrinks below about 3 MV/cm. During the time 
of overlap the typical uncertainties for the fields measured from the 2s-2p and 2p- 
3d transitions are & 50% and & 5%, respectively. Note that the uncertainty for field 
measurements with the 2s-2p transition is typically much lower in experiments 
emphasizing the use of this line to measure higher fields (Reference 3). 

The measurement of the 2p-3d emission enables observations of changes in the 
transition probability due to wavefunction mixing by the high electric field. While 
this effect is expected, we are unaware of previous experimental measurements for 
such low-principal-quant-number levels. The spontaneous emission intensity 
per unit volume per steradian emitted in a spectral line is P = q j  A i  hvi, where ni is 
the excited state population density, hvij is the transition energy, and is the 
Einstein coefficient. The spontaneous transition probability &j from excited state i 
to final state j is proportional to the square of the dipole matrix element, 
hj-UlHlj>2, where H is the Hamiltonian. The electric field mixes the 
wavefunctions and depends on the extent of the mixing and, thus, on the field 
strength. Measurements of the line component intensities therefore reflect changes 
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FIGURE 2. Top: Streaked spec- measured 9 mm from the PBFA II anode surface. Bottom: 
Lineout averaging over 4 nsec. centered about t = 102 m. 
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in the transition probability caused by the electric field. Calculations of the change 
in the transition probability performed using the computer code described in 
Reference 20 show that the transition probability for the mL =0,1 component 
decreases by about 30% as the field increases from zero up to 3 MV/cm. The mL = 2 
component changes by only a few percent. The larger change for the mL = 0,l 
component is because these levels mix strongly with the nearby 3p level, while the 
mL= 2 does not. 

Measurements and calculations of the 3d mL= 0,l to 3d mL = 2 intensity ratio 
are shown as a function of the electric field in Figure 4. The data and calculations 
are normalized so that the intensities from the two features are set equal at zero 

FIGURE 3. Electric field measured from the data shown in Fi=m 2. The solid curve is the result 
from Li 12s-2p and the dashed curve is from Li I2p - 3d (mL = 2). 

L 0.61 
c .- 

0.4 

fii 0.2 0 
K 

0.0t . . . .  I . . . .  l . . . . l . . . . l . . . . l . . . . l . i  

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
E (MV/cm) 

FIGURE 4. Intensity ratio of the Li I2p3d components {mL = 0.1) / {mL = 2). normalized to 
zero electric field. The solid line is a calculation based on Reference 20. The plus, asterix. and 
triangle symbols are measurements from three separate PBFA II experiments. The experimental 
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electric field. The electric field displayed in this plot is measured from the Stark 
shift of the mL = 2 (red-shifted) component. The data and calculations agree within 
the & 25% experimental uncertainty for fields up to about 2.5 MV/cm, although the 
theory systematically predicts a larger ratio. At higher fields the experimental ratio 
sharply decreases, unlike the theory predictions. This may be because the mL = 0 
sublevel is affected by field ionization (see below), an effect not included in the 
calculations. Note that in this analysis we assume other mechanisms that could 
affect the line intensity ratio are negligible. Plasma effects on the Einstein 
coefficient such as those discussed in References 25&26 are unimportant because 
the charged particle densities are3 below about 5 x 10 l3 ~ m ' ~ .  Also, the rates for 
collisional transfer of population between the mL = 2 and mL = 0,l  3d levels were 
estimated and are far too low to affect the results. We therefore assumed that the 
ratio of the mL = 0,l to mL = 2 excited state populations was defined by the 
statistical weights and was independent of the field strength. However, the 
population mechanism is uncertain, as we discuss below, and the population rate 
may in fact be sensitive to the field. For example, if the population is produced by 
ion-impact excitation (the most likely explanation at present) the rate depends on 
the dipole matrix element squared. Thus, for times short compared to the radiative 
decay h e ,  the light intensity is expected to decrease quadratically with the dipole 
matrix element squared. This implies that the line intensity ratio should decrease 
more with increasing E than in the calculation shown in Figure 4, possibly 
improving the agreement with the data. The data should be regarded as c o n f i i g  
the expected qualitative trends in the theoretical predictions until a more detailed 
analysis is complete. 

The mL = 2 transition first appears at a field of - 3.7-3.9 MV/cm. This is roughly 
consistent with theoretical predictions that this state field ionizes in less than 
10 nsec at E - 4.6 MV/cm. The mL = 0 and mL = 1 states are expected to field ionize 
at fields of 3.1 and 3.6 MV/cm, respectively, also consistent with the fields at which 
they appear. The transitions probably appear at field values lower than the 
ionization threshold because the field decreases in h e  and some additional time is 
required for the population to build up to an observable value after the field 
ionization stops depleting the level. However, we cannot rule out inaccuracies in the 
theoretical field ionization threshold until the population mechanism is better 
understood. At present, it appears that the earliest 3d emission we observe does not 
arise from charge-exchange neutral atoms created and excited into the 3d level at 
the anode. The velocity of the charge exchange neutrals during the early part of the 
pulse is determined in other experiments using measurements of the time- 
dependent Li I 2s-2p emission intensity on multiple lines of sight at different 
distances away from the anode. This velocity is typically - 50 cm/psec, 
corresponding to a -15-20 nsec time of flight between the anode and the 
spectroscopic line of sight located 9 mm away. This implies that if the origin of the 
Li I2p-3d emission was charge exchange neutrals, they survived the high fields 



existing in the AK gap during the -15-20 nsec prior to the initial observation of the 
2p-3d emission (see Figures 3 & 5). Calculations of the field ionization24 indicate 
that this is unlikely. Excitation from the Li I2p  state by Li ion impact excitation is 
also under investigation (electron &pact excitation is small because of the 
relatively-high electron energies in the diode gap). The elapsed time between the 
field dropping below - 4.7 MV/m (where fast field ionization is expected) and 
reaching the 3.7-3.9 MV/cm field (where the transition is observed) is about 3-5 
nsec. The key question to evaluate for the ion impact excitation hypothesis is 
whether this is long enough to produce sufficient 3d mL=2 population to account 
for the observed intensity, given the measured ion current density and 2p population 
density. A similar analysis can be applied to the 3d mL= 0 , l  states. Resolution of 
these issues may enable testing of theoretical predictions for the field-ionization 
rates. 

APPLICATIONS TO DIODE PLASMA PHYSICS 

A temporal sequence of electric field profiles measured from Stark-shifted Li I 
2s-2p emission in a single PBFA 11 experiment is shown in Figure 5. The AK gap 
in this experiment was 18 mm. The first measurement at 46 nsec corresponds to the 
onset of ion current. The diode physics aspects of these results are described in 
Reference 3. The field measured near the anode surface is 9-10 MVjcm, in contrast 
to the zero field expected for a space-charge-limited plasma ion source. This result 
is consistent with a recent theoretical hypothesis2' that the LiF ion source produces 
Li ions via electron-assisted field desorption. The almost-flat electric field profile 
near the anode at peak ion power (62 nsec) implies that there is a - 2-3 mm thick, 
zero-net-charge region near the anode, in contrast to the positive net charge 
suggested by the simulations described in Reference 7. Note that according to the 
Poisson equation, the net charge density is proportional to the derivative of the 
field; hence, a field profile with zero slope implies zero net charge density. About 
10 mm from the anode the electric field profile reverses its slope from negative to 
positive, implying a region with localized positive net charge in the middle of the 
gap. We emphasize, however, that these results are obtained by assuming uniform 
conditions along the line of sight. The effect of possible non-uniformities on the 
conclusions is under investigation. Azimuthal asymmetries between the 
measurements performed on opposite sides of the diode persist over much of the 
pulse, indicating that E x B drifting electrons are unable to cancel the asymmetries. 
These results suggest that improvements are required in both experiments and 
simulations in order to understand the power-coupling efficiency and divergence. 



In the cylindrical banel-diode geometry the electric field that accelerates the 
ions toward the target is primarily radial. However, non-radial field components 
can arise from electromagnetic instabilities and/or non-uniformities in the ion 
emission, cathode plasma, or virtual cathode electron cloud. These non-radial 
components deflect the ion beam and add to its divergence as it crosses the AK gap, 
effectively decreasing the beam power density irradiating the target. A method for 
measurins the field component in the azimuthal direction, E+ (r,$,t), is illustrated in 
Figure 6. We measure the magnitude of the electric field vector 
IEl=[&2+Et+E:]1n as a function of time on a rectangular array of 
spectroscopic lines of sight. Each line of sight is represented by a solid circle in 
Figure 6. The potential at each azimuth VA or VB as a function of radius is obtained 
by integration of the field, using the approximation that E - %. With this method 
we obtain the potential for adjacent azimuths as a function of radius and time. The 
azimuthal component of the electric field E+ is then approximately the potential 
difference between two azimuths Vm, divided by the azimuthal distance between 
them 6, using the fact that the line integral of E around the dotted path is zero 
(estimates for the dB/dt term in this equation indicate that this term is negligible). 
The challenge in applying this method is that the differences in IEl are of order lo%, 
requiring that the uncertainty in IEl be less than about 5% in order to arrive at 
statistically significant values for E+. The typical uncertainty in our present 
experiments ranges over & 2-6% (at lo). This is adequate, but the accuracy of E+ 
would clearly benefit from reduced uncertainties. Preliminary results for E+(r,t) are 
shown in Fi,oure 7. The azimuthal field component grows with distance from the 
anode and it fluctuates on a 2-8 nsec time scale. If confirmed, the measured E+ 
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FIGURE 5. Electric field evolution as a function of x. the radial distance away from the anode. 
The squares and hiangles are measurements from a PBFA II experiment at the 180" and 0" azimuths. 
respectively. The dashed m e  is a QTJICKSILVER simulation result (Reference 7). 
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within 5.5 mm of the anode is sufficient to cause -25 mrad of beam deflection 
(averaged over the frrst 1/2-2/3 of the power pulse), comparable to the 25-35 mrad 
measured at the target on axis. Work is in progress to measure the radial and 
azimuthal extent of E+ over larger radial and azimuthal distances in order to help 
identify its origin. 

Additional aspects of both atomic physics and diode physics can be explored by 
adding impurity dopants to the anode. In one such experiment, BaF2 and LiF were 
co-evaporated onto the anode in an approximately 1: 1 molecular ratio. The primary 
motivations for adding BaF5 to the anode were to provide a direct measurement of 
ion divergence and to enable Zeeman measurements of the magnetic field. Note that 
the lithium ion beam divergence is very difficult to measure directly because the 

FIGURE 6.  Top view of the diode AK gap illustrating the method used to determine the non- 
radial electric fields from the Stark shift measurements. The circles represent individual 
spectroscopic lines of sight that are approximately 2 mrn in diameter. The dashed curve illustrates 
the path for the line integral. In actual experiments a larger array of points (up to eighteen total) is 
used to obtain more complete measurements of the radial and azimuthal dependence. 

time (ns) 

FIGURE 7. Preliminary measurements of the azimuthal component uf the electric field obtained 
using a line of sight arrangement similar to that shown in Fi,oure 6. but with an additional row of 
lines of sight at a third azimuth. The curves labeled AB refer to one pair of azimuths and the curves 
labeled B/C refer to the other pair. Ion current onset in this experiment was at 41 nsec. The time 
history on the left corresponds to 5.5 mm from the anode surface and the spatial plot on the right 
corresponds to t = 71 nsec. 



lithium ion excited states are not sisnificantly populated. Measurements of Ba ZI 
Doppler broadening are straightfoward in comparison to Li II measurements, since 
the high Ba ion mass makes the Ba ion density relatively high and the easily-excited 
resonance transition lies in the visible regime. In addition, the Ba 11 Doppler 
broadening is expected to be smaller than for the Li I charge-exchange neutrals. 
This may enable measurements of the magnetic field profile from the Stark / 
Zeeman pattern. 

These diode physics results will be discussed elsewhere. Here, we only point out 
that simultaneous measurements of the electric field from Ba 11 and Li I emission 
provide a useful cross-check of the Stark pattern calculations. A temporal sequence 
of lineouts measuring the Ba II 6s 2S1/2-6p 2Pln transition are shown in Figure 8. 
This transition is split into two components, one appearing at the zero-field 
wavelength and one that is Stark-shifted. The intensity of the unshifted component 
relative to the shifted feature grows in time. The appearance of a Stark-shifted 
component verifies that it is indeed possible to observe Ba II emission as the ions 
are accelerated across the gap. Interpretation of the fact that both shifted and 
unshifted light are observed simultaneously is in progress, but it appears to be 
consistent with acceleration of barium ions from both field-threshold-emission 
regions (as for LiF) and from plasmas. The time-dependent electric field measured 
from the Li I emission compared to the field determined using the shifted portion 
of the Ba II emission is shown in Figure 9. The fields agree to within & lo%, 
although there is a systematic difference in the field determined form the Ba II 6s 
2S1n-6p 2Pln and 6s 2S1n-6p 2P3n lines. This is probably due to inaccuracies in the 
oscillator strengths used in the Stark pattern calculations of Reference 20. Note that 
better agreement between the Li I and Ba II data cannot be expected, since in the 
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FIGURE S. A temporal sequence of lineouts for the BaII 6s 'Sin - 6p 'PIE transition. measured 

adjacent to the PBFA II anode. Each successive time step is displaced by 100 intensity units to 
facilitate viewing. Gaussian fits to the peaks (solid curves) obtained with the ROBFTT code are 
superimposed on the data (plus signs). The unshifted (zero field) wavelength is 4934.1 A. 



42 44 46 48 50 52 54 

FIGURE 9. Electric field measured from Li 12s-2p (triangle). Ba II 6s 'Sin-6p 'Pln.(squares), 
time (nsec) 

and 6s 'S,~-6p 'P3C (plus sign) hes. The average deviation is less than 8%. 

present experiment the Ba 11 and Li I emission were collected with lines of sight 
located at the same radial distance from the anode, but at adjacent azimuths 
separated by 2 mm. Data described above shows that differences of about 10% in 
IEl can exist over this azimuthal separation. We plan to perform a more stringent test 
of these Stark pattern calculations by collecting light in a single line of sight and 
splitting it into two streaked spectrogfaphs. This should enable a cross-comparison 
of the Li I and Ba 11 results to within approximately & 5%. 

CONCLUSIONS 

Measurements of Stark-shifted emission clearly provide new insight into the 
complex plasma physics in ion diode acceleration gaps. In particular, these 
measurements enable comparisons of the 3-D electromagnetic simulations that are 
used to predict diode operation with detailed measurements for the frrst time. 
Interpretation of the measurements requires accurate calculations of the line 
emission patterns under - 10 MV/cm electric fields and 3 - 6 T magnetic fields. In 
addition, the high field routinely produced on PBFA II invites basic atomic physics 
measurements for low-lying levels that were previously impossible. Measurements 
of the Li I 2p-3d transitions are consistent with calculations of field ionization 
thresholds, although stringent tests of the calculations require progress in 
understanding level population mechanisms. Preliminary measurements of the 
dependence of the line component intensities on the electric field are also consistent 
with predictions. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied. or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac: 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United Stares Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
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