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Photoelectric spectra of the regions corresponding to resonance line emission of He-like ions of titanium, iron,

and copper from a low-inductance vacuum spark were obtained, as were spectra of the regions corresponding

to Ea and KP emission from the same elements and to XP emission of molybdenum. Electron temperatures

are estimated from continuous x-ray emission spectra to v T, 5 15 keV; ion temperatures from x-ray line

widths to v T,- 10 keV. A broad peak superimposed on the visible continuum is interpreted as anomalous

bremsstrahlung at twice the electron plasma frequency. The resultant electron density is N, = 5 X 10' cm ',
consistent with the absence of forbidden He-like ion lines. Experimental observations support the suggestion

that the x-ray-producing dense plasmas are due to interactions between pulsed electron beams and low-

temperature anode vapors or plasmas.

I. INTRODUCTION

The x-ray spectra of highly stripped ions are
receiving considerable attention in a number of
laboratories. The main interest in these spectra
arises from (1) the desire to identify spectral lines
in solar spectra, and (2) the demand for reliable
diagnostic techniques in controlled thermonuclear
fusion experiments where radiation from high- Z

impurities may be important as an energy-loss
process. The work presented in this paper deals
with spectra from the elements Ti, Fe, Cu, and
Mo, generated in a low-inductance vacuum spark
described in Sec. II. The electron temperature
and density in this device are also important,
mainly for interpretation of the results and their
application to other plasmas, and two subsections
(III C and III D) deal with this. Finally, Sec. IV
contains a discussion of a mechanism by which
x-ray-producing plasmas may be generated in the
vacuum spark, while Sec. V summarizes our
conclusions for the dominant operating mode of
our apparatus.

II. APPARATUS

Vacuum sparks have been used in one form or
another by a number of workers' ' for generating
x-ray spectra. In spite of various attempts" at
explaining the detailed mechanism responsible
for x-ray production in the vacuum spark, some
of its characteristics are not fully understood,
and improvement in its operation has come about
largely through trial and error. Moreover, even
a given apparatus ma, y well exhibit more than one
operating mode.

Our apparatus originally had a flat cathode and
below it a pointed anode separated by about 8 mm
and mounted in a vacuum on top of a 30-p.F capac-
itor. ' (The cathode was later altered as explained

below. ) Breakdown of the gap was effected by a
high-voltage pulse applied to a trigger pin in the
cathode. Two Bragg monochromators with flat
LiF crystals having a lattice (2d) spacing of 2.846
A were set up 3.80' to each other. Photomultiplier
tubes (1P28) and scintillators (Pilot B) mounted on

arms driven at twice the crystal angle by means
of goniometers, observed the x rays diffracted by
the crystals. Aluminum foil windows protected
the crystals from metal vapor emitted from the
spark. The base pressure achieved in the common
vacuum system used for the spark and mono-
chromators was -5&10 ' Torr. Higher base pres-
sures led to reduced x-ray production.

In order to calibrate the monochromators, the
following procedure was followed. A mirror (in
the exact position of the crystal) was rotated until
a laser beam going just above the tip of the anode
was reflected into a single 0.5-mm slit in front
of the photomultiplier. A Soller slit (0.075'),
placed between the anode and mirror and aligned
to let the laser beam through, was then "illum-
inated" with a Cu-targeted x-ray tube, and the
Ku and XP lines were scanned after the crystal
was put in place of the mirror. The X-vs-0 cal-
ibration of both monochromators and the 2d
spacing of the crystals could thus be obtained.
Comparison with the manufacturer's values gave
a measure of the quality of the calibration. Since
the x-ray-producing region in the vacuum spark
is very small and serves as a point source, the
Sailer slit was used only for the calibration. (The
theoretical resolution, -0.8 mh with the single
slit, was almost four times better than that ob-
tainable with the narrowest Soller slit available,
-0.075'. ) With this arrangement, it becomes very
important for the x-ray source not to change
position in a direction perpendicular to the line
connecting the two monochromators. In order to
restrict lateral motion of the current path as much
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as possible, a copper "collar" surrounding the
anode and forming part of the cathode was intro-
duced as indicated in Fig. 1. The idea was that
image currents in the collar would tend to center
the discharge current. With a flat cathode, a
crater appears in the anode after some 50 shots.
With the collar, a very small but deep hole ap-
proximately 1 mm in diameter appears, showing
that some stabilization did occur. Further con-
fidence in the wavelength calibration is provided
by observing K lines from the anode (see Sec.
III B).

The 1P28 photomultiplier tubes had a transit
time quoted by the manufacturer as 18 nsec (de-
pending on the voltage), while the spread in transit',
time was about 2 nsec. The Pilot B scintillators
used in front of the photomultipliers had a time
resolution also close to 2 nsec.

The discharge circuit had the following param-
eters: capacitance, 30 p. F; total inductance,
23.6 nH; quarter period, 1.3 p, sec. The charging
voltage was usually 10 kV, and the stored energy
was thus 1.5 kJ.

III. MEASUREMENTS AND ANALYSIS

The x-ray flux produced by the vacuum spark as
seen by the Bragg monochromators is not repro-
ducible from one shot to the next. In order to
overcome this difficulty, the second monochro-
mator was placed on the spectral line to be
scanned, and the signal used to normalize that
from the scanning monochromator. This pro-
cedure was followed on all the scans.

Preliminary scans using copper electrodes
showed that both the line x-ray signals and the
wavelength resolution of the monochromators were
improved by the cathode collar and the single-
(rather than Soller-) slit arrangement. The x
rays seemed to be characteristic of the anode
material rather than the cathode material, and
in order to improve the lifetime of the cathode,
an insert of Elkonite 3W3 (a copper-tungsten
alloy), as shown in Fig. 1, was used.

A. Statistics

When a line was scanned, up to ten shots were
taken at each wavelength position. For every
shot, a ratio of the peak amplitudes of the two
monochromator signals was obtained. Ideally,
the ratios should be the same for all shots at a
given wavelength position, and if this is approx-
imately true, the same final result will be ob-
tained if one takes the average of the individual
ratios or the ratio of the sum of the signals from
the monitor and scanning monochromators. Ac-
tually, the amplitudes of the signals could vary
over an order of magnitude from one shot to the
next, and it was found that ratios for the small-
amplitude shots tended to increase the standard
deviation of the ratios. However, if the correla-
tion between the monitor and scanner signals is
good, one is justified in taking the ratio of the
average signals instead of the average of the in-
dividual ratios. Such a procedure simply means
that one integrates the intensities of the two re-
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spective signals over a number of shots, thus
reducing statistical errors.

For a monitor to be meaningful in the first
place, there must exist good correlation between
the monitor and scanner signals. To determine
this correlation quantitatively, the correlation
coefficient for these two signals was calculated
for each (scanner) wavelength position for all
the spectral scans. The correlation coefficient
between two signals x and y is defined by

p„,= x, y, -Ãxy N- 1 0„0,,
f= I.

TABI & I. Correl. ation coefficients for spectral scans
with monitor positions (in A) as indicated in brackets.

He- and I i-like ~[1.4770]
Fe [ 1.8510]
Ti [ 2.6100]

Mo[ 0.6327]
Cu [ 1.3890]
Fe [1.7566]
Ti[ 2.5125]

Cu [1.5407]
re[1.9361]
Ti [2.7486]

0.87+ 0.10
0.90 + 0.11
0.90 + 0.10

0.73 + 0.09
0.84 + 0.12
0.92+ 0.12
0.83 + 0.13

0.91+ 0.11
0.97+ 0.02
0.91+0.08

where N is the number of points and 0„,0, are
the standard deviations. A value of

~ p~ =1 in-
dicates perfect correlation (or anticorrelation},
while jp~=0.5 indicates that, although there may
not be perfect point-by-point correlation, there
are still rather similar trends between the two
curves x=x(i), y = y(i). A nearly vanishing value
of

~ p( obviously means that the two curves are
completely unrelated.

In Table I we give the average correlation coef-
ficient and its standard deviation for each scan.
(Each of the values in the table is the average of
between 20 and 30 individual values. ) With such
high correlation coefficients, one is fully justified
in taking the ratio of the average scanner and
monitor signals for normalization purposes. Also,
instead of putting error limits on each of the
individual points in the scans, we note the follow-
ing: repeating the scans showed that the features
that we refer to as the He-like resonance lines
have uncertainties of a 10% in both amplitude and

width, while the Li-like features were found to
be less reproducible from one scan to the next,
probably because there are many narrow closely
spaced lines. Certain features in this region,
like the one near the predicted intercombination
(2'&,-1 'S,) line, appeared on the scans for all
three elements, Cu, Fe, and Ti, The correlation
coefficients for this part of the spectrum are

still high (=0.85), indicating that the lines ob-
served on a particular scan are statistically sig-
nificant. However, because of uncertainty in
wavelength reproducibility (+ 0.2 mA) and possible
slight changes in conditions after electrodes have
been changed between scans, these features ap-
pear somewhat different from one scan to the
next. We have accordingly not attempted to
identify any of the Li-like satellite lines. An un-
certainty of -20% has to be put on the relative
intensities in this region of the spectra.

To further help the reader in deciding on the
reliability of a particular part of a spectrum,
we have indicated by ~ all the points on the scans
for which the correlation coefficient was less
than 0.6. (This is an arbitrarily chosen value
which is still regarded as indicating quite good
correlation. ) These points were not included in
calculating the average values of p in Table I.

B. Spectral scans

The following lines were scanned: Ku, KP, Li-
like satellites, and He-like resonance lines of
the elements Ti, Fe, and Cu (Z =21, 26, and 29).
The wavelength regions near the hydrogenlike
resonance lines for Ti and Fe were also carefully
scanned. In addition to the above elements, we
scanned the KP and hydrogenlike lines of Mo
(Z =42). In none of these elements could we find
any statistically significant hydrogenlike line
radiation above the background (-5% of the He-
like resonance line). The possibility of at least
some of the discharges giving rise to hydrogen-
like lines cannot, however, be ruled out. (Den-
sity, temperature, and apparent plasma lifetime
would all seem sufficient for hydrogenlike lines,
at least up to Z =29, to appear. See Sec. IV.}

The charging voltage (10 kV) on the bank was
sufficiently high to generate characteristic E
radiation from the anode material (except Mo) at
the beginning of the discharge. This radiation
was found useful to obtain an accurate wavelength

0
calibration of the monochromators (-+ 0.2 mA).

a. Kn sPectxa. Apart from the normal K radi-
ation of the various (once-ionized) elements, the
corresponding radiations from multiply ionized
atoms were also observed. In the case of Kn,
House has calculated the expected wavelengths.
According to his calculations, the radiation, e.g.,
from FeX is expected to be at a longer wavelength
than that of the normal Ea., while lines from
more highly stripped ions are predicted at shorter
wavelengths. Our scans for Kn of Cu and Ti are
given in Figs. 2(a) and 2(b), respectively. (The
Fe spectrum is similar to those presented. ) The
main characteristic of the observed spectra is
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FIG. 2. Eo. radiation [monitor position in brackets]:
(a) Cu [1.5407 A], (b) Ti [2.7486 A]. All intensities are
estimated to have +10% accuracy, except for the points
marked x (see text). Wavelength errors are &0.2 mA.

that they are extended towards the short-wave-
length side. As a result of this, the K~, and Ka,
lines are no longer clearly separated. The in-
dividual lines from different ions are not resolved.
No shift towards longer wavelength' could be
established within the accuracy of our measure-
ments, although this conclusion is preliminary,
pending an interpretation of the profile structures.

b. Kp spectra. In Figs. 3(a) and 3(b) the Kp
spectra of Fe and Ti are given and also the normal ~

KP spectra from the anode material. These occur
at an earlier time than the main (plasma) spectra,
as mentioned above. In the case of Mo (not pre-
sented), the intensity peak of the plasma KP blend
occurs near the expected position of the normal
(Moll) Kp line. (The 10-kV charging voltage was
not high enough to generate this line from the
anode material, which requires -20 keV. ) For
the other elements (including Cu), the plasma
radiation at the normal line position was relative-

FIG. 3. KP radiation [monitor position in brackets]:
(a) Fe [1.7566 A], (b) Ti [2.5125 A]. Intensity and wave-
length errors as in Fig. 2. The horizontal arrows indi-
cate the separation of the observed intensity maximum
from the normal KP line.

ly weak, such that the peak intensity occurs at a
wavelength about 6 mA below the normal position
for Cu and Fe. In these two cases the intensity
drops rather sharply towards lower wavelengths
beyond the peak, and the shapes of the spectra
are practically the same. Estimates using Har-
tree-Fock energy tables' suggest that the intensity
peaks correspond to K- or Ar-like ions, FeVIII-
IX, CuXI-XII, Ti IV-V. Much more accurate cal-
culations by Fraenkel, Klappish, and Schwob' for
Fe confirm this assignment. In the case of Ti,
the hydrogenlike resonance lines lie on the short-
wavelength side of KP and close to it. If any H-
like radiation for this element was present, it
would be blended with the shifted plasma KP ra-
diation. In Fig. 3(b) the expected positions of
In, and I-n, are given. It is obvious that no firm
conclusion about the absence or presence of these
lines can be drawn, except to say that they would
have to be rather weak. (In Ref. 2, intensities at
these positions were sufficiently strong for pos-
itive identification. )

c. He-like resonance and intexcombination /ines.
In the cases of Cu, Fe, and Ti, relatively strong
lines were detected at or close to predicted posi-
tions of these lines. (In particular, for Fe and
Cu we detected intensity maxima within + 0.4 m&
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from predicted positions' "of the 'P, -'So transi-
tions. ) On the long-wavelength side of the He-like
resonance line are Li-like satellite lines. " Scans
covering all these lines are given in Figs. 4(a)
and 4(b) for the elements Cu and Fe, respectively.
The striking feature of the He-like resonance
line is its large half-width of about 5 mA (also in
the case of Ti). The intercombination ('P, -'S,)
line, on the other hand, has an apparent half-width
of only about 1.7 mh. This precludes Doppler
broadening as a major cause for the width of the
resonance line. A more plausible explanation is
that the resonance line is blended with Li-like
satellite lines"'" originating from ions with the
third electron in n~ 3 levels, although the rela-
tive strength of Li- and He-like features varies
from element to element. (Perhaps Be-like satel-
lites ought to be considered as well. ) Summers"
and Gabriel' have done some calculations showing
that such satellites could fall on either side and
close to the resonance line. At least part of the
lines identified as He-like resonance lines may
therefore arise from lower ionization stages, and
the true total intensities of the He-like resonance
lines are most likely much smaller than indicated
by our scans. This interpretation is consistent
with the rather weak and narrow intercombination
line. The forbidden ('P, -'S,) line is absent in all
three cases.

d. Li-like satellite lines. Gabriel" has done
calculations of both the wavelengths and intensities
relative to the He-like resonance line for the n
= 2 Li-like satellite lines. The two processes for
generation of these lines considered by him are
inner-shell excitation and dielectronic recombin-
ation. Of these two, inner-shell excitation is
probably the dominant process in high-density,
transient (rapidly ionizing) laboratory plasmas.
Since the satellite lines are not resolved in our
case, and since the contribution of n & 3 satellite
lines is not known, we have made no attempt to
identify any of the satellite lines.

e. Iteiative intensities of He-like resonance
lines from various elements. The strength of the
He-like resonance line increases rapidly with de-
creasing Z for the plasmas produced in the vac-
uum spark. For Ti its peak approaches that of
Eu, while for Mo it was not observable. It was
not practical to compare the He-like resonance
lines from the different elements directly. In-
stead the peak intensity of the resonance line for
a given element was compared with the peak in-
tensity of the plasma KP radiation from the same
element, and the ratios were plotted vs Z on a
semilog scale. If the resulting straight-line re-
lationship continues for higher Z, the He-like
resonance line for Mo would be more than 100
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times weaker than the KP line of the same ele-
ment. Since also the K(3 line intensities them-
selves decrease, although only slowly with in-
creasing Z, the corresponding factor for the ab-
solute He-like line intensity is even larger. (Re-
member that the term "He-like resonance line"
used here may actually refer to a blend of lines
as discussed in paragraph c.)

C. Electron and ion temperatures

The electron energies found in the vacuum spark
bear no direct relationship to the charging voltage,
and could in fact be more than ten times the cor-
responding voltage drop. In any case, the voltage
across the gap drops to almost zero as soon as
the current is established. The (partial) inter-
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FIG. 4. He-like resonance and Li-like satellite lines
[monitor position in brackets1: (a) Cu [1.4770 A], (b)
Fe 1,1.8510 A]. Intensity and wavelength errors for the
He-like features are as in Fig. 2. Estimated intensity
errors for the Li-like features are 20/g. The vertical
arrows indicate the predicted positions of resonance lines
(upper level 2 P&) and intercombination lines (upper
levels 2 P&) according to Ermolaev (Ref. 11). The for-
bidden lines (upper levels 2 P2, not indicated) would be
expected (Ref. 11) between resonance and intercombina-
tion lines.
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ruption of the current could, however, give rise
to extremely high transient voltages across the
gap. This is discussed in more detail in Sec. IV,
where it is argued that the x rays are produced
when a high-energy electron beam impinges on a
cold plasma or metal vapor. Consequently a high-
energy nonthermal component is found in the x-
ray continuum radiation from the plasma.

%'e have used the two-foil absorption method
with Elton's tables" to estimate the electron tem-
perature, assuming a single Maxwell distribution.
The following absorber combinations were used:
(i) Au: 0.015 and 0.025 in. ; (ii) Al: 1 and 3 in. ;
(iii) Ni: 0.1 and 0.25 in. When the gold absorbers
were used with Mo, Cu, and Fe electrodes, no
significant difference between these elements in
the apparent temperature distributions from shot
to shot was found. The median apparent electron
temperature was about 40 keV. A two-mode na-
ture of the vacuum spark mechanism is suggested
by the distribution of the number of shots within
a certain amplitude interval as function of this
amplitude, e.g., for the 0.015-in. gold absorber,
and perhaps also by the temperature distributions
obtained. Using the nickel absorbers, the median
temperature is about 15 keV. Aluminum absorbers
give a median temperature of about 25 keV. The
temperature characteristic of the bulk of the elec-
trons in the x-ray-producing plasma is therefore
probably less than 15 keV. Although one cannot
rule out the possibility of these various temper-
atures to be characteristic of different spatial
and time domains, these results are also sug-
gestive of two- or multi-component electron vel-
ocity distributions.

As indicated in Sec, III B c the narrowest lines
measured had true half-widths of about 1.4 mA or
less. If this is taken to be due to Doppler broaden-
ing, one gets an ion temperature of almost 10
keV. [4X/A, =7.7&&10 '(T jp, )' ' with p, = 60 and T
in eV]. This is probably an upper limit for the
ion temperature in view of the possibilities of
blends and other line-broadening mechanisms.
Note that some apparent broadening could also
be caused by lateral motion of the plasma (see
Sec. D). Self-absorption, on the other hand,
seems unlikely even for the strongest lines.

D. Electron density measurement

Owing to the small size, short 1eetlme, and
high density of the hot plasma region in the vacu-
um spark, the usual ways of measuring the elec-
txon density are not applicable. Various workers' '
have estimated the density somewhere between
10"cm ' and a few times 10" cm '. In Sec. IV
it will be argued that the high-density plasma re-

gion is most likely heated by an intense electron
beam. Under such conditions, longitudinal waves
with frequencies somewhat larger than the Lang-
muir plasma frequency co~ will be generated in
the plasma. It is well known"'" that in a plasma
with strong longitudinal waves present, these
waves can be coupled to transverse waves near
2e~. The enhancement of the normal bremsstrah-
lung near this frequency can be considerable. By
scanning the radiation from the plasma over the
appropriate wavelength region, one can determine
the electron plasma frequency and hence the elec-
tron density.

The feature that one should then look for is a
sharp increase in radiation at a certain wavelength
and coincident in time with the x-ray burst. The
wavelength region from 5000 to 9000 &, which
covers either co~ or 2~~ corresponding to den-
sities from 4 x10 ' cm ' down to about 2 x 10' cm ',
was first scanned.

For this purpose, a &-m monochromator in
conjunction with a photomultiplier with S-1 re-
sponse was used. A preliminary scan, with the
monochromator aimed at right angles to the dis-
charge axis& showed that in the wavelength region
7000-8000 A, many discharges showed features
that could be interpreted as enhancement cor-
related with x-ray-producing pinches.

By means of a beam splitter and a second mono-
chromator, the light output near 5500 A was ob-
served as a monitor. (The radiation between
3500 and 6000 A did not show any signs of enhance-
ment. ) In Fig. 5 the bottom trace shows a typical
scanner signal at 7600 A, while the top trace
shows the monitor signal. The sudden onset of
the signals at about 500 nsec from the beginning
of the sweep is coincident with the x-ray burst
from the discharge. Scanner signals of the type
shown in Fig. 5 were most often observed in the
wavelength range 7200-8000 A. The data were
analyzed in the following way. The monitor signal
was multiplied by the appropriate factor in order
to match it to the scanner signal at about 2 p, sec
after the sudden onset of the radiation, by which
time the scanner signal could be assumed to be
free from any enhancement. (The enhancements
last typically -200 nsec suggesting that electron
density and turbulence decay more slowly than the
electron temperature. ) This normalized monitor
signal was then subtracted from the scanner sig-
nal at the peak. The spectrum was scanned in
steps of the slit width (250-$), and six shots were
taken at each wavelength position. The difference
between the scanner and (normalized) monitor
signals was measured (at scanner signal peak)
for each shot and the average taken. These values
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were multiplied by the filter-photomultiplier-
monochromator calibration factor (which happened
to be nearly constant over the wavelength region
concerned). The average enhancement over the
background radiation was thus obtained, and the
results are plotted in Fig. 6. The peak enhance-
ment over the background was about 80% of the
background signal. The half-width of the "line"
in Fig. 6 is about 1000 A. On the wings of the
plasma "line" only a small fraction of the dis-
charges gave rise to enhancement (a large differ-
ence between the two signals). Consequently, the
percentage standard deviation on the values given
in Fig. 6 is much larger on the wings (e.g. , about
80% at 7200 A) than near the peak of the line
(about 30% at 7600 A). These standard deviations
do not reflect measurement errors but rather real
individual characteristics of the various dis-
charges.

Since the results described above supply evi-
dence for actual enhancements of the continuum
radiation near 7690 A, and since we have estab-
lished that there was no enhancement near or be-
low 4000 A, we investigated the region 1-1.5 p. m

to look for enhancement at wavelengths corre-
sponding to m~. (This could be caused by scatter-
ing of Langmuir waves on lower-frequency waves
or disturbances. ) Although an increase in the
continuum beyond -1 p, m had been seen earlier, '
no clear evidence for such enhancement could be
found, perhaps because ion plasma waves, etc. ,
are relatively weak. There is also a possibility
that radiation near the plasma frequency is strong-
ly absorbed under conditions prevailing in the
vacuum spark. While classical inverse brems-
strahtung would suggest only -10% absorption
somewhat (-10%) above e~, strong Langmuir
turbulence may well increase this value by a sub-
stantial factor.

FIG. 5. Enhanced bremsstrahlung from the vacuum
spark. Top trace: monitor signal at 5500 A. Bottom
trace: radiation at 7600 A. Total sweep length; 4.5
psec.
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In the light of the above, we interpret the inten-
sity increases at 7000-8000 A as corresponding to
collective bremsstrahlung at 2~~. If the wave-
length of 7600 A is taken as representative, the
corresponding electron density is calculated as
-5x10" cm '. (Note also that the observed rela-
tive band width of -15% may correspond to having
strong Langmuir wave excitation between &~ and

1.34&p. )
It might perhaps be questioned whether the radia-

tion observed is not due to harmonics in the cy-
clotron radiation, whose fundamental would cor-
respond to A. = 10 p, m at, e.g., 10 MG. Magnetic
fields of this order would be consistent with a
magnetohydrodynamic Z-pinch model (see Sec.
IV), but then the observed radiation would corre-
spond to such a high harmonic that the absence
of neighboring harmonics would be inexplicable.
Independent evidence for our interpretation and
the resulting estimate of the electron density are
discussed next.

In Figs. 4(a) and (b), it can be seen that the He-
like intercombination line (2'P, -l 'S,) is present
while, in contrast to coronal spectra, the forbid-
den line (2'P, -l 'S, ) is weak or absent. The 2'P,
level is depopulated radiatively to 1'S„orcol-
lisionally (mainly) to 2'S, . After further collision-
al excitation-energy transfer from 2'S to 2'P1
there follows the rapid radiative decay to 1'S,. If
there are enough collisions, the population of
2'P, will leak away to 1'S, via 2'S, and the inter-
combination line, rather than via the forbidden
line. A criterion mainly in terms of N„making
these two decay paths equally likely, leads to a
minimum value of N, . Taking T as 10 keV, this
gives a minimum value for N, of -3&&10"cm '..
(For Fe, rather than Cu, the critical density is'4
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slightly below 10"cm '.) The value of N, = 5
x10" cm ' obtained from the enhanced brems-
strahlung method satisfies this condition. (The
actual condition is ', ((r—v)N, =A. , where o is the in-
elastic 2P 2S cross section, "v the electron
velocity, and A the radiative decay rate of 2'P„- 1.5x 10"sec ' for Z = 29. The —', factor repre-
sents the branching ratio for the 2'$, -2'P, col-
lisional transition as a fraction of all 2 S] 2 P J'

transitions. Note also that under "low" density
conditions the forbidden line is stronger than the
intercombination line. )

E. "Fast time —resolved" measurements of the x —ray emission
from the vacuum spark

Measurements by other workers" indicate that
the x rays are not emitted in one pulse, but rather
in short bursts lasting only a few nanoseconds.
We were interested in finding out the relative
times of appearance and lifetimes of the various
x-ray emissions. The 1P28 photomultiplier tubes
in each of the two monochromators had rise times
of 2 nsec.

Two fast oscilloscopes with plug-ins giving a
rise time of 0.8 nsec allowed us to observe rise
times as short as 3nsec. The two scopes were
triggered by a common source (hard x rays from
the vacuum spark), and the relative lengths of the
cables from the two monochromators were ad-
justed to give signals that started within a given
small interval of each other on the two scopes
when both monochromators were on the Kn line.
The magnitude of this interval was determined by
taking about 20 shots with the monochromators
both on Kn. One monochromator was then kept
on Kn, and the other one put on the line of inter-
est. In this way the relative starting times of the
He-like resonance line and Li-like satellites rela-
tive to that of Kn radiation from the plasma were
studied. It was also of interest to find the relative
time of onset of the hard x rays.

An external (to the vacuum) photomultiplier-
scintillator with only a thin (5-mil Al) window

was used to monitor the x rays from the spark.
Under these conditions, the most important con-
tribution (and also the earliest in time) was the
KcI radiation. (This was confirmed by comparing
the time history of this signal with that of the Kn
radiation from the monochromator. ) The external
photomultiplier signal was synchronized with the

Kn monitor as before. Gold foils, adding one at
a time, were placed in front of the external photo-
multiplier, and about five shots were taken for
each thickness.

The main points of interest about the results of
these measurements were the following. The He-
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FIG. 7. Fast oscilloscope traces. (a) simultaneous
Cu He-like resonance line and Cu Xe; {b) simultaneous
hard x rays (through 0.020-in Au) and Cu Ko.'.

like resonance line started about 3 nsec later than
Kn, reached a peak at about the same time as Kn,
but decayed more rapidly than Kn, as shown in
Fig. 7(a). No significant difference between the
He-like resonance line and Li-like satellite lines
could be detected. The hard x rays behaved differ-
ently from the He-like resonance line in that the
pulse became narrower with increasing number of
absorber foils, but the starting time relative to
Ku remained the same. In Fig. 7(b), superim-
posed traces of Kn and hard x rays are given.
[The traces in Figs. 7(a) and (b) were obtained
from single shots. ]

The smallest half-width observed for the hard
x rays was about 3 nsec, which was near the limit
of time resolution for the apparatus. The hard
x rays could therefore have lasted less than, say,
1 nsec. The above experimental facts may be in-
terpreted as follows. The heating of the plasma
(presumably shown by the hard x rays) lasts for
3 nsec or less. The Kn radiation starts simul-
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taneously with the hard x rays but has a half-width
of about 20 nsec. The He-like resonance line does
not start until about 3 nsec after the heating pulse.
If the electron temperature is assumed to rise in-
stantaneously to about 10 keV, one can estimate
how long it should take for the He-like ions to ap-
pear. This ionization "delay" time turns out to be
only -0.2 nsec, assuming ionization rate coeffi-
cients of Lotz" for M- and I -shell electrons, and
an initial singly ionized Cu plasma with N, =N& -—2
x10" cm '. (All "new" electrons are contributing
to the ionization at the same temperature in this
model. ) More likely than not, the -3-nsec delay
of He-like emission is therefore associated with
the macroscopic evolution or spatial structure of
the plasma.

FIG. 8. Oscilloscope traces of Cu En radiation (top
trace) and dI/dt signal from Hogowski loop (bottom
trace). Total sweep length is 2 @sec.

IV. MECHANISMS FOR X-RAY PRODUCTION IN THE
VACUUM SPARK

The measurement of either the current or its
rate of change shows that the x-ray production is
always accompanied by a very sudden decrease in
current. The rate of change of current at this time
could be many times that at the beginning of the
discharge.

If the spark is regarded simply as a Z pinch in
which the particle pressure is balanced by mag-
netic pressure, the following conditions might
prevail at N, = 5&&10" cm ' and T, =10 keV: radi-
us of pinch r =40 p, m, magnetic field B= 12 MG,
current density j=10"A cm '. Such a discharge
would, however, suffer from the gross MHD in-
stabilities common to Z pinches. It may be
argued that it is just such an instability that gives
rise to an abnormally high local electron tempera-
ture. There are, however, a number of observa-
tions that are best explained by another model dis-
cussed below; We note further that inertial con-
tainment times of 10-keV Cu ions in a region of
-50 p. m are -0.25 nsec. This is sufficiently long
for removal of most M- and L-shell electrons but
too short for K-shell ionization, the characteris-
tic time" for which is near 3 nsec at our plasma
conditions. The failure to detect H-like lines and
the duration and strength of He-like emissions
therefore suggest that the x-ray-producing
plasma has a complex structure, each region
or element having a lifetime, say, between 0.1
and 1 nsec. (Weak H-like Fe lines have been ob-
served photographically. " They would then be
associated with an occasional longer-lived region.
Note also that in corona equilibrium, predicted""
abundances of He- and H-like Cu ions are com-
parable at T, =12+2 keV. )

In Fig. 8, a typical signal from a Rogowski pick-
up loop (dI/dt) is given on the bottom trace, while

the top trace shows simultaneous Cu Kz radiation.
The rate of change (decrease) of current corre-
lated with strong Kz emission could be more than
five times that after the breakdown phase, when
it is about 5&&10" A sec ' and corresponds to the
charging voltage of 10 kV. (It is possible that,
owing to limitation of the frequency response of
the Rogowski coil, the rate of sudden change of
current is even higher than indicated by the oscil-
loscope traces. ) Integrating the Rogowski coil
signal shows that the current does not go to zero,
but drops by about one-third in less than 10 nsec.

As far as production of x rays is concerned, the
following was noted. Anode K radiation was pro-
duced during the breakdown phase for charging
voltages as low as one-third of that corresponding
to the energy required to generate the radiation.
The most intense radiation during this period
usually occurs towards the end of that phase (-400
nsec). Hardly any x rays are ever produced dur-
ing the next 400-500 nsec. At high charging volt-
ages (&8 kV), the most intense x rays and highest
ionization stages are observed near or after 1
psec, but well before the time-averaged current
peaks, and x rays are produced only occasionally
near the end of the current rise (-2 p, sec). At low
charging voltages (3-5 kV), distinct K-radiation
pulses are produced also at this late time, and the
radiation is then often the most intense.

The mechanisms for production of x rays in the
vacuum spark seem to be complicated. Our ob-
servations suggest that electron beams play an
important role in the process. Electron beams,
amongst other possible mechanisms, were also
mentioned by Lee.' We shall now present evi-
dence for the existence of the beams and shall
speculate briefly on the mechanism for generat-
ing them.

In order to establish the existence of the beams
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an iron anode, modified as shown in Fig. 1 (in-
sert), was used. The idea was that fast electrons
(if they were present) would stream through the
0.8-mm-diameter hole down the axis and generate
Kn radiation when they hit the 45' inclined target
at the bottom of the hole. These x rays would be
detected by monochromator A, while monochroma-
tor B would detect Kn radiation generated any-
where within the gap. If during a particular dis-
charge x rays are detected by A but none by B,
one could conclude that the target was hit by fast
electrons and also that the beam diameter was
less than 1 mm. Qn the other hand, a signal from
B and none from A would indicate, firstly, that
any beam would have been stopped somewhere
above the anode tip and, secondly, that A did not
see any scattered x rays from above the anode tip.
[A Cu target was first used and A and B adjusted
to Cu Kn and Fe Kn, respectively. In this way
the possibility of A seeing scattered (Fe Kn) radia-
tion could be eliminated. However, only the first
few shots gave Cu Kn, because the target acquired
a coating of iron. Scattered x rays turned out to
be no problem, as is evidenced by the fact that
many shots were observed where B registered
extremely intense x rays and A simultaneously
vanishingly small intensity. Rotating the electrode
through 90' made the signal on A disappear com-
pletely. j

In Fig. 9, typical oscilloscope traces showing
signals from monochromator A (top trace) and
monochromator B (bottom trace) are given. The
relative sensitivity of the oscilloscope channels
was adjusted to give about the same peak intensity
on both traces; thus the sensitivity on the top
trace was 2.5 times that on the bottom trace.
These traces may be explained in the following

way. During the breakdown phase a pulsed elec-
tron beam forms and easily penetrates the low-
density metal vapor plasma that exists above the

anode at that time, producing relatively small
x-ray flux above the anode. (A 10-keV electron,
e.g. , has a stopping distance of about 4 mm in an
iron vapor of atomic density 10"cm '.) At the
time of the second x-ray pulse the metal vapor
must be much denser than this, and practically
all electrons are stopped above the anode, as is
indicated by the strong pulse from B and weak
pulse from A. During the last (third} pulse from
B (Fig. 9}, the pulse from A has almost vanished.

From the two-foil absorption measurements
(Sec. III C), we infer photon energies as high as
100 keV. This may show that either very high
rates of compression of the current channel occur,
or that a high-voltage low-impedance energy source
is available to drive an intense electron beam for
times of the order of 10 nsec or less. While

FIG. 9. E& radiation from the modified anode in Fig.
1. Top trace: monochromator A t'200 mV/cm). Bottom
trace: monochromator B {500 mV/cm). Total sweep
length is 2 @sec.

pinching of the current channel may play an impor-.
tant intermediate role in the production of the
x rays, as is suggested below, the relatively low
ion temperature may argue against it as the basic
mechanism. On the other hand, there is the evi-
dence for the existence of intense electron beams
within the gap as explained in the previous para-
graph. Owing to, e.g. , the two-stream instability,
electron beams can transfer their energy to the
surrounding plasma over very short distances.
The question then is how these beams are gen-
erated. A very much simplified explanation may
be the following. During the breakdown of the gap
a cold metal vapor is formed through the bombard-
ment of the anode by electrons. Ions moving to-
wards the cathode (in about 100 nsec at 10 kV)
will create a plasma also near the cathode. When
this plasma is dense enough to supply the required
current, breakdown of the gap is complete. How-

ever, the current is still carried mainly by elec-
trons through the "vacuum" between the anode and
cathode plasmas. (The light output from the dis-
charge stays relatively weak until the main x-ray
burst, as is clear from Fig. 5.) Since the current
channel is non-neutral, it will not be compressed
substantially. However, where it meets the anode
plasma, charge neutralization will occur and the
electron current will be focused on to the anode
plasma.

This localized pinching continues as long as the
external magnetic pressure is unbalanced by the

plasma pressure. Due to the decrease of the
cross section of the current channel, and hence
the increase of the local anomalous resistance,
the current drops suddenly by about 30%, which

in turn gives rise to a very high induced voltage
across the gap. For a total circuit inductance
of 20 nH (mostly in series with the gap) and a cur-
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rent change from 150 to 100 kA in 10 nsec, the
induced (forward) voltage across the gap is 100
kV. (Owing to the localization of the pinch, the
reverse induced voltage resulting from the in-
crease in inductance during the pinch is believed
small, although induced electric fields in this re-
gion may be substantial. ) The magnetic energy
available is about 100 J (when the current drops
from 150 to 100 kA). The power is therefore of
the order of 10"VY or more, depending on how

rapidly the current changes. Assuming character-
istic linear dimensions of 100 p, m, the correspond-
ing power per unit area is thus seen to be a10'~
W/cm', comparable with those of high-power
lasers. The electron kinetic energy in a sphere
of diameter 100 p, , electron density 5x10" cm ',
and temperature 10 keV is only about 5 J. (The
ionization energy is negligible, even for complete
stripping, e.g. , of Cu. ) This implies that there is
enough energy available from the magnetic field
for a number of x-ray bursts. Because of the
high anomalous resistance of the plasma, the
magnetic energy can be dissipated rapidly. Since
the electrons undergo very few collisions with
ions or atoms until they encounter the anode plas-
ma, practically all their energy will be deposited
within a very small volume. If the metal vapor
is of low density, as it is during breakdown, most
of the electrons hit the anode itself, causing a
small-diameter hole, as seen on all anodes after
20 discharges or so. In this way the vapor density
is increased, the vapor cloud expands away from
the anode, and the pinching and high-energy beam
formation could repeat several times. Qnly to-

wards the end of this phase does the cloud reach
the cathode, and because of high vapor density
and hence high collision rates, electron beams
no longer form. Thus, this model also explains
why, for x-ray production to occur, at least part
of the gap between the electrodes must be as good
a vacuum as possible. (At low charging voltages,
not enough metal vapor is formed from the anode
to fill the gap, and x rays are produced until right
up to the current peak. )

V. CONCLUSION

The vacuum-spark apparatus that we used was
found to be capable of generating plasmas with
electron density - 5&& 10"cm ' and electron tem-
perature 615 keV. (Ion temperatures were esti-
mated to be s10 keV. ) The combination of tem-
perature, density, and lifetime of the plasmas
was such that measurable He-like lines of ele-
ments with atomic numbers up to Z = 29 were gen-
erated. For none of the elements studied (Z~22)
could we detect any hydrogenlike lines with signifi-
cant intensity above the background. The He-like
resonance lines seem to be broadened (or en-
hanced) considerably, most likely through blend-
ing with Li-like satellite lines. The main charac-
teristics of the x rays and plasmas produced by
the vacuum spark can be explained in terms of the
interaction of high-energy pulsed electron beams
with a cold vapor or plasma emerging from the
anode. Such a model for plasma and x-ray pro-
duction in low-inductance sparks, although far
from complete, is supported by various results
reported by other workers, especially by Lee.""
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