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Anomalous fluorescence line intensity in megavoltage bremsstrahlung
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An anomalous ratio between Ka and K fluorescence interpreted with plasma radiation modeling
can be a useful diagnostic in laser-produced plasmas. In cold tungsten there exists a similar but as
yet undocumented anomaly: for 2 MeV end point bremsstrahlung in the forward direction
KB/Ka;=1, while this ratio is closer to 0.5 for bremsstrahlung in reflection and for an isolated
atom. As in the laser-produced plasma, the anomalous ratio reflects a localized source of
fluorescence inside the material combined with differential attenuation of the fluorescence photons
on their way out. To measure the =60 keV fluorescence lines, a Cauchois transmission crystal
spectrograph that works well for laser-produced plasmas must suppress the intense bremsstrahlung
that accompanies the fluorescence, by beefing up marginal shielding and avoiding extraneous scatter
sources. © 2010 American Institute of Physics. [doi:10.1063/1.3389226]

I. INTRODUCTION

Plasma spectroscopy1 is a basic diagnostic for hot plas-
mas. The x-ray spectrum is determined by the plasma’s den-
sity, temperature, and size, and numbers can be assigned to
these quantities by matching the spectra calculated by
plasma radiation models with measured x-ray spectra. Heli-
umlike lines from the K-shell are especially helpful because
it is well understood how the plasma affects their detailed
energies, strengths, and shapes. Fluorescence radiation, the
Ka and K photons emitted from the K-shell, can be equally
useful. In one recent example, implicit-hybrid particle-in-cell
simulations coupled to a collisional-radiative code could de-
termine a laser-produced plasma’s bulk temperatulre.2 In an-
other example, an anomalous ratio between fluorescence
lines suggested3 that the laser deposited its energy deep in-
side the plasma.

A much simpler situation than a laser-produced plasma
is cold-target bremsstrahlung, but here the fluorescence line
ratio can also be anomalous and indicate where the fluores-
cence comes from. Neutral atoms emit Ka and K photons
in the ratio K8/Ke, ~0.41.* However, the ratio KB/Ke; in
2 MeV end point forward bremsstrahlung turns out to be =1,
a fact that has not yet been documented earlier.

The instrument that makes this observation possible is a
Cauchois transmission crystal spectrometer modified for the
purpose. Originally designed for a medical application,5 the
instrument works very well with laser-produced plasmas6
and continues to be improved for this and other high-fluence
applications. For the same purpose the recent literature con-
tains simpler7 transmission spectrometers and more elaborate
instruments for use with low-flux sources® with a similar
design.
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Exercising the Cauchois transmission x-ray spectrograph
with 2 MeV bremsstrahlung is to prepare for measurements
of plasmas at the Naval Research Laboratory on a 6 MeV
pulsed power generator, Mer(:ury.9 Its other parameters in-
clude a 400 kA peak current with 25 ns width that contains
about 10 mC. A complementary but less demanding test
source is the plasma-filled rod pinch:10 an upgraded spec-
trometer tested on this source gives good results that will be
published elsewhere. !

The test bed is a Varian L200A linear accelerator that
produces 2 MV end point12 bremsstrahlung in 5 us bursts at
about 200 Hz. The average current is around 0.15 mA, accu-
mulating 10 mC in about a minute. In radiation from a fully
stripped plasma the K-shell photons often dominate the ra-
diation, but in megavoltage bremsstrahlung the K-lines are a
minor component, especially in the forward direction. The
spectrum’s hard photons tend to scatter many times in the
shielding before they disappear, so that background suppres-
sion must be done carefully for the K-lines to become vis-
ible. Intense bremsstrahlung should be expected also from
plasmas made on the National Ignition Facility (NIF), so that
the results in this paper add confidence to the feasibility of
diagnosing high-energy K-shell radiation on NIF with this
type of Cauchois transmission spectrograph.

Figure 1 shows two spectra computed for 2 MeV end
point bremsstrahlung, in the geometry of Fig. 2. Monoener-
getic 2 MeV electrons from the left enter a 0.8 mm tungsten
converter along the axis. The black line is the number spec-
trum in a silicon absorber on the axis 100 mm in front of the
converter. The red line is the backward spectrum, again com-
puted in silicon 100 mm back from the converter. The brems-
strahlung continuum dominates both number spectra. In the
backward direction the continuum is relatively soft, but the
spectrum in the forward direction is dominated by harder x
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FIG. 1. (Color online) The photon number spectrum computed with 1Ts for
normally incident 2 MeV electrons on a CSDA-range thick bremsstrahlung
target, in the geometry of Fig. 2. The pair of thick black lines indicated by
Ka are the K, fluorescence line (to the left), and the Ka; line (to the right)
in the forward direction: the thin, long single line indicated by Kf is the
single fluorescence line that ITS uses to represent the three K3 lines, in the
backward direction.

rays, in this figure from 0.8 MeV down to 120 keV where the
influence from tungsten’s K-edge becomes visible.

This paper deals with K-shell fluorescence, represented
by vertical lines in the spectrum’s histogram. All computa-
tions use the ACCEPT member of ITS’ standard version."
This simplifies tungsten’s K-shell fluorescence to two L-shell
lines, Ka; at 59.320 keV and Ka, at 57.983 keV, and a
single K3 line at 67.246 keV that represents all other K-shell
transitions. The K-edge is at 69.5250 keV. The energy bins
for the fluorescence are chosen to be 0.2 keV wide, which
allows fluorescence and bremsstrahlung, in logarithmically
increasing bins, to have the same vertical scale. Occasionally
the top line in the histogram is double, suggesting the com-
putation’s statistical accuracy. This is always better than a
few percent.

High atomic number atoms whose K-shell is ionized re-
lax over 95% of the time by emitting a K-shell fluorescence
photon.4 For every 100K, photons there are 58Ka, and
41KpB photons, hence it is no surprise to find the ratio
Ka,/Ka;=0.5, both in the backward and forward number
spectra. The same is true for KB/Kea, in the backward direc-
tion, the thin red line in Fig. 1. The ratio K8/Ka;=0.5 also,
and the combined K line is just as intense as the Ka, line.
In contrast this with the forward direction, where the Kf
radiation is almost as strong as the K¢, line and substantially
stronger than Ka,.

Quite apart from the line ratios, fluorescence is most
intense in the backward direction. X-ray crystallography

Si photons w  Photons Si
N N
D IEIAUN (&} AN D
backward forward

FIG. 2. Computational geometry for the spectra in Fig. 1, backward with
respect to the electrons, reflection, and forward, transmission.
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FIG. 3. (Color online) Sketch of the relevant spectrometer components.

with line radiation is therefore always done in a reflection
geometry. A comprehensive review'* discusses this topic for
low-energy electrons in the context of electron probe mi-
croanalysis. Relatively low-intensity bremsstrahlung spectra
and the embedded fluorescence can be measured quite well
by counting the photons.15

Photon counting cannot be done when the radiation is
too intense. It is then much more difficult to measure the
spectrum of hard bremsstrahlung or bremsstrahlunglike
radiation:'® usually, calculations must suffice. To date the
fluorescence lines in intense, megavolt bremsstrahlung do
not seem to have been observed, and computations that men-
tion the relatively high intensity of the more energetic KB
photons compared to the dominant K¢, radiation in forward
bremsstrahlung do not seem to exist either.

Bremsstrahlung computations confirm that the anoma-
lous KB/Ka; ratio comes in part from differential absorp-
tion, the cold-material analog of opacity in a hot plasma.
However, differential absorption becomes noticeable only
when the fluorescence is generated far enough away from
where the radiation emerges. This happens for megavolt
electrons in high atomic number materials, in which electron
scattering off nuclei is more effective in impeding electrons
from penetrating into the material than the slow, continuous
energy loss due to electron-electron collisions. As men-
tioned, anomalous fluorescence line ratios observed recently
in spectra from layered targets irradiated by an intense fem-
tosecond laser® were tentatively attributed to a similar cause,
a fluorescence source deep inside the plasma.

Il. EXPERIMENTAL RESULTS

The center part of Fig. 3 is a top view of the
spectrometer.6 The crystal for the present measurement is
Ge 220, cylindrically bent to a 254 mm radius on a substrate
that is not shown. It focuses the x rays on the Rowland circle
where an image plate registers the spectrum. The solid lines
suggest the x-ray paths in normal operation. They pass
through two apertures to two nominally identical parts of the
crystal, which diffracts the radiation to give two nominally
identical spectra. The lower-energy x rays diffract over a
larger angle and end up toward the spectrometer’s outside;
the harder x rays remain closer to the center line. The
distance between the lines directly translates into photon
energy.

The dashed lines shown only in the figure’s upper part
indicate leakage x rays that pass through the spectrometer’s
standard 19 mm lead aperture, the crystal, and the 19 mm
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FIG. 4. The spectrometer’s location in the direct radiation from the L200A
linac (top) and in the reflection geometry (bottom). Shielding is schemati-
cally indicated by the thick lines. The scatterer is on-axis, about 100 mm
from the converter.

lead internal shielding around the x rays’ crossover point
inside the spectrometer itself. X rays leaking through and
around the upper aperture overlap with the x-ray spectrum
made by x rays that came through the lower aperture, and
vice versa. In this particular spectrometer geometry it proved
essential to suppress leakage x rays with an additional shield,
the tungsten block shown on the left side in Fig. 3.

The entrance aperture determines the spectrometer’s
photon energy range. The range is from 27 to 165 keV
with the standard aperture fully open and the x-ray source
600 mm from the crystal on the instrument’s center line.
Otherwise, when the alignment is off, the hardest and/or soft-
est x rays that graze the internal shielding around the cross-
over region can be cut off. The spectrometer’s energy range
also becomes smaller if the aperture is made narrower.

In hard bremsstrahlung the continuum is much stronger
than the fluorescence lines, and a small fraction of hard pho-
tons scattering or otherwise penetrating into the spectrometer
can cause major problems. To minimize scattering any struc-
ture illuminated by direct bremsstrahlung should be avoided,
except of course the crystal whose full illumination is essen-
tial to have the maximum energy range. Some background
radiation can be useful: K-edge filters across the crossover
region give a convenient energy calibration when the back-
ground is soft enough and low enough, as it is for many
laser-produced plasmas. A hard bremsstrahlung background
is useless even when it is low enough.

The shielding added to make the present measurement
possible is represented by the red tungsten blocks in Fig. 3.
Two 50 mm thick trapezoidal blocks (shown only on the
lower side) beef up the original 19 mm lead shield, but these
two shields are insufficient: they must be supplemented by
external shielding in front of the aperture. The tungsten block
to the left in the figure is most effective as shown, when it
defines a second, smaller aperture that illuminates the bent
crystal only where it diffracts the desired x rays. Figures 3
and 4 omit the 100 mm thick lead shield that surrounds the
spectrometer, from crystal to image plate, and also protects
the x-ray path from source to the spectrometer entrance.

Phys. Plasmas 17, 043302 (2010)

e e SN 1 3

Atz LAY R & T =
w—p iR L Bt o I ol
o il IR MR SR g 1

2nd 1st 1st nd
30— A AAMSAAMAS AA inaad
i ' Ka, .

N ! ]

N ! ]

r ! ]

r ! ]

r ! ]

@ | 1
Q [ | ]
¥ oL ! ]
2 F i ]
10f i =
j i ]

- 1 -

L 1 i

i i 1
0Huu...l..‘uHH\...... it VLD M I W A A A

-30 20 -10 0 10 20 30
distance (mm)

FIG. 5. The x-ray spectrum from tungsten excited by 2 MeV bremsstrahlung
as seen on the image plate (top) and the average intensity over the spectrum
indicated by the arrow.

Shielding inside the spectrometer attenuates the hard
X rays in part by scattering, hence internal shielding directly
illuminated could add a background of scattered x rays. In an
attempt to suppress such scatter, the spectrometer comple-
ments the standard internal shielding with Soller slits. The
right side of Fig. 3 looks at the spectrometer’s back. It shows
the Soller slits, and where the images of the spectrum regis-
ter on the image plate.

Soller slits are thin sheets of an x-ray absorbing material,
here tungsten, placed parallel to the paths of the desired
x rays. The tungsten sheets are held in place with tungsten
wedges, in the same position as the trapezoidal tungsten
blocks in Fig. 3. The diffracted x-ray path is then restricted to
a narrow tungsten cone, and x rays that hit the cones’ sides
suffer multiple scatterings and are eventually lost. The Soller
slits turn out to be less functional than originally expected.

Figure 4 sketches two measurement geometries. In both
geometries the electrons from the Varian L200A accelerator,
to the left, hit a tungsten converter at the apex of an open-
cone shield made from depleted uranium. In direct brems-
strahlung the spectrometer sits 600 mm in front of the con-
verter on the axis, but without the scatterer: however, one
aperture is blocked by a long tungsten shield (shown as a
block in Fig. 3).

In the photofluorescence setup the accelerator’s brems-
strahlung illuminates a scatterer =100 mm behind the con-
verter: the radiation-excited fluorescence and any scattered
radiation enter the spectrometer shown at the figure’s bottom,
now 600 mm away from the scatterer. In this setup both
apertures in the spectrometer can be open because the con-
tinuum radiation is benign.

Figure 5 gives a spectrum from a tungsten scatterer, il-
luminated for =10 min by 2 MeV end point bremsstrahlung.
The four sample spectra seen on top of the figure are spectral
lines cut by the Soller slits. The lines are approximately
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TABLE I. Some data for tungsten’s k-shell (Ref. 4).

Energy mlp
Line ITS (keV) P, (cm?/g) &, W W-Cu
Ka, L3-K 57983 0.58 4.06 054 052 046
Ka, L2-K 59.320  1.00 3.82 1.00  1.00 1.00
KB, 66.951 0.11 2.81
KB, Valence-K  67.244  0.22 2.78 041 0.85 1.14
KB, 69.067  0.08 2.60
K-edge 69.525

symmetric left to right, with small differences that could
come from a minor misalignment, unintended asymmetries
between the two sides of the crystal, or differences in the
image plate’s response on the two sides. The four inter-Soller
spectra are approximately the same within the image’s noise
level, but the spectral lines are not perfectly parallel to each
other: apparently, the image plate was not exactly perpen-
dicular to the x rays.

Although some pixels away from the spectral lines are
just as dark as those inside the lines, the overall noise level
is acceptable: the spectrometer’s internal shielding is ad-
equate for scattered bremsstrahlung and the photo-
fluorescence it excites. The image on top of Fig. 5 covers
an area of 70X 14 mm?, a small part of a much larger
(422 X200 mm?) image plate. The short lines in each of the
four spectra are 1.8 mm high.

Each side has lines in two diffraction orders. In the first
order of diffraction, the two spectra closest to the center, the
intensity is higher and the dispersion half that of the spectra
in second order, toward the outside. In first order the KS
line at 66.95 keV is 2 mm to the right of the Ka, line at
57.98 keV (on the left-hand spectrum): the dispersion is
=4.5 keV/mm, and two =0.1 mm pixels (300 pixels/in.)
are 450 eV apart. In second order the dispersion doubles, to
=24 keV/mm.

The lower part of Fig. 5 is the average pixel value of the
spectral slice indicated by the arrow. In first order the
66.95 keV Kg line is at 12.1 mm, while the Ka, line is at
13.6 mm and Ka, at 13.8 mm: their energies are 59.32 and
57.98 keV (see Table I). The length scale has been symme-
trized for the K¢ lines, so that the Ka; line on the left side
is exactly at —13.6 mm. The Kf line at —11.7 mm is not
quite symmetric, and the KB spectrum has one line on the
left and two on the right although they are all barely above
background. The various asymmetries do not affect the over-
all results, but they could become problematic in attempts at
a detailed comparison with computations.

For this photoexcited spectrum the K line in first order
is about half as intense as the Kay line and slightly larger on
the right side than on the left. How the Ka, relates to the
Ka; line is not clear from the first order spectrum since the
first order dispersion is insufficient to separate the lines."”
However, on the right the second order spectrum suggests
Ka,/Ka;=0.5, while the ratio is closer to 0.7 on the left.
Given the statistical variation, in data and background, these
line ratios are close enough to the standard value of 0.5.
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FIG. 6. (Color online) A forward-directed bremsstrahlung spectrum from
the 2 MeV end point linac. The bottom part is average pixel value of the
spectrum slice indicated by the arrow.

The top section of Fig. 6 is an image produced by
forward-directed bremsstrahlung made by =27 mC in
2 MeV electrons. At the spectrometer’s entrance aperture the
dose is about 27 Gy.

In the reflection geometry the spectrometer gives two
symmetric spectra, but with direct bremsstrahlung only a
single spectrum can be obtained. One spectrometer aperture
must be blocked with an external shield, so that the spectrum
from the open aperture is not swamped by the x rays that
pass through the other aperture, the crystal, and the internal
shielding as illustrated by the dashed lines in Fig. 3. Undif-
fracted x rays that pass through the unshielded aperture cre-
ate the blob on the left side in Fig. 6.

In the image on top of Fig. 5, for reflected radiation, the
four separate Soller slit spectra seem substantially similar,
but in the image on top of Fig. 6, for direct radiation, the four
spectra are quite different. The top Soller slit spectrum is
absent, and all spectra are most intense on the upper side.
The vertical asymmetry comes from imperfect alignment of
the Soller slits with the nominally 2 mm high radiation
source, whose position on the 9 mm diameter converter is
not known ab initio. Hardware and time did not allow sub-
sequent adjustment. The feature in the lower spectrum on the
high-energy side of the fluorescence is a radiation leak: high-
energy bremsstrahlung there would exist in the second order
spectrum too.

The black line in the bottom part of Fig. 6 is the average
pixel value for the spectrum at the arrow in the image at the
top. With its maximum around 30 000 the blob on the left is
20 times off scale: the spectrum on the right, with a pixel
value around 1000, would have been obliterated if radiation
could have come in unimpeded through the blocked-off ap-
erture. With about 25% of the exposure time, the forward
fluorescence lines in Fig. 6 are two orders of magnitude
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larger than those from the radiation-excited spectrum in Fig.
5. The red line at the bottom is the latter spectrum, multiplied
tenfold and aligned with the first order Ka; line in forward
fluorescence.

In first order the dispersion is too small to separate the
Kp line’s three components, while in second order the K3,
line is separated by =0.7 mm from the K, line that still
contains the Kf;. In second order the direct fluorescence
spectrum has the KB line but lacks the K« lines, indicating a
misalignment in the horizontal direction that restricts the ap-
erture on the outside where the bent crystal diffracts the
lower-energy photons.

In the fluorescence spectrum from irradiated tungsten, in
Fig. 5 and in the red line at the bottom of Fig. 6, the Ka; line
is twice as strong as the KB line as expected for an indi-
vidual tungsten atom. However, in the forward spectrum of
Fig. 6 the K line is slightly larger than the Ka;. The back-
ground is about 20% and gives some minor differences in the
ratio between the two Ka lines: without subtracting the
background Ka,/Ka;=0.59, with background subtraction it
is =0.47. Both are close to the standard Ka,/Ka;=0.5.

In the upper part of Fig. 6 the background behind the
Soller slits is visibly lower than in between the Soller slits,
under the spectra, but the difference is only about 30%.
Along the spectral lines the background behind the Soller
slits is about the same as just outside the spectral lines.
Therefore, the background must be from hard radiation, for
which the Soller slits are ineffective. The Soller slits do,
however, cut off the lower-energy fluorescence.

The hard bremsstrahlung background becomes smaller
when fewer hard photons get into the spectrometer. One way
to do this is to make the aperture smaller, more like a vertical
slit. For a survey spectrometer a narrow slit is counterpro-
ductive because it limits spectral coverage, but for the in-
tended application (and for a bremsstrahlung mono-
chromator'®) the x rays of interest are known in advance. A
narrower slit demands better alignment, otherwise the radia-
tion of interest may be cut off. Imperfect alignment can al-
ready be an issue when the aperture is open, viz., the lack of
Ka lines in second order in Fig. 6.

The blue line in Fig. 7 is the forward spectrum when the
entrance slit is narrowed to 3 mm, added to the same data as
the bottom panel in Fig. 6, where the aperture is =14 mm
wide. For the 3 mm thin slit the crystal diffracts tungsten’s
K-shell fluorescence in first order only. The blue spectrum in
Fig. 7 is stronger than the spectrum in Fig. 6 in proportion to
a slightly longer exposure time, but the blob on the left and
the background under the spectral lines are both substantially
smaller than before, consistent with the fourfold smaller ap-
erture. The ratio KB/Ka;=1.05 is unchanged. Improving
the alignment together with further tightening of the aperture
could not be explored because the experiment had to stop for
reasons beyond our control.

To our knowledge, the fluorescence in forward-directed
radiation has not yet been observed in the megavoltage re-
gime, and the anomaly in the intensity ratio KB/Ka;
=1.05 rather than the usual =0.5 has therefore escaped de-
tection. One obvious reason is differential attenuation: pho-
toelectric absorption is roughly proportional to 1/(hv)* and
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FIG. 7. (Color online) The x-ray spectrum at the arrow in Fig. 6 added to
the data in the bottom part of Fig. 6.

the K3 photons have higher energy /v than the Ka photons.
However, differential attenuation comes into play only when
the principal source of K-shell photons is localized on the
converter’s inside, away from where the radiation comes out,
and when the continuum radiation does not produce too
much fluorescence beyond the primary source. Section III
corroborates this description with computations of the radia-
tion production.

lll. FLUORESCENCE LINE RATIO COMPUTATIONS

Table I summarizes some data® for tungsten’s K-shell.
The strongest line is the K« line, in ITS designated as L2-K,
followed by the Ka, line, or L3-K: ITS’ names explicitly
connect the fluorescence x ray to the shell transition. The K38
lines correspond to transitions from higher-lying shells (K3,
and KB; from the M-shell and KB, from the N-shell). ITS’
standard version limits itself to the two K« lines and merges
all the KB lines into a single line with energy 67.246 keV,
valence-K.

The fluorescence photons are emitted with the relative
probabilities P, or branching ratios given in column 4, with
the index n distinguishing the different lines. In ITS the
single KB line has a probability P,,3=0.42, consistent with
the individual probabilities in Table 1.

X-ray attenuation can be ignored for a thin foil, in which
case the fluorescence line intensities are proportional to the
probabilities P,. For a thick foil the intensities change due to
attenuation, with well-known self-attenuation factors that de-
pend on geometry and further on the mass attenuation coef-
ficient. The fifth column gives tungsten’s mass attenuation
coefficient u/p for the various fluorescence x rays. Tung-
sten’s high density, p=19.3 g/cm’, makes the attenuation
length, €=(u/p)~'/p=1/p, short, about 0.12 mm for the K&
x rays and 35% longer for KB x rays.

Electrons penetrate into a material at most up to the con-
tinuous slowing down approximation (CSDA) range, and the
computations below are done for range-thick bremsstrahlung
converters. For a 2 MeV electron in tungsten the CSDA
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range is 1.6 g/cm?, a mass per unit area that transmits only
about 1% of the KB fluorescence and 0.2% of the K,
radiation.

Self-absorption of fluorescence x rays in a range-thick
bremsstrahlung converter must be small when the inverse
CSDA range is smaller than the fluorescence’s mass attenu-
ation coefficient (u/p). For tungsten Ka, with (w/p)
=4 cm?/g the inverse CSDA range corresponds to a
0.4 MeV electron. Below a 0.4 MeV end point energy the
ratio KB/Ka; in bremsstrahlung from tungsten should then
be KB/Ka;=0.5, in both the forward and backward direc-
tions. Most dc x-ray sources have end point voltages below
0.5 MV, and anomalies in the ratio K8/Ka; have not been
reported.

In a one-dimensional approximation, a K-shell ioniza-
tion profile K(x) at a distance x from the surface at x=0 in a
thin slab dx produces fluorescence photons of type n propor-
tional to P,K(x)dx. For a slab with thickness d the fluence
coming out of the material is then

d
by = PnJ dx exp(=x/{,)K(x). (1)
0

When the material is much thicker than the attenuation
length, and the K-shell ionization is constant, K(x)=K,, the
fluence is simply

e’}

K,P, 1
¢d.=KoP, | dxexp(—x/€,)=KyPl,=——"——.
0 p (up),

2)

Here the index n stands for a,, a,, or B. The attenuation
factor is more complicated but still analytically tractable
when the material has a finite thickness, when the ionization
profile is an exponential, and when the photons enter and exit
under an angle. Factors of the form 1—exp[—x,/({,cos 6)]
then account for the missing fluorescence beyond x; and for
photon propagation under an angle 6 with the normal. When
off-normal propagation is ignored, an exponential ionization
profile exp(—x/¢) in a thick slab gives for the relative inten-
sity ¢ of the K line with respect to ¢, of K,

ﬂ_ﬁl(ﬂ/p)al_(M/P)i} )
ba,  Pa L (Wp)g—(wip); I’

where the scale length ¢ defines an effective mass attenua-
tion coefficient (u/p);=1/(€p).

An exponential profile applies when ionization is done
by monoenergetic photons,'9 provided that Compton scatter
is unimportant and no radiation buildup takes place (which is
not always obvious). According to this formula KB/Ka,
can take on any value by selecting the ionization gradient
(u/p); and the energy hv; of the irradiating photons. In tung-
sten (u/p);=2.4 cm?/g for hv,=126 keV and the fluores-
cence ratio K/Ka; would be close to unity. Irradiating a
thick slab of tungsten with the Kea; line from gold, at
hv;=68.8 keV, should give a similar ratio of (very weak)
fluorescence photons.

Figure 8 illustrates a few dependencies versus depth in a
range-thick (0.8 mm) tungsten slab. Fluorescence generated
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FIG. 8. (Color online) Attenuation of tungsten fluorescence lines in tungsten
and some relevant excitation profiles.

at a particular depth comes out of the back of the material
exponentially attenuated. The solid lines are the transmission
factors for the K-lines, with the mass attenuation coefficients
from Table I. The blue dashed line indicates exponential ion-
ization with (u/p);=2.4 cm?/g, when KB/Ka; should be
about unity.

For electrons the ionization as function of penetration
depth is best computed numerically, with Monte Carlo codes
such as ITS: there is no convenient analytical form. While 1TS
keeps track of the K-shell fluorescence generation internally,
in the standard output from ITS the quantity most closely
related to the fluorescence source is energy deposition.

The dashed red line in Fig. 8 is the energy deposition for
monoenergetic 2 MeV electrons in tungsten. Tungsten’s nu-
clei scatter the electrons so strongly that very few reach the
end of the CSDA range. In this computation the largest en-
ergy loss is at about 1/8 of the CSDA range and the electrons
have lost the bulk of their energy in the converter’s first half.
Almost no hard bremsstrahlung is produced in the second
half. For this reason bremsstrahlung converters often consist
of a bremsstrahlung-generating high atomic number in front,
and a low atomic number material in the back that attenuates
the x rays less.

In low-atomic number materials the electrons are un-
hampered by scattering, and they penetrate deeper. The green
dashed line is the energy deposition for a material with the
same CSDA range as tungsten but with reduced nuclear
charge, such as water or beryllium (as shown). Measuring
the depth-dose profile in a water phantom is a standard way
to determine electron energy in the megavolt range, where
x-ray filtering does not work (but other methods do'?).

Most of the K-shell fluorescence in tungsten comes from
photoionization by bremsstrahlung photons with energies
hv>hvg, close to the K-edge hvg. These photons are
strongly absorbed, approximately as 1/(hv)?. They are also
generated efficiently, since bremsstrahlung production varies
more or less as 1/hv. K-shell photoionization is then most
important for photons between hvg and some Compton scat-
tering limit hv., where the photoelectric cross section be-
comes comparable to the cross section for Compton scatter:
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FIG. 9. (Color online) Local photon number spectrum in a range-thick tung-
sten converter (thin lines) and the spectrum emerging from the back side
(thick black line).

scattering lowers the photon’s energy so that it is absorbed
more readily.

The column marked W in Table I gives the relative in-
tensity 1,= ¢,/ ¢a| from Fig. 1, forward bremsstrahlung from
2 MeV electrons normally incident on range-thick tungsten.
The relative intensity computed for KB fluorescence is
I3=0.85, lower than the measured value /z=1.05 but al-
ready much larger than for thin tungsten, /5=0.41, or the
value I3=0.55 for a constant ionization profile corrected by
the ratio of the mass attenuation coefficients.

The discrepancy between this computation and the mea-
surement may come from converter composition. The design
of the converter for the Varian L200A was not available,
hence the computation in Fig. 1 assumed the simplest case,
range-thick solid tungsten. The K-line energy confirms that
tungsten is the converter’s high atomic number component,
but the spectrometer cannot see lower-energy lines from
lower atomic number materials in the converter’s back. It is
likely, however, that the converter has the same design as in
other Varian linacs, a thin tungsten layer in front backed up
with copper to remove the heat. Likewise, converters opti-
mized for dose deposition in silicon typically have 1/3 of
their mass per unit area in some high atomic number material
(often tantalum), while the remainder is some low atomic
number material (usually carbon or plastic).

The largest fluorescence ratio in the computations results
when the second half of the tungsten is replaced by the same
mass per unit area copper, /g=1.14 in the last column of
Table I marked W—Cu. The experimental ratio KB/Ka;
=1.05 can certainly be reproduced with an intermediate
composition of the converter, and most likely with other
compositions too, but hitting the experimental number
head-on makes little sense when the results cannot be com-
pared to those for the actual converter.

The computation that produces the spectrum in Fig. 1
also puts out spatially resolved spectra shown in Fig. 9.
These spectra identify photoelectric absorption as the domi-
nant source of fluorescence. The top two lines give the pho-
ton number spectrum N(hv) in 40 wm thin slices of the con-
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verter that bracket the region where most of the fluorescence
comes from, between the electron entrance at 0.0 mm and at
0.2 mm farther in, at 1/4 of the CSDA range. In these two
slices the number spectra are very close and hard to distin-
guish in black and white. Energetic continuum radiation with
energy hv>0.3 MeV is reasonably well approximated by
N (hv)~2, the slanted dashed line. The strong effect of pho-
toelectric absorption is visible by the lack of photons from
about 0.15 MeV to the K-edge, the vertical dashed line at
69.525 keV.

Where the energy deposition is largest, in the first
0.2 mm, the primary electrons generate so many photons
with energies around the K-edge that photoelectric absorp-
tion can barely compete: photons with energy just above the
K-edge are only 1/3 as numerous as those with energies be-
low the K-edge. However, the incoming electrons stay
mostly in the converter’s front, and beyond a certain depth
they do not refresh the photon number spectrum with new
bremsstrahlung. Hence the increased difference between the
photon number across the K-edge, to 1/10 and higher, be-
yond the converter’s midpoint. Compton scattering harder
photons down to the K-edge is clearly less effective than
generating new lower-energy bremsstrahlung photons.

It would be nice if the bremsstrahlung number spectrum
N(z,hv) were to factor into two parts, N(z,hv)=@(z)n(hv),
with a photon number fluence ¢(z)=[d(hv)N(z,hv) and a
spectral shape shape n(hv)=N/ ¢, that is, the same for all z.
Such a separation seems to be approximately valid in the
converter’s front, where most of the fluorescence comes
from and ¢(z) is reasonably constant. However, where such
a separation might be more interesting, deep into very thick
converters, Fig. 9 shows that the number spectrum does
not factor, at least not for range-thick tungsten with mono-
energetic 2 MeV electrons.

This and similar computations that are not shown can
give superficially surprising results. One example is the
dominance of photoionization over ionization by direct elec-
tron impact. A thousand electrons produce only about 40K«
photons right where they enter, about half as much as the
90K «; photons generated by photoionization. However, half-
way into the converter the ionization by electron impact is
almost exclusively done by Compton electrons and respon-
sible for only 15% of the fluorescence: 85% is from photo-
ionization. This trend continues further toward the convert-
er’s back. Another example is the increased bulk attenuation
due to the many photon that travel under an angle with the
normal.

A quantitative comparison of the measurements with the
computations is not attempted, in large part because the pri-
mary purpose in this experiment is to make a Cauchois trans-
mission crystal spectrometer perform well in hard brems-
strahlung. The computations should be quite reliable: the
bremsstrahlung spectrum’s statistics typically had a standard
deviation o much better than 5%, and parameters such as
electron source size or inclusion of the detailed fluorescence
(with the P-CODES version of ITS) all predict essentially the
same results. Moreover, two principal components of the in-
strumentation, the throughput of the crystal and the calibra-
tion of the image plate, had not yet been quantified when this
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measurement was done. A future paperll contains some of
these calibrations, done in support of similar measurements
on a warm, dense plasma with a subsequent version of the
Cauchois transmission spectrometer, whose redesign was in-
formed by the work reported here.

IV. CONCLUSION

The bremsstrahlung continuum generated by multimega-
volt electrons in a high atomic number, here tungsten, is
largely responsible for the generation of K-shell fluores-
cence. A properly configured and shielded Cauchois trans-
mission crystal spectrograph can observe tungsten’s primary
K-shell fluorescence lines despite the accompanying 2 MV
end point bremsstrahlung, which is more than two orders of
magnitude stronger.

In reflection, when bremsstrahlung from an external
source excites the fluorescence, tungsten’s Ke; radiation
at 59.3 keV is about twice as strong as the K radiation at
67.3 keV. However, in forward-directed radiation from a
tungsten converter excited by 2 MeV electrons, the intensity
of these two fluorescence lines is about the same. To date
this anomaly in the fluorescence line ratio KB/Ke;, unity
instead of about 0.5, has not been observed or noticed in
computations.

The line ratio anomaly is caused by a localized fluores-
cence source, which is far enough away from the radiation’s
exit point for differential absorption to become important.
Scattering of the electrons by the nuclei in high atomic num-
ber materials keeps the electrons close to their entrance
point, hence bremsstrahlung production and the generation
of fluorescence photons by photoionization are largest where
the electrons come in, and negligible on the other side where
the fluorescence photons come out. Higher-energy KB radia-
tion from the front of the converter shines through more
readily than the lower-energy K, radiation, but still suffi-
ciently well to dominate over fluorescence generated deeper
into the converter.

Anomalous line ratios have been seen before,3 in lower-
energy fluorescence photons generated by short-pulse laser
irradiation of alloy targets containing silver (Z=47) and pal-
ladium (Z=46). Palladium’s K-edge at 24.3 keV is just be-
low the KB line from silver, at about 25 keV. Silver’s K
radiation then attenuates strongly on palladium’s K-shell
electrons, while silver’s Ko line at 22 keV and all palladi-
um’s fluorescence attenuate through photoelectric absorption
in the L-shell of both elements. In the much simpler case of
2 MeV electrons impinging on a cold bremsstrahlung con-
verter, it is possible to compute the radiation generation and
transport processes with some accuracy, and the results in
this paper support what was surmised already for the laser-
alloy interaction experiment: the fluorescence source’s loca-
tion inside the material affects the fluorescence line ratios.

The energy spectrum of the fast electrons from the
short-pulse laser™? is insufficiently known to compute the
fluorescence source profile. However, these fast electrons
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must be much less energetic than 2 MeV, since the modest
lead shielding inside the spectrometer was sufficient to sup-
press the bremsstrahlung that should accompany the fluores-
cence. For higher power lasers such as the National Ignition
Facility, this may no longer be the case.
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