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By designing transition radiators to emit x rays at the foil material’s K-, L-, or M-shell photoab-
sorption edge, the x-ray spectrum is narrowed. The source is quasimonochromatic, directional, and
intense and uses an electron beam whose energy is considerably lower than that needed for syn-
chrotron sources. Depending upon the selection of foil material, the radiation can be produced
wherever there is a photoabsorption edge. In this paper we report the results of the measurement of
the x-ray spectrum from a transition radiator composed of 10 foils of 2-um titanium and exposed to
low-current, 90.2-MeV electrons. The measured band of emission was from 3.2 to 5 keV. In addi-
tion, a measurment was performed of the total power from a transition radiator composed of 18
foils of 2.0-um copper exposed to a high-average-current electron beam of 40 pA and at energies of
135, 172, and 200 MeV. The maximum measured power was 4.0 mW. The calculated band of emis-

sion was from 4 to 9 keV.

I. INTRODUCTION

In a process termed transition radiation, photons
throughout the x-ray spectrum are generated when rela-
tivistic electrons cross thin foils.!™® Medium-energy
electrons (17-500 MeV) have been shown to generate x
rays in the soft*° and hard regions of the spectrum.!®!!
In an earlier work it was noted that the bandwidths of
carbon and aluminum transition radiators were narrowed
by their K-shell photoabsorption edges.® In a more re-
cent work it was shown that using high-density foils such
as gold, stainless steel, and copper permits the electron
beam to be of moderate energy (100—500 MeV) while still
producing warm to hard x rays.'®!! Combining these
two ideas, one can design transition radiators to emit
quasimonochromatically throughout the x-ray spectrum
by selection of a material with an appropriate K-, L-, or
M-edge frequency.

The bandwidth of the photoabsorption-edge transition
radiator can be reduced by a factor of 2 or more when
compared to that of a transition radiator which is not
designed at the photoabsorption-edge frequency. Since
the x-ray absorption is reduced on the low-frequency side
of the photo absorption edge, the number of foils that one
can use can be large, permitting intense x-ray production.
As an example of this effect at soft-x-ray photon energies,
we compare in Fig. 1 the frequency spectra of two transi-
tion radiators, one composed of aluminum foils and the
other of beryllium. The aluminum radiator spectrum is
dramatically truncated above 1.559 keV, while the
beryllium’s is not. The beryllium stack’s K edge is at 112
eV and does not affect the spectrum. The absorption of
the x rays in the aluminum foils increases by a factor of
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10 as the x-ray photon energy passes the K edge. This re-
sults in the absorption of the x rays with photon energies
above 1.559 keV and the abrupt truncation of the fre-
quency spectrum.

II. THEORY

A. Production of transition radiation

When high-energy electrons cross the interface be-
tween two media or between a vacuum and a medium, x
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FIG. 1. Calculated effect of K-shell photoabsorption edge on
the transition-radiation spectrum for 150-MeV electrons. Beryl-
lium has no K-shell photoabsorption edge within the energy in-
terval measured here; the aluminum has a K edge at 1560 eV.
Since there is a large increase in the absorption above the K
edge, the aluminum spectrum is truncated above 1560 eV.
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rays are produced by transition radiation.!™® The pho-
ton production for a single interface is small; however, by
stacking a number of foils, the yield can be greatly in-
creased. In most applications, individual foils separated
by vacuum are used to reduce reabsorption of the x rays
in the medium.

In general, the radiator will be composed of thin foils
of thickness /, and plasma frequency w, separated by ei-
ther a gas or vacuum of thickness /; and plasma frequen-
cy w, (for the gas). For the usual case, when /; >>/, and
®,>>wy, the radiation is emitted at frequencies less than
vw,. This frequency represents a ‘“‘cutoff” frequency
above which the radiation falls dramatically.®®? Since
the plasma frequency of a material is proportional to the
square root of its density, this cutoff frequency is propor-
tional to the square root of the foil density.

The spectral intensity produced by a single electron
traversing a single-foil interface is given as'?

d2N0 _ afw
dQdo  16m%c?

(21_22)2 N (1)

where z, and z, are the formation lengths of two dielec-
trics given approximately by
z;= — , )
1 @; 2
—S5t—+ 6
Y 1)
where i=1,2; here 6 is the angle of emission with respect
to the electron trajectory and w is the angular frequency
of the radiation; w;(i=1,2) are the plasma frequencies of
the two dielectrics; a is the fine-structure constant
(a=+%); c is the speed of light; N is the number of gen-
erated x-ray photons; ( is the solid angle in steradians;
v =E /0.511; and E is the electron-beam energy in MeV.
For the present application, transition x rays are emit-
ted into a narrow forward-directed conical annulus,
which at high energies is laserlike in its divergence. The
cone half-angle 6 is approximately 1/y, with a width that
also is about 1/y. For 200-MeV electrons, 6 ~A0==2.5
mrad; thus 4 m from the target the radiation would il-
luminate an annulus of approximately 6 cm?,
For a single electron crossing M foils (2M interfaces),
each of thickness /, and each separated by a spacing /,,
the differential production efficiency is'?

w

d°’N d’N, . .
= 4sin’* |~ |F(M,X) , 3
d0do | d0de [P |7, [FMD 3
where
1+exp(—Mo)—2exp — Mo cos(2MX)
F(M,X)= ,
1+exp(—o)—2exp —Z lcos(2X)
(4)

and o =pl+u,l,, X=1,/z,+1,/z,, and p, and u, are
the linear absorption coefficients of the spacing and foil
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media, respectively (@, =0 for vacuum spacing).

We have numerically integrated Eq. (3) over angle and
photon energy to obtain the total power emitted from the
radiator. We have used this equation to predict the spec-
trum for the various radiators discussed in this paper.

The x-ray energy distribution in Eq. (3) combines three
basic factors: (a) the single-surface emission modified by
(b) the single foil resonance, and (c) the alteration of this
band resulting from absorption by downstream foils in
the radiator of photons emitted by upstream foils. The
second term in Eq. (3), 4sin%(l,/z,), accounts for
coherent or “resonance” addition of amplitudes from the
two interfaces of a single foil, and gives a peak value
twice as large as from two interfaces when the emission is
completely random. This occurs when there is construc-
tive interference between the waves generated at the front
and back (upstream and downstream) interfaces.!?”14
The radiation intensity is maximized when the thickness
of the foil is such that both the electron and the photon
travel an integral number of wavelengths in the field gen-
erated at the first interface. This occurs when
l,=(m +{)wz,, where m is an integer.

When the intensity varies rapidly with both photon en-
ergy and angle, the radiation maxima might be difficult to
resolve. These variations are averaged when the detector
has low resolution in both solid angle and energy. In ad-
dition, the angular distribution is broadened because of
both the finite electron-beam dimensions and multiple
scattering. When the periods of F(M,X) are not experi-
mentally resolvable and the absorption of the emitted ra-
diation in the foil material is not negligible, Eq. (4) be-
comes

1—exp(—Mo)

(F(M,X))=
1—exp(—o)

(5)
We see from Eq. (5) that when Mo >>2 the asymptotic
value for Fis 2/0(w), and that beyond 2/0 foils the radi-
ation intensity cannot be increased significantly by add-
ing more foils. M is approximately 10-24 for the cases
presented in Table I. When selecting the maximum num-
ber of foils we have used M =2/0 as a rough estimate
(M <2 /0 for the Sn radiator).

Recently we have shown that by increasing the density
of the foils, we can lower the electron-beam energy to
moderate values (100—500 MeV).'>!! To minimize cost
of construction and operation, one wishes the electron-
beam energy to be kept as low as possible. By choosing
high-density foils, the cutoff frequency w,=yw, is in-
creased. However, since high-density materials often
have higher atomic numbers, bremsstrahlung can be
large. Hence, in some cases it is important to minimize
the bremsstrahlung since it has a flat spectrum from very
long wavelengths to photon energies equal to that of the
electron-beam energy. Extremely hard x rays are pro-
duced for high atomic-number foils which might damage
x-ray optics or otherwise be detrimental to other experi-
mental apparatus which is coaxial with the x-ray flux.
Thus it is important to select foil materials with
thicknesses and densities that minimize the bremsstrah-
lung and maximize the transition radiation. Selection of
materials of high density and moderate atomic number is
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TABLE I. Foil stacks designed at their K-edge frequencies.

Material C Mg Al Ti Cu Sn
Density (g/cm®) 2.3 1.7 2.7 45 9.0 7.8
Plasma frequency (eV) 30.6 26.7 32.9 41.4 56.0 52.0
K-absorption edge (keV) 0.28 1.3 1.56 5.0 8.98 29.2
Minimum electron energy (MeV) 5 25 24 61 82 287
Selected electron energy (MeV) 25 75 73 184 244 574
Foil thickness (um) 0.35 1.9 1.5 3.0 2.9 8.9
Number of foils (M) 10 13 14 18 22 24
Transition-to-bremsstrahlung 5079 507 393 76 33 5

ratio

therefore desirable in these situations. For example, iron
(stainless steel) and copper foils are excellent candidates
since they have comparatively high densities and
moderate atomic numbers.

One description of bremsstrahlung that is appropriate
for the present purposes assumes relativistic incident
electrons and complete screening of the nuclear charge
by atomic electrons.!® In this case the number of brems-
strahlung photons N generated by an electron traversing
a thickness d/ of radiator material can be written

d>N,

= 8a
dewdQ 0

233
Z1/3

Z*%y%n

404
1+970" |
1+92%6?

(6)

N, is the number of atoms per cm® of atomic number Z,
and r, is the ‘“classical” electron radius
(e2/mc?=2.8X 10713 cm). This distribution peaks in the
electron-beam direction and has an angular full width of
about 1/y.

Numerically integrating both Egs. (3) and (6) over a
solid angle, we can obtain the ratio of the spectral photon
density (photons per unit bandwidth) of transition to
bremsstrahlung radiation at photon energies inside the
bandwidth of the radiator. The ratio, given for various
radiator materials in Table I, can vary widely for different
situations: For 1-um aluminum foils the ratio for 1-keV
x rays becomes about 393; but with 8-um copper foils the
ratio for 10-keV x rays becomes about 33. If the ratio is
not large, then details of the emissions for both transition
radiation and bremsstrahlung must be considered.

B. K-edge transition radiator design

The absorption term in Eq. (4) can include the sudden
change in absorption at the photoabsorption edges. The
x-ray intensity can be maximized by designing the foil
stack at photon energies just below the photoabsorption-
edge energy of the foil material. The absorption falls
dramatically as the photon energy increases past the K-,
L-, or M-edge photon energy. At these edges the absorp-
tion can change as much as a factor of 10. A source
designed to produce maximum flux at this edge will be
quasimonochromatic.

From the requirement that o <y w,, and given the foil
material’s K-, L-, or M-edge frequency w, and plasma

frequency w,, one picks a minimum electron-beam energy
for photon production to be

E> Eoor . (7

5]

For calculating the foil thickness, an electron-beam ener-
gy of between two to six times larger than the minimum
energy is selected. The selection is somewhat arbitrary,
depending chiefly on the desired x-ray power, since for
the energies where E >>E,w; /w,, the power radiated is
roughly proportional to the electron-beam power.

The single-foil resonance will enhance radiated pho-
tons with frequencies that give 7, ~(7m/2)z(w).">"* To
enhance the photon production below the photoabsorp-
tion edge, we set ®=w, in Eq. (2):

A

277 Hwy /o)

I

This causes the single-foil resonance term sin’(/,/z,) in
Eq. (3) to be maximum at or near the photoabsorption-
edge energy.
From the discussion of Eq. (5) the number of foils is
given by
2 2

M: -
olwp)  mlanhlap) ©)

where we have again set w=w;. The mass-absorption
coefficients at the photoabsorption-edge energy u(w;)
were taken from Plechaty, Cullen, and Howerton. 16 One
can calculate exact values here, but the values for foil
thickness and foil number can vary widely without appre-
ciable change in the radiated frequency spectrum. In fact
the parameters used in the experimental section are not
optimum.

We have developed a radiator design program using a
spread-sheet analysis which follows the design procedure
outlined above (see Table I). For a particular electron-
beam energy (assuming E >>E o, /o,), foil material, and
K-edge frequency, our spread-sheet program will deter-
mine foil thickness and number, electron-beam energy,
and the ratio of transition to bremsstrahlung radiation.
The foil thickness is given by Eq. (8) and the number of
foils is given from Eq. (9). For nonresonance (no phase
addition between foils) the foil spacing /, must be such
that /; >>z,. Since z, is usually quite small for moderate
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electron-beam energies, the spacing is determined by the
minimum required thickness of the spacer for rigid sup-
port of the foil. The ratio of transition-to-bremsstrahlung
radiation was obtained from Egs. (3) and (6) as described
above. Using these electron beam and foil stack parame-
ters as a guide, we can use our computer program to
determine the frequency spectrum and angular-emission
pattern of the radiator.

Since each element of the periodic chart has different
K-, L-, and M-edge frequencies, one can design foil stacks
across the x-ray frequency keV band. Using lithium foils
we can obtain 55-eV photons, while using gold foils we
can obtain 80-keV photons. The calculated spectral
power density using a 100-uA electron beam is plotted in
Fig. 2 as a function of x-ray photon energy for four radia-
tors composed of carbon, aluminum, titanium, and tin.
Bremsstrahlung radiation is included in the calculation.
The spectra are optimized to have peak emission at their
respective K-shell photoabsorption edges. Their parame-
ters are given in the figure and in Table I along with oth-
er designs for quasimonochromatic radiators which emit
across the soft- to hard-x-ray band. Larger fluxes can be
obtained by increasing the electron-beam energy or
current.

Note there is a large range of foil and electron-beam
energy parameters that will permit photoabsorption-edge
transition radiation. The values given in Table I are only
one set; other values are possible. The designer may be
constrained by the electron-beam energy and limited
number of available foil thicknesses requiring creative
design using the rules outlined above as a guideline.

As an example of hard-x-ray generation, we picked tin
foils to produce transition below the tin 29.12-keV K-
shell photoabsorption edge (Fig. 2). Such a source would
be of value for medical imaging such as digital subtrac-
tion angiography where radiation sources are needed on
either side of the iodine K edge. The radiator’s parame-

(o))

N

oY -
10 1 10 10°

PHOTON ENERGY (keV)

POWER DENSITY {mW/[keV (100 pA)l}

FIG. 2. The spectral power density of four stacks composed
of foils of carbon, aluminum, titanium, and tin each optimized
at their respective K-shell photoabsorption edges. See Table I.
The parameters for the three stacks are C, E=25 MeV, M=10,
1,=0.35 um; Al, E=73 MeV, M=14, [,=1.5 um; Ti, E=184
MeV, M=22,1,=2.9 um; and Sn, E=574 MeV, M=24, 1,=8.9
pum. The average beam current is 100 pA.
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ters are taken from Table I (M=24, /,=8.9 um, and
E=574 MeV). The number of foils used is reduced from
the M =2 /0 condition in order to reduce the hard x rays
above 29.2 keV. The bandwidth of the tin stack is ap-
proximately 40%.

As another example of how the K edge affects the
transition-radiation spectrum, we show in Fig. 3, curve
(a) the theoretical spectrum of the transition and brems-
strahlung radiation produced by a foil stack composed of
10 foils of 2-um titanium (used in the experimental pro-
gram). This is compared to curve (b), which is the
bremsstrahlung and front-and-back-surface transition ra-
diation from a single, equivalent-thickness (20-um) titani-
um foil. Referring to curve (a), at the low-photon-energy
end of the spectrum, the photon flux increases with softer
photon energies (w <2.1 keV); both the transition radia-
tor and the equivalent-thickness single foil have this
characteristic soft-x-ray rise. This is due to transition
emission from the last-foil interface; the emission from
the rest of the interfaces is absorbed in the foils. The flux
begins to increase above 2.1 keV because of the rapid
drop in x-ray absorption in the foils permitting the x rays
produced at each interface to escape. At 4.96 keV there
is a sudden drop in the photon flux because of the sudden
increase in absorption just above photoabsorption edge
energy.

When measuring transition radiation spectra and
power, a single foil of thickness equivalent to that of the
total foil stack thickness is used to account for the brems-
strahlung and other spurious ionizing radiation from the
accelerator. The spectrum from the single foil is subract-
ed from the spectrum produced from the multiple-foil
stack, resulting in a difference spectrum. The difference
spectrum gives a somewhat clearer picture of the
multiple-foil transition radiation spectrum, especially
when there is large spurious radiation coming from
sources (e.g., collimators, irises) upstream of the transi-
tion radiator. This unfortunately also eliminates the
front-and-back-surface transition radiation (TR), which
as we can see from Fig. 3(a) is important at soft-x-ray
photon energies. The difference spectrum can thus be
characterized by the following equation: (multiple-foil
TR + bremsstrahlung + spurious radiation) — (brems-
strahlung + front-and-back surface TR + spurious radi-
ation) = difference spectrum. The difference spectrum of
Fig. 4 is without the single-interface transition radiation
and, therefore, lacks the characteristic rise in the spec-
trum at soft-x-ray photon energies shown in Fig. 3(a).
We have used the difference spectrum to present our
data. In the case of the titanium data presented here, the
background was relatively low, whereas in the case of the
earlier measurements of aluminum and magnesium radia-
tors the background was large. In all three cases we give
the subtracted spectra for comparison.

The L or M edge can also be used to make a quasi-
monochromatic transition radiator in the soft and warm
regions of the spectrum. As an example we show in Fig.
5 the calculated spectrum for five foils of 0.31-um stain-
less steel (iron). The electron-beam energy is 150 MeV.
The L- edge is at 855 eV; thus the spectrum is from ap-
proximately 500 to 855 eV. Stainless-steel foils have been
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FIG. 3. Predicted spectral photon density for (a) ten foils of
2-um titanium and (b) and equivalent-thickness (20 um) single
foil of titanium. The electron-beam energy was 90.2 MeV.

used to generate hard x rays and the effect of the K edge
at 8.9 keV is apparent in the 400-MeV data. '*!!

III. SPECTRA OF ALUMINUM
AND MAGNESIUM RADIATORS

Previously, the aluminum and magnesium spectra were
measured at the Lawrence Laboratory National
Laboratory’s Electron-Positron linear accelerator using
the experimental setup discussed in Ref. 8. The magnesi-
um spectrum was not published and is presented here for
the first time. These low-density foils produced quasi-
monochromatic soft x rays. Their spectra are presented
here to show the photon-energy shift resulting from their
different K-edge photon energies.

The magnesium and aluminum spectra are produced
from 54 MeV electrons impinging on the foil stacks at a
pulse rate at 1440 s™!. Radiation spectra were measured
with a gas-flow proportional counter. All data were mea-
sured with a multichannel analyzer. To minimize spec-
tral distortion (pileup), the average number of counts was
kept below 0.1 per electron-beam pulse. The required

4
TITANIUM
90.2 MeV

3_

2.

10 PHOTONS/ (keV ELECTRON) ]

-3

=¥ A . .
%Lg 00 2 4 6 8
PHOTON ENERGY (keV)
FIG. 4. Predicted spectral photon density of the difference

spectrum for ten foils of 2-um titanium. Spectrum was obtained
by subtracting curve (b) from curve (a) in Fig. 3.

PHOTON ENERGY (keV)

FIG. 5. Predicted spectral photon density from five foils of
stainless steel. The radiator has been designed to radiate at the
L-shell photoabsoption edge of iron. The electron-beam energy
is 150 MeV.

electron-beam current for this count rate was smaller
than 1 nA. At this low current level, the absolute beam-
current calibration was +20%.

Measured and calculated difference spectra of the mag-
nesium and aluminum stacks are shown in Fig. 6, where

300 T T T
250 Aluminum _
54 MeV
— 200 .
= o
(=]
@O 150 ]
‘,—.
X
lil-l 100 [— o ]
w
¢ 50— ¢ K -
L) L) . o T D 1’
> 0 ] o M
]
a 100 T T T
5 o Magnesium
& 8o 54 MeV =
I L ]
o
< 60— -]
l<> °
=
40 — ° -
/3 -
o
BB 0 ..~¢.~ o _
ek o S0
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0 1 2 3 4
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FIG. 6. Measured absolute differential production efficiency
of the difference spectrum for the transition radiation emitted
from 30 foils of 1-um magnesium and 30 foils of 1-um alumi-
num for the incident electron-beam energy of 54 MeV (from
Ref. 8). The magnesium spectrum is truncated at the 1.303-keV
K-shell photoabsorption edge. The aluminum is truncated- at
the 1.559-keV K-shell photoabsorption edge. The truncation of
the spectrum is somewhat blurred by the detector frequency
resolution.
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the number of photons per unit frequency per unit solid
angle per electron is plotted as a function of photon ener-
gy. Note that due to the method of collection, the units
are per solid angle, unlike the other calculated and mea-
sured spectra in this paper. These difference spectra have
been obtained by subtracting the multiple-foil spectra
from the single equivalent-thickness spectra, and hence
do not have the characteristic soft-x-ray rise of the radia-
tion from the last-foil interface. The calculated spectra
include the effect of the detector resolution (bandwidth).
The K-edge photon energies of magnesium and aluminum
are 1.303 and 1.559 keV, respectively. The sharp falloff
of the spectra has been somewhat masked by the band-
width of the detector. However, the bandwidth-
narrowing character of the K-edge effect and the shift in
the mean frequency between the two spectra are clearly
visible.

The measured magnesium-foil spectrum has been
raised a factor of 2.8 to match the calculated values. The
attenuated output was probably caused by the oxidation
of the magnesium foils, which affected either the absorp-
tion or photon production. Because of our lack of cer-
tainty about this cause, the magnesium spectrum was not
included in Ref. 8. However, since the effect of the
1.303-keV K edge is evident, the spectrum is included in
this paper.

IV. MEASUREMENTS
OF A TITANIUM RADIATOR SPECTRUM

The experimental apparatus using the Naval Postgra-
duate School linear accelerator is shown in Fig. 7. The
electron-beam energy was 90.2 MeV. Electrons entered
from the left into a vacuum chamber where they passed
through the foil stack and then through a dump magnet
to be deflected out of the path of the Si-Li detector. The
x rays traveled in a 107 %Torr vacuum before ‘they es-
caped through a 12.5-um Kapton window into the air
where they were immediately captured by a Si-Li detec-
tor. The detector’s peak sensitivity is at 10 keV, and use-

RADIATION
SHIELDING Si (Li) TO
WALL X -RAY PREAMP
L VACUUM AND PHA
/7 77} cHAMBER DETECTOR
7% 2
E v //
7 INDOW
V)
BEAM
DUMP ]
v MAGNET  [UNGS _
A TV
7 REMOVABLE
CAMERA | UORESCENT %
SCREEN  yrrENT
DIGITIZER

FIG. 7. Diagram of the experimental apparatus to measure
hard x rays from a 90.2-MeV electron beam. The distance be-
tween the foil stack and the x-ray-detector window is 129 cm.
Ten 1-pum titanium foils were used to produce x rays from 8 to
35 keV.
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ful bandwidth, as stated by the manufacturer, is from 1 to
20 keV. Data were gated with the electron-beam spill to
reduce the noise background. Electron-beam current was
not measured, but the total charge was monitored and
kept constant between measurements. At the beginning
and end of the experiments a 5894-eV *°Fe x-ray source
was used to calibrate the spectra. The detector drift was
less than 5% throughout the whole experiment.

The target measured during this experiment was ten
foils of 2-um titanium. These delicate thin foils were
mounted on 1.5-mm-stainless-steel spacers in order to
maintain adequate support. Since multiple scattering of
the electrons was large, no attempt was made to achieve
resonance effects between foils (the condition where there
is in-phase addition from one foil to another).

As discussed in Sec. III, a single 28-um titanium foil
was used to determine the bremsstrahlung and spurious
radiation background. The foil was not the same thick-
ness as the total foil stack thickness (20 um); however,
since the bremmstrahlung generated from the first few
microns of the foil is attenuated by the time it has
traversed the foil, the difference in power output between
the 20- and 28-um foils is negligible. The measured radi-
ation generated by the single 28-um foil was subtracted
from that produced by the foil stack. The spectra from
the single 28-um foil and the ten foil transition radiator
are shown in Fig. 8. No attempt was made to measure
the total charge through the foil stack, and thus only the
relative intensity was measured. Figure 9 shows the re-
sulting subtracted spectrum. This is to be compared with
the theoretical subtracted spectrum shown in Fig. 4.

V. HIGH-CURRENT EXPERIMENT

The experiments were performed at the recently reno-
vated linear accelerator at the Saskatchewan Accelerator
Laboratory. This accelerator can produce 50- to 300-
MeV electron beams with currents as high as 90 uA. An
existing beamline with a 90° beam dump was available for

120
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80 | .“
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0 2 4 6 8
PHOTON ENERGY (keV)

FIG. 8. Measured number of counts for ten 2-um titanium
foils. The electron-beam energy was 90.2 MeV. The emission
from a single 28-um foil is also shown. This spectral distribu-
tion compares favorably with the calculated spectrum of Fig. 3.
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FIG. 9. Relative number of counts from a transition radiator
with the equivalent-thickness-foil emission subtracted. The
electron-beam energy was 90.2 MeV and the radiator was ten
2-um foils of titanium. This spectral distribution compares
favorably with the calculated spectrum of Fig. 4.

this work. The main components of the experiment were
a transition radiator, dump magnet, beam dump, and
detector. A side view of the apparatus is shown in Fig.
10. The dump magnet was used to separate the electrons
from the x rays. The electrons strike the foil stack, creat-
ing the x rays. The electrons are then deflected 90° and
dumped into a water-cooled absorber. The x rays then
travel 3 m to a planar-diode detector.

The transition radiator consisted of 18 foils of 2-um
copper. The foil diameter was 2.0 cm for adequate
electron-beam clearance. A single foil of copper with
thickness equivalent to that of the transition radiator (36
um) was also placed in the electron beam. This allowed
comparison of the background radiation due to brems-
strahlung and other ionizing radiation with the transition
radiation produced by the copper-foil stack. Since the
spectral sensitivity of the photodiode is extremely broad-
band, the measured bremsstrahlung-background signal
was large. The measured signal from the foil stack was
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TABLE II. X-ray production from the copper foil stack.

Measured Estimated Measured
average theoretical X-ray
Energy current power power
(MeV) (uA) (mW) (mW)
200 8.6 1.3 14
172 40.7 3.6 4.0
135 40.0 2.8 2.5

only a factor of 2 over that of the equivalent foil. Thus
only by subtracting the two signals does one get an accu-
rate estimate of the total transition-radiation power.

A phosphor screen, transition radiator, and
equivalent-thickness foil were placed in the target holder.
The phosphor screen was used to position and focus the
electron beam. The foil stack and the equivalent-
thickness foil were then translated into the beam for com-
parison and measurement of the total soft-x-ray power.

To measure the total x-ray flux we utilized an EG&G
XRD-41-X planar-diode detector [previously used at
Lawrence Livermore National Laboratory (LLNL)].°
The photodiode consists of a 74-mm-diam beryllium pho-
tocathode plated with 1500 A of aluminum. From Selig-
son et al. we estimated the efficiencies in the bandwidth
of the source.!” Using the measured currents from the
diodes and these efficiencies, we obtained the total power
generated from the radiator.

Table II gives the x-ray emission that was measured
with this arrangement. The measured values agree with
the theoretical predictions within experimental error.
The maximum power measured was 4 mW. Maximum
current through the radiator was 41 pA. No unusual
cooling scheme was needed for the foils at these currents.

The predicted spectra for the copper radiator are given
in Fig. 11 for the three energies used in the experiment.
Since the measured spectra for beryllium, aluminum, and
titanium have matched their respective calculated ones,
Fig. 11 is most likely an accurate prediction.
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FIG. 10. Diagram of the experimental apparatus to measure the total power of hard-x-ray flux from 18 copper foils each 2.0 um

thick. HV denotes the high-voltage source.
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FIG. 11. Calculated spectral photon density for a copper ra-
diator where there is a sudden change in photon production at
8.98 keV due to the K-shell photoabsorption edge. The spec-
trum is given for three energies used in measuring the total
power from the radiator.

VI. CONCLUSIONS

We have shown that quasimonochromatic x-rays can
be produced from transition radiation using a variety of
foil materials as radiators. The source can be designed
throughout the soft-, warm-, and hard-x-ray regions of
the spectrum with photon energies as low as 55 eV using
lithium foils, and as high as 80 keV using gold foils. This
radiation is intense, producing milliwatts of power in
bandwidths of approximately 50%.

Such a source can offer a relatively inexpensive alterna-
tive to synchrotron radiators for many applications. One
of the early objectives of the use of synchrotron radiation
was to use its inherently pulsed nature combined with its
high intensity to permit time-resolved spectroscopy and
structural studies. One problem has been that such inves-
tigations are feasible only when the electron beam in the
storage ring consists of a single, tightly packed bunch of
electrons, so that there is time between light pulses to ob-
serve the changes in the sample under study. Most syn-
chrotrons operate most easily in a multibunch mode
which is so small that the electrons come around the ring
too quickly.

Transition radiation offers an alternative to synchro-
tron radiation for pulsed, high-peak-power production of
x rays. The x-ray time structure is controlled by the
electron-beam emitter, which can be any of a variety of
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medium-energy accelerators such as a linear accelerator,
microtron, pelitron, induction accelerator or flash elec-
tron source. Each has a unique time structure that may
be far more governable or more optimum for a particular
experiment than a synchrotron emitter.

Extremely short pulses of x rays can be obtained from
transition radiators when used with currently available
conventional linacs. Linear accelerators can produce 1-
ns- to 10-us-long macropulses at a repetition rate of
1-1400 Hz. The macropulse comprises a burst (pulse
track) of micropulses. A typical micropulse length is 4—-6
ps and a typical micropulse repetition period is 350 ps
(760 ps for LLNL). Single micropulses of 2—5 ps have
been obtained with millisecond spacing. These single
pulses can be on the order of many amperes in peak
current. For example, the LLNL electron-positron linear
accelerator has a fast-pulse mode in which 12-A
electron-beam pulses of between 5 ps and 100 ns can be
obtained with millisecond spaces between pulses. We
have measured 58-W-peak power in a 17-ns pulse from a
soft-x-ray transition radiator.®

X-ray pulses with this time structure would be ideal for
studying many transient effects in solids and biological
materials. The flux for time-resolved x-ray diffraction
can be derived from a sequence of one or more micro-
pulses within a single macropulse. If additional flux is re-
quired, then one or more macropulses of flux can be em-
ployed. '8
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