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Positrons in the energy range of 3–30 MeV, produced by x rays emitted by betatron motion in a plasma
wiggler of 28.5 GeV electrons from the SLAC accelerator, have been measured. The extremely high-
strength plasma wiggler is an ion column induced by the electron beam as it propagates through and
ionizes dense lithium vapor. X rays in the range of 1–50 MeV in a forward cone angle of 0.1 mrad collide
with a 1.7 mm thick tungsten target to produce electron-positron pairs. The positron spectra are found to
be strongly influenced by the plasma density and length as well as the electron bunch length. By
characterizing the beam propagation in the ion column these influences are quantified and result in
excellent agreement between the measured and calculated positron spectra.
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High-energy physicists use electron-positron collisions
to validate the predictions of various field theories. The
positrons (e�) needed for the collisions are currently pro-
duced by bombarding a high-Z, solid target that is several
radiation lengths (X0) thick with a high-energy electron
beam [1]. The resulting interaction creates bremsstrahlung
x-ray photons which can interact with the atomic nuclei of
the target producing electron-positron pairs. These cur-
rently used ‘‘thick-target’’, bremsstrahlung e� sources
may well fail when scaled to meet the requirements of
future linear colliders, due to thermal stress fatigue from
large volumetric e� beam energy deposition into the target
from ionization and multiple scattering. One way to reduce
this problem is to produce the x rays separately from a thin
(<X0), high-Z target where the x-ray conversion to e�-e�

pairs takes place. Several such alternative designs for next
generation e� sources, including the use of a helical un-
dulator or Compton backscattering off a circularly polar-
ized laser beam, to produce polarized photons in the 5–
10 MeV range [2,3], are being studied. It is imperative that
any proposed source have a high conversion efficiency of
drive beam energy into x-ray photons in the tens of MeV
range for efficient e� production [4]. In this Letter, we
demonstrate the basic principles and scaling laws for gen-
erating positrons from a thin target via a novel scheme:
using X-rays emitted by betatron motion of high-energy
electrons in a high-strength plasma wiggler [5–7].

The plasma wiggler in this scheme is an ion column
produced by an electron beam as it propagates through a
column of lithium (Li) vapor. If the beam spot size at the Li
column entrance is small enough or the current density is
high enough, the transverse electrostatic field of the beam
completely field ionizes the Li vapor [8,9], creating a
singly ionized plasma during the rise time of the electron
beam. If the beam density nb is greater than the plasma

density np, the space charge force of the beam rapidly
expels the plasma electrons and creates a pure ion column
(np � ni). The focusing force �eEr of this ion column
causes the beam electrons to oscillate [10] and emit beta-
tron x rays. This ion column also exerts a restoring force on
the expelled plasma electrons which rush back, overshoot
the ion column axis, and set up a wake oscillation and thus
a longitudinal wakefield. In addition to radiating some of
their energy due to betatron oscillations, the electrons can
lose energy because of the retarding effect of this wakefield
[11].

In previous work [6] the use of such a plasma wiggler
was demonstrated for the generation of an intense colli-
mated x-ray beam in the 1–10 keV range. In the present
work, the same basic concept has been extended for gen-
erating photons in the 1–50 MeV range using a much
higher density plasma and much shorter electron pulses.
Whereas in [6] the energy loss by the electrons to both the
wake and betatron x-ray emission was a small perturbation,
in the present work it is a significant fraction of its initial
energy. This energy loss, beam-plasma ionization, and
focusing effects must be properly accounted for in this
work to get a quantitative agreement between the measured
and calculated e� spectra.

The radial electrostatic field of the ion column—the
plasma wiggler—is given by Er�r� � �npe=2�o�r (SI
units) [7,10]. The fundamental parameter describing the
plasma wiggler is the wiggler strength defined as K �
�bk�ro, where k� � !p=c

��������

2�b
p

is the betatron wave num-
ber, !p is the plasma frequency, �b is the electron Lorentz
factor, and ro is the maximum radius of the oscillating
electron [7]. Note that the electrons in a beam will have a
distribution of ro. The spectrum of the betatron radiation

has frequencies !n �
n2!��2

1�K2=2���b��2
, where !� � k�c is
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the betatron frequency, � is the angle between the axial
motion of the beam electron and the observation point, and
n is the harmonic number [6,7]. When K� 1, high har-
monic radiation dominates the spectrum, and since K is
linearly proportional to ro, individual electrons at different
radii have different radiated frequencies resulting in a
broadband spectrum. This spectrum is characterized by
the critical frequency !c � 3K�2!�=2 (for on-axis radia-
tion, � � 0) and a critical harmonic number nc � 3K3=8.
[6,7].

The electron energy loss to radiation is given by the
relativistic Larmor formula. Using the betatron orbits due
to Er, the energy loss per unit length is

 

dWloss

dz
�

1

3
reme�

2
b!

2
�K

2 / ��2
b; n

2
p; r

2
o�; (1)

where me is the electron mass and re is the classical
electron radius [6,7]. As an example, in an ion column of
density ni � 3� 1017 cm�3, an electron with an energy of
28.5 GeV and an ro of 10 �m experiences a wiggler
strength K of 173 with an on-axis critical photon energy
of roughly 50 MeV, ideal for e� production. Equation (1)
shows that this electron radiates �4:3 GeV=m. Thus, such
a high-K, meter-scale plasma wiggler is well suited for
converting the electron’s energy into a large number of
multi-MeV photons, a necessary condition for a practical
e� source. We note, however, that for a group of electrons
with a bunch length � half a plasma wavelength, the
electron energy loss to the wakefield can be far greater
than that to radiation. Consequently, �b changes continu-
ously along its path through the plasma. If the plasma is
long enough, the drop in �b can be so severe that @!c drops
below 1 MeV—the pair-production threshold.

The experiment [12] was carried out at the Final Focus
Test Beam Facility (FFTB) at the Stanford Linear
Accelerator Center (SLAC). A schematic of the experi-
mental setup is shown in Fig. 1. A 28.5 GeV beam con-
taining approximately Nbo � 1:7� 1010 electrons was
focused into a Li vapor having a variable length of 10–
30 cm and a variable neutral density of no � 1–30�
1016 cm�3. The focused beam has emittances �x 	 5�y 	
2:0� 10�9 m-rad and a spot size of �x 	 �y 	 10 �m.
Coherent transition radiation (CTR) in the THz range was
detected after the bunch propagated through a 1 �m thick
Ti foil upstream of the plasma (not shown). The CTR
energy UCTR was measured using a pyroelectric detector.
For a fixed Nbo, UCTR is correlated to the inverse pulse
length (1=�z) of the electron beam [12,13], and ultimately
to the wake amplitude. For UCTR � 400 (AU), �z is
�20 �m and, for the coarse of this work, 100 
 UCTR 

500.

The radiated betatron x rays propagate in vacuum 40 m
downstream to the e�-e� pair convertor target. To mini-
mize potential background signals on the e� detectors,
the maximum photon angular divergence of �max �

Kmax=�b 	 9 mrad was collimated down to 0.1 mrad using
two 10 cm long tungsten (W) collimators with diameters of
6.4 mm and 12.7 mm, located 25 m and 30 m from the
plasma, respectively. These created an 8 mm collimated
photon beam at the 1.7 mm (	0:5X0) thick W target
producing e�-e� pairs. The resulting positrons (up to an
energy of 30 MeV) were imaged by a magnetic spectrome-
ter collecting a solid angle of 	 7� 10�3 sr and detected
using 1 mm thick silicon surface barrier detectors (SBDs)
with a surface area of 49 mm2. The electron beam exiting
the plasma was deflected vertically by a dipole magnet to
separate it from the x rays. It was subsequently imaged
onto a Cherenkov radiator to record the spectrum of the
beam electrons. An example of one such spectrum is
shown in Fig. 1(b). Such images were used to estimate
the number of electrons that interact with the ion column
and their energies, as discussed later.

For each plasma density studied, the radiated x-ray
energy, and therefore the e� signal, was first optimized
by adjusting the position of the beam waist with respect to
the Li-column entrance. For instance, for np �
1� 1017 cm�3, the optimum beam waist location was
found to be at an axial position of �� 5 cm (at �10%
of the peak Li density) as illustrated in Fig. 2(a). As the
beam enters the neutral Li gas, whose measured profile is
shown by the dotted green line in Fig. 2(a), the Li is ionized
creating a low density plasma. This plasma acts as a thick
lens that rapidly focuses the beam to a spot size smaller
than its known vacuum value (dashed red line) before it
begins betatron oscillations within the high density body of
the plasma column (solid blue line) [14]. Once in this
region, the beam envelope oscillates with a maximum
�x;y ’ 4 �m.

Figure 2(b) shows the experimentally measured e�

spectra for three different plasma densities. The spectrum

FIG. 1 (color). (a) An experimental schematic. (b) A typical
electron energy spectrum image for np � 1� 1017 cm�3 and a
plasma length of 11 cm. A summed (over x) lineout of the
spectrum is also shown (yellow solid line). In the absence of a
plasma, the electron beam spectrum (dotted contour) is in the
region of the spectrum labeled (1). Any beam electrons that lose
energy will appear in region of the spectrum labeled (2).
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for np � 3:3� 1016 cm�3 peaks at�8 MeV while that for
np � 1:0� 1017 cm�3 peaks at a higher energy and has a
higher yield as well. By changing the polarity of the
magnet, the electron spectrum was also measured. The
absolute yield and spectral shape were similar to that of
the positrons, as expected from e�-e� pair production in
the convertor target. Also plotted in Fig. 2(b) are the e�

spectra (red curves) obtained from the calculated x-ray
spectra, as discussed in detail later. The measured e�

spectra cover the energy range of interest for e� sources
for future linear colliders.

The radiation spectrum from the oscillating electrons in
a plasma wiggler was computed using the formalism de-
scribed in Ref. [15], which is well suited for a high-K
wiggler. When K� 1, only certain phases along the beta-
tron trajectory contribute to the observed spectrum in the
far field. These phases correspond to the maximum positive
and negative displacement regions of the electron trajec-
tory where the acceleration is the greatest and, locally, the
momentum vector of the electron is pointing towards the
converter target in the far field. By Taylor expanding the
electron orbit around each of these contributing phases or
‘‘saddle points’’[15] we calculate the total spectrum as the
sum of the ‘‘synchrotronlike’’ bursts at each saddle point.
The result gives the energy per unit frequency per unit solid
angle ( d2W

d!d� ). The x-ray spectrum as a function of position
is then input into the Monte-Carlo code Electron-Gamma
Shower 4 (EGS4). Within EGS4, the photons collide with
the W target generating, among other things, the e�-e�

pairs. The positrons emanating from the rear of the target
are propagated through the appropriate magnetic transport
matrices to the locations of the SBDs.

By integrating the e� spectra of Fig. 2(b) over energy,
we can plot the e� yield versus np as shown in Fig. 3(a).
According to Eq. (1), the total radiated photon energy
should scale as n2

p, as was observed in Ref. [6] where the
maximum np used was �600� lower than in this work.
Since the critical energy @!c for 3:3� 1016 
 np 

1:0� 1017—the np range in Fig. 2(b)—is 5:6 MeV 

@!c 
 17 MeV, the vast majority of the total radiated

photon energy can produce e�-e� pairs and thus the scal-
ing of Eq. (1) also applies to the total e� yield. Clearly, this
n2
p scaling of Eq. (1) is not evident in Fig. 2(b). This is due

partly to the density-dependent focusing of the beam at the
Li-column entrance and partly to the increased energy loss
to the wakefield, both being the result of utilizing much
higher densities in this work. This strong interplay between
the beam and plasma parameters makes Eq. (1) unsuitable
as a design tool for predicting the performance of a plasma-
wiggler-based e� source. Therefore, to calculate the pho-
ton spectrum that can reasonably predict the e� yield, three
critical parameters of the electron beam within the plasma
must be determined. These are the number of electrons Nb
that participate in betatron oscillations, the mean energy �b
of the beam electrons, and the maximum spot sizes �x;y of
the beam in the plasma (the saddle points for � � 0). Here,
we experimentally estimate Nb and �b as described below
and calculate �x;y by using the beam envelope model, as
was described earlier in connection with Fig. 2(a). To
elucidate the beam physics and study how such a e� source
might be optimized, these quantities are studied over a
range of plasma densities and plasma lengths Lp as well
as for different incoming bunch lengths.

We can obtain an estimate Nb by measuring the number
of electrons that lose energy. Figure 1(b) showed a typical
electron energy spectrum. For analysis purposes, we have
indicated two regions on this spectrum. Region (1), from
29–28 GeV, is the range of energies seen when no plasma
is present (indicated by the dashed contour) and region (2),
from 28–26 GeV, contains electrons that have definitely
lost energy. As the beam enters the Li vapor, it begins to
form a plasma only after the threshold for field ionization is
reached. The transmitted electrons up to this point in the
rising edge of the beam must therefore strike region (1) in
the spectrum. Beyond the ionization threshold, beam elec-
trons do work expelling the plasma electrons. Thus the
electrons that strike region (2) reside in the ion column and
give us the measure of Nb. As we make the bunch shorter,
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FIG. 3 (color). (a) Integrated e� yield in the 4–20 MeVenergy
range vs plasma density. The black diamonds show the variation
in yield with �0:5 �m changes to �x;y. (b) The charge in region
(1) of the electron spectrometer image (blue circles) and the
charge in region (2) (red x’s) vs UCTR��1=�z�. At UCTR � 100,
there has already been charge transfer from region (1) to region
(2). Also plotted is the mean beam energy loss for the radiating
electrons in traversing an 11 cm plasma with np �
1� 1017 cm�3 (green crosses).
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beam envelope model. The green dotted curve is the measured
lithium vapor-density profile. (b) Measured and calculated e�

spectra for three densities. The values of np in the legend are in
units of 1016 cm�3.
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the ionization occurs earlier and charge is essentially trans-
ferred from region (1) to region (2). This transfer is clearly
seen in Fig. 3(b), where we have plotted the absolute
charge in each region versus UCTR � 1=�z. We see, for
example, that for 100 
 UCTR 
 300 [the range of values
used in Fig. 2(b)], 6:4� 109 & Nb & 7:8� 109 electrons;
i.e., at most �0:46 Nbo. For �b at the plasma exit we take
the mean energy of the electrons in region (2) of the
spectra. The variation of the mean energy loss 1

2 �

��� �b�mc
2 with UCTR is also shown in Fig. 3(b) where

� is the mean energy of the beam in the absence of Li. Note
that this energy loss increases as UCTR increases reaching
nearly 2.6 GeV at UCTR � 500 (�z � 16 �m). For com-
puting the x-ray spectrum, we assume that this net energy
loss is distributed linearly along the saddle points. Using
this recipe for determining the actual beam parameters,
the calculated e� spectra agree in both shape and abso-
lute yield, as shown by the red curves in Fig. 2(b). Without
these corrections, the calculated yield would be overesti-
mated by a factor of �10 for np � 1� 1017 cm�3 and
even higher at higher densities.

The open circles in Fig. 4(a) show how the total yield in
the energy range 4–20 MeV varies as a function of UCTR

for np � 1� 1017 cm�3 and Lp � 11 cm. The triangles in
Fig. 4(a) show the calculated yield where the measured
changes toNb and �b shown in Fig. 3(b) were incorporated
into the calculated photon spectra. Based on the good
agreement of the calculated e� yield to the experiment,
we can infer that the rise in the e� in Fig. 4(a) up to
UCTR 	 300 is dominated by the increase in Nb as ioniza-
tion occurs earlier while the subsequent fall of the yield is
due to an increase in the energy loss to the wakefield when
shorter bunches are used.

Up to this point we have presented data for np 
 1:0�
1017 cm�3 where the coupling of the SLAC electron beam
to the plasma is relatively weak (on a per meter basis).
When np is increased to 2:7� 1017 cm�3, the e� spectrum
(not shown) shifts to higher energy, peaking at �30 MeV.
In Fig. 4(b) we show the integrated e� yield in this peak-
energy range of 27–30 MeV versus UCTR for three differ-

ent Li vapor lengths. The Nb versus �b tradeoff seen in
Fig. 4(a) is now not noticed due the higher coupling; the �b
variations dominate. When the wakefield loss is relatively
small, for example, for theUCTR bin of 125 in Fig. 4(b), the
e� yields increase from stepping Lp from 13 cm to 22.5 cm
and again from 22.5 cm to 30.5 cm is roughly in proportion
to the relative increase in the plasma length. Although an
ion column, and thus a wakefield, is a necessary condition
for an effective plasma wiggler, the inevitable accumu-
lation of energy loss with increasing plasma length even-
tually alters the betatron x-ray spectrum enough to essen-
tially shut off the production of high-energy positrons. This
can be seen, for example, in the UCTR � 375 bin of
Fig. 4(b), where the average energy loss to the wake is
larger than that of the 125 bin. Here there is a smaller
increase in yield as the plasma length is increased from
13 cm to 22.5 cm, but essentially no further yield increase
when the length is increased to 30.5 cm.

In conclusion, we have investigated a new scheme for
generating positrons based on betatron x rays with energies
of tens of MeV emitted in a plasma wiggler that may be
useful for supplying e�s for future accelerators. The mea-
sured e� spectra are in excellent agreement with the calcu-
lated x-ray spectra once the effect of the plasma in
modifying the beam parameters is taken into account.
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FIG. 4 (color). (a) The integrated measured and calculated e�

yield in the 4–20 MeV energy range vs UCTR for np � 1�
1017 cm�3 and Lp � 11 cm. (b) Integrated e� yield in the 27–
30 MeV energy range vs UCTR for 3 different plasma lengths
with np � 2:7� 1017 cm�3. The CTR scale may be different
between the two plots.
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