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a b s t r a c t

The development of undulator technologies capable of generating sub-cm undulator periods is

assuming an increasing importance in X-ray free electron laser (FEL) applications. Indeed, such devices

jointly with the high brightness electron beams already demonstrated at operating facilities would

allow for lower energy, more compact electron linacs with a beneficial impact on the size and cost of

X-ray FEL facilities.

A novel design super-conducting undulator is being developed at the Lawrence Berkeley National

Laboratory (LBNL) with the potential of sub-cm periods with reasonably large undulator parameter

and gap. The potential and capability of such undulator technology need to be experimentally

demonstrated.

In this paper, the possibility of constructing an infrared FEL by combining the new undulator with

the high brightness beam from the APEX injector facility at LBNL is investigated.

Calculations show that the resulting FEL, when operated in self-amplified-spontaneous-emission

mode, is expected to deliver a saturated power of almost a MW within a � 4 m undulator length, in a

single-spike of coherent radiation at � 2 mm wavelength.

It will be also shown that the small-period of the undulator associated with the relatively low energy

of the APEX beam, forces the FEL to operate in a regime with unusual and interesting characteristics. The

alternative option of laser seeding the FEL is also briefly examined, showing the potential to reduce the

saturation length even further.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

The formidable success of LCLS at SLAC, the first hard X-ray
free electron laser (FEL) [1], demonstrated the capability of such a
type of facility to generate laser-like emission at sub-nanometer
wavelengths. In order to achieve the electron beam quality
required by the FEL process, multi-GeV electron beams are
necessary, requiring high energy linacs and making such facilities
large and expensive. On the other hand, LCLS results have already
demonstrated the potential for transverse normalized emittances
en low enough to match the ‘photon emittance’ requirements
en=bg� l=4p at lower beam energies if an undulator with the
proper period lu can be manufactured to simultaneously satisfy
the undulator resonance condition l¼ lu=2g2ð1þK2=2Þ. In the
above expressions, b is the electron velocity in speed of light
units, g the electron energy in rest mass units, l the radiation
ll rights reserved.

: þ1 510 486 4960.

n),
wavelength, and K ¼ eBulu=2pmc is the dimensionless undulator
parameter with Bu the peak magnetic field on axis, m the electron
rest mass, and c the speed of light in vacuum.

Present undulator technology limits the shortest undulator
period to � 1:5 cm, and any progress toward shortening such a
quantity will have a direct beneficial impact by reducing the size
and cost of X-ray FEL facilities.

In order to respond to this need, research is undergoing at
the Lawrence Berkeley National Laboratory (LBNL) to develop a
sub-centimeter period, high-temperature super-conducting tape
undulator with planar geometry utilizing YBCO material [2–4].

Also, in a parallel research activity at LBNL, the Advanced
Photo-injector EXperiment (APEX), a compact beam test facility,
is currently under construction [5–7]. The primary purpose of
this facility is to demonstrate the capability of a novel scheme
electron gun to generate, at high repetition rate (1 MHz and
beyond), electron beams with brightness and characteristics
compatible with the operation of X-ray free electron lasers (FEL).

The core of the injector gun consists of by a normal-conducting
copper RF cavity resonating in the VHF band (187 MHz), and capable
to run in constant wave (CW) mode. Such a cavity combined with

www.elsevier.com/locate/nima
www.elsevier.com/locate/nima
dx.doi.org/10.1016/j.nima.2011.09.042
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Fig. 1. APEX facility layout. The electron gun is on the top-left part of the figure

while the dark cylinders in the bottom-left are the three undulator cryostats. The

total length of the shielded area is about 15 m.
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high quantum efficiency (QE) photo-cathodes will allow to generate
up to � 1 nC bunches at 1 MHz repetition rate using commercially
available lasers.

APEX will also include a small normal conducting 1.3 GHz
pulsed linac to accelerate the beam up to few tens of MeV, so to
reduce space charges forces down to a level sufficient to measure
the actual brightness performance of the electron gun. While the
beam at the gun energy (0.75 MeV) will be run at full repetition
rate, at the linac energy, the operation will be limited instead to
few Hz due to radiation shielding limitations of the Beam Test
Facility (BTF), the pre-existing shielded area where APEX is
located. Fig. 1 shows the CAD view of the APEX injector.

The idea described in this paper is to test and demonstrate the
promising super-conducting tape undulator technology with the
APEX beam. When such an undulator is coupled with the APEX
injector, an infrared (IR) FEL with a number interesting and
unusual characteristics is obtained. We refer to this configuration
of as the Beam Test facility Free Electron Laser (BTFEL).

In Section 2 of the paper, the peculiar FEL regime of such a
system is qualitatively described. In Section 3, we list the BTFEL
parameters, including the electron beam properties and the
predicted radiation in self-amplified spontaneous emission (SASE)
mode [8,9], and give brief descriptions of the characteristics of the
super-conducting tape undulator and of the optical function
matching inside the undulators in the presence of space charge
effects. In Section 4, the FEL performance calculated in Section 3
is compared by time-dependent FEL simulations. Finally, before
Section 6, the possibility of laser seeding the FEL process in the
BTFEL is briefly investigated in Section 5.
2. The low-energy small-undulator period SASE regime

In the SASE mode, BTFEL will be operated with a relatively low
charge per bunch of 50 pC in a bunch length of 500 fs rms to
produce a single-spike � 2 mm IR radiation with a mega-watt
peak power in approximately 4-m saturation length.

Adoption of the short-period undulator at low energies (i.e.,
few tens of MeV) reveals a few noteworthy beam dynamics and
radiation properties.

Indeed in such a regime, the electron beam experiences a
unusually strong natural vertical focusing inside the planar
undulator.

In addition, the low energy combined with the small emittances
of the beam makes space charge forces non-negligible, so that
their effects must be accounted in beam dynamics calculations. For
example, it will be shown later that additional horizontal focusing
between the few undulator modules of the BTFEL needs to be
added to avoid that space-charge forces deteriorate the brightness
of electron beam.

The small undulator gap (� 2 mm) combined with the low
beam energy, increase the effects on beam dynamics due to
nonlinear undulator field components, and can result in effective
emittance growth if the beam size at the undulator entrance is too
large. Because of that, a careful optics matching at the entrance of
the undulator is required, especially in the vertical plane. In our
proposed scheme, such matching has been achieved by appro-
priately choosing the length of the undulator modules to provide
a periodic optical solution.

Another noticeable characteristic of this regime is the large
slippage length due to the short-period undulator and the rather
long radiation wavelength. The resonance condition for an undu-
lator, already discussed in the previous section, implies that the
electron beam slips with respect to the radiation pulse exactly
one wavelength per each undulator period. Unlike X-ray FELs
where the radiation wavelength is many orders of magnitude
smaller, the slippage length for IR FELs is rather large so that the
radiation pulse can ‘escape’ from the electron beam prematurely
if the electron bunch length is not sufficiently long with a
negative impact on the FEL performance.
3. Electron-beam and radiation properties

In the FEL process, the amplification of the electromagnetic
(EM) wave is due to the collective instability in the electron beam.
The instability produces an exponential growth of the EM field
intensity and of the bunching at the radiation wavelength given
by the bunching parameter

B¼
1

Ne

XNe

k ¼ 1

exp
2pi

l
zk

� �
ð1Þ

where zk is the longitudinal position of the kth electron with
respect to the bunch center, Ne is the total number of electrons
and i¼

ffiffiffiffiffiffiffi
�1
p

. The growth saturates when the bunching parameter
modulus is of order unity. In the one-dimensional limit, the
power growth before saturation is given by [10]

P�
1

9
Pn exp

z

Lg,1d

� �
ð2Þ

where Lg,1d � lu=4
ffiffiffi
3
p

pr is the one-dimensional power gain
length, Pn is the effective input noise power associated with
modulations in the instantaneous current, and r is the FEL
parameter [9] defined as

r¼ 1
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here, I is the peak current of the electron beam, IA � 17 kA is the
Alfvén current, sx is the rms beam size of the electron beam,
ku ¼ 2p=lu, and J¼ enebc is the electron current density with ne

being the electron density. The function JJðwÞ measures the
coupling between the electron beam and the radiation. For a
planar undulator it is given by JJðwÞ ¼ J0ðwÞ�J1ðwÞ, where w¼ K2=

4ð1þK2=2Þ and Jn is the nth-order Bessel function. The radiated
energy at saturation is roughly rNeEe with Ee being the kinetic
energy of an electron.

When three-dimensional effects are considered, the gain
length Lg can be expressed in terms of the 1D gain length Lg,1d

and by introducing the universal scaling function L such that

Lg ¼ Lg,1dð1þLðZd,Ze,ZgÞÞ ð4Þ
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where

Zd ¼
Lg,1d

2ks2
x

¼
Lg,1d

ZR
, Ze ¼

Lg,1d

bF

� �
4pe
l

� �

Zg ¼ 4p
Lg,1d

lu

� �
sg
g

� �
: ð5Þ

In the above equations, Zd is the diffraction parameter, Ze is the
angular spread parameter, and Zg is the energy spread parameter.
In addition, k¼ 2p=l, ZR is the Rayleigh length, bF is the transverse
beta function and e¼ en=bg is the transverse geometric emittance.
These scaling parameters measure the deviation of the beam
from ideal 1D case. Xie fitted the function L numerically and
listed the fitting coefficients [11,12]. The saturated power, includ-
ing 3D effects, obtained by the fitting results is then given by

Psat � 1:6r
Lg,1d

Lg

� �2

Pbeam ð6Þ

where Pbeam is the electron-beam power.
Table 1 shows the FEL parameters for the BTFEL obtained from

the semi-analytical theory described above. The quantities in the
table have been calculated with electron beam and undulator
parameters that will be discussed in the next subsections. Also, as
it will be explained later, due to space charge forces the emittance
and energy spread inside the undulator experience some increase.
To account for this effect, the FEL quantities in Table 1 have been
calculated with en ¼ 0:5 mm and an rms energy spread of 30 keV
(instead of the 0:4 mm and 20 keV required at the undulator
entrance). With such values, the FEL parameter r� 4:2� 10�3

and 1D gain length Lg,1d � 7:5 cm are obtained, and the 3D-
correction function L is dominated by the contributions of the
diffraction and energy spread terms Zd and Zg, and assumes a
value close to unity generating a still remarkably short 3D gain
length Lg of � 15 cm. The Rayleigh length of � 20 cm is signifi-
cantly longer than that corresponding to the average spot size of
the electron beam in the undulator of 90 mm (equivalent to an
average bF of 0.75 m), due to the strong effect of diffraction on the
evolution of the radiation pulse. The calculations (and the time-
dependent simulations later) show that with such a choice of
parameters, a single-spike IR pulse with peak power surpassing
0.5 MW can be generated.

It is important to note that the saturation length and saturation
power in the table refer to the steady-state regime where the
Table 1
Parameters of the BTF FEL.

Parameter Value

Radiation wavelength, l ðmmÞ 1.95

Electron beam energy, Ee (MeV) 23.0

Undulator type Superconducting

tape

Undulator period, lu ðcmÞ 0.7

Undulator full gap, g (mm) � 2

Undulator peak field 0.91764

on-axis, Bu (T)

Undulator parameter, K 0.6

Normalized rms emittance at undulator entrance, en ðmmÞ 0.4

Peak electron beam current, I (A) 40

Bunch charge, Q (pC) 50

Rms energy spread at undulator entrance, sE (keV) 20

Rayleigh length, ZR (cm) 20

Power gain length (1D), Lg,1d (m) 0.076

Power gain length (3D), Lg (m) 0.15

FEL parameter (1-D), r 4.2�10�3

Rms bunch length, tB ðfsÞ 500

Cooperation length, Lc (mm) 41

Allowed saturation length, Lsat (m) 4.3

Saturation power, Psat (MW) o 1:0
bunch length is much longer than the cooperation length, and
Eqs. (4) and (6) are not strictly applicable [13] to electron bunches as
short as in our case. Nevertheless, they will be used as a reference for
the time-dependent simulations presented later in the paper.

3.1. Electron beam from APEX

The predicted FEL gain length for the BTFEL in the configura-
tion of Table 1 is of 15 cm (including 3D effects). With the 7 mm
undulator period that corresponds to a radiation slippage per gain
length of � 40 mm, or equivalently to a cooperation length of
� 140 fs. In order to approach the performance predicted by
steady state calculations, a bunch length several times longer
than the cooperation length is required. In the BTF, a bunch length
of 500 fs rms at the undulator entrance was selected trading
between the FEL performance and a reasonable bunch compres-
sion requirement for the APEX injector.

In the solution we adopted, a peak current of 40 A is necessary to
achieve the required FEL gain. For a Gaussian distribution with 500 fs
rms length that implies a bunch charge of 50 pC. The gradient and
output beam energy of the APEX high-repetition rate electron gun
(� 20 MV=m and 0.75 MeV respectively) requires the use of rela-
tively long bunches at the cathode in order to control emittance
dilution due to space charge forces. For the BTFEL case, a trapezoidal
bunch with � 15 ps plateau is used to preserve the required normal-
ized emittance of 0:4 mm. The BTFEL layout does not include a
magnetic compressor, and bunch compression is performed by a
dedicated buncher cavity and by velocity bunching [14] along the
first two linac accelerating sections. Velocity bunching requires a
significant de-phasing of the RF in the accelerating sections, inducing
as a side effect a decrease of the beam energy at the APEX exit from
the maximum of � 30 MeV (when all the sections are phased for
maximum energy gain) down to � 23 MeV. The FEL calculations
indicate that the beam energy spread at the entrance to the undulator
must be at or below � 30 keV rms.

Fig. 2 shows simulation results for a possible APEX configura-
tion that generates beam parameters consistent with the require-
ments of Table 1.

3.2. Superconducting tape undulator

The high-temperature superconductor YBCO (YBa2Cu3O7) has
a transition temperature of about 120 K and critical fields Bc2 in
excess of 100 T. Very high transport current can be maintained in
the material if properly manufactured and operated at cryogenic
temperatures.

Tapes with an YBCO core designed for superconducting mag-
net applications are commercially available at relatively low
cost [2]. Available tape cross-sections include many mm in width
and 502100 mm in thickness. The thickness is composed mainly
of a strong substrate, typically Hastelloy, that provides mechan-
ical integrity. Buffer layers are then applied to provide a texture
for the growth of a YBa2Cu3O7 crystal. The YBCO layer is typically
� 1 mm thick in commercial tapes, although 223 mm thicknesses
have been produced in non-commercial lengths.

The critical transport current density Jsc in the YBCO layer is a
function of temperature, applied magnetic field, and strain.
A typical value in commercial tapes is Jsc (77 K, 0 T) � 30 kA=mm2;
at 4.2 K the value can increase by a factor of 10 or more. These
current densities are much higher (� 10) than can be obtained with
conventional low-temperature superconductors (LTS). LTS benefit,
however, from higher average current densities: the area ratio of
superconductor to normal metal in the YBCO tapes is 1–3% as
compared to 25–50% for LTS materials.

Using micro-machining or lithography techniques a flat YBCO
tape conductor can be machined with grooves that force the current



Fig. 2. Phase space distribution at the undulator entrance for a possible APEX beam matching the requirements for BTFEL.

Layer 1 Layer 2

Field

Fig. 3. HTS tape undulator concept, showing current path for two of the many

layers making up each half of the undulator. A sketch of the field oscillations as a

function of longitudinal position is shown on the right.
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in a defined path to obtain the desired undulator field profile.
Multiple layers can be super-imposed to yield additional field
strength. The basic concept is shown in Fig. 3. For small undulator
gaps this approach leverages the tape geometry and high current
density of the YBCO superconductor. Lithography, in particular, can
provide highly accurate and reproducible periodicity, thereby
eliminating a dominant source of field error in short-period
undulators. The current passing from one transverse segment (i.e.
half-period) to another results in a longitudinal edge current which,
for a single tape, results in a quadrupole-like field on the beam axis.
In the proposed configuration the next tape in the stack has
longitudinal currents flowing in the opposite direction, resulting
in a canceling of the quadrupole field. An even number of layers will
therefore result in negligible on-axis harmonic content.
Other error sources, such as variations in current distribution
in the tape, are under investigation. Note that the undulator does
not include magnetic material, thereby facilitating error analysis
and correction.

A prototype of such an undulator operating at 4.2 K is under
development at LBNL, and has been designed to have a 7 mm
undulator period, with a 2 mm gap and a field intensity on the
axis of � 0:92 T sufficient to achieve an undulator parameter
K � 0:6. A detailed design of the ‘cold-mass’ has been developed,
and a preliminary investigation of tolerances made [4]. Based on
the analysis, variations in current distribution from one half
period to another will result in phase errors, but not net trajectory
(steering or displacement) errors.

The lithography approach has been applied at LBNL to tape
samples, yielding patterned components for the prototype device.
Transport current measurements have been made at 4.2 K in a liquid
helium dewar. The current densities obtained in the samples have
been typically on the order Jsc � 2� 105 A=mm2, quite sufficient to
meet the field requirements. Hall probe measurements at consecu-
tive lithography-patterned cuts clearly demonstrated the expected
oscillating field.

A 3D CAD view of the extremely compact ‘cold mass’ of the
undulator prototype is shown in Fig. 4. For reference, the width of
the part is � 4 cm. The system will likely be cooled in a cryogen-
free cryostat, as the Isc is fairly insensitive to small temperature
variations about 4.2 K. A test cryostat is currently under design.
For field measurements, a pulsed-wire system has been devel-
oped that yields accurate first and second integrals of the field as
a function of longitudinal position.

With such an undulator and the APEX beam parameters, the
BTFEL will radiate at a wavelength of � 1:95 mm.

3.3. Optical functions at the undulator

Proper focusing of electron beam is required for an efficient
FEL interaction between electrons and radiation. Indeed, if the



Fig. 4. CAD view of the ‘cold mass’ of the super-conducting tape undulator. Not

shown in the figure the cryostat that contains the part.

Fig. 5. Radiation power (steady-state) at saturation and saturation length as

a function of the average beta function in the undulator. The power is maximum

at b� 0:2 m.

Fig. 6. Betatron functions in the undulator. Two horizontal focusing quadrupoles

are placed between 1.2-m long undulators.
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beam expands too rapidly, it will limit the radiation power and
increase the saturation length. The optimal average beam size
(and hence beta function) and its effect on the radiation power
and FEL saturation length are now evaluated. Fig. 5 shows the
saturation power and saturation length (in steady-state mode) as
a function of the average beta function in the undulator, calcu-
lated using the semi-analytical model of Section 3. The figure
shows the existence of a power maximum at an average beta
function of � 0:2 m. Note that such results are approximated and
used only as an estimation tool. In fact, because of the difference
in focusing between the transverse planes, the electron beam
through the undulator becomes flat transversely with different
beta functions between the horizontal and vertical planes.

The short-period planar undulator together with low-electron
energy leads to a remarkably strong natural focusing in the
vertical plane and no focusing in the horizontal one. It will be
shown in the next subsection that horizontal focusing must be
added to control space charge effects inside the undulator. In
order to provide such a focusing, the BTFEL undulator is segmen-
ted in three modules, and horizontally focusing quadrupoles are
inserted between the modules. The length of each segment is
chosen to be 1.204 m (i.e., 172 undulator periods) with which a
periodic beta function solution exists. Fig. 6 shows the horizontal
and vertical beta functions along the undulator for such a solution
when no space charge force is applied. It can be seen that, while
the average vertical beta function is close to the optimal value of
0.2 m, the average horizontal beta function is larger than that. To
account for such a situation, a tradeoff value of 0.75 m for the
average beta function has been used for both planes in the semi-
analytical calculations presented in Table 1.
3.4. Space-charge effects

The relatively low-energy of the APEX beam is not sufficient to
make space charge forces negligible. In this situation, the lack of
horizontal focusing in the undulator results in noticeable space-
charge induced increase of emittance and energy spread, while in
the vertical plane, the undulator natural focusing is sufficient to
overcome the space-charge force.

Such a scenario can be qualitatively understood by using the
envelope equations for the case of a continuous beam and linear
space charge forces [15]

X00 þkxX�
2Ksc

XþY
�
e2

x

X3
¼ 0

Y 00 þkyY�
2Ksc

XþY
�
e2

y

Y3
¼ 0 ð7Þ

where X and Y are the horizontal and vertical beam envelopes,
ky ¼ ð

ffiffiffi
2
p

pK=lugÞ2 and kx¼0 are respectively the undulator vertical
and horizontal focusing strengths (in the absence of quadrupoles),
and Ksc � 1:174� 10�4I=g3 is the space charge parameter. Using the
values at the entrance of the BTFEL undulator for the relevant quan-
tities in the above equations, one can find that in the vertical plane,
the undulator focusing term (� 4:2� 10�3 m�1) is greater than the
space-charge (� 5:9� 10�4 m�1Þ and emittance (� 3:4� 10�4 m�1)
terms, and large enough to control space charge effects. That is not
the case for the horizontal plane due to the absence of horizontal
focusing.

To the authors’ knowledge, existing FEL codes do not take into
account transverse space-charge effects. Such codes are mainly
designed for short-wavelength radiation where transverse space-
charge forces (pg�2) can be neglected because of the larger beam
energy. Because of this, to examine the effects of space charge in the
BTFEL undulators more quantitatively, the electron beam tracking
code PARMELA [16] was used. It should be remarked that the
results of the simulations with PARMELA are only approximated
because the longitudinal micro-bunching induced by the SASE
process is not included, and they were used only for estimating
the space charge effects on emittance and energy spread.
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The undulator field was modeled by

Bx ¼ 0, By ¼ Bu cosh kuy cos kuz

Bz ¼�Bu sinh kuy sin kuz ð8Þ

where ku ¼ 2p=lu. End field corrections were applied to make the
first and second field integrals along the undulator vanish.

Fig. 7 shows the horizontal and vertical beta functions in the
presence of space charge calculated by PARMELA using 200
thousand particles and after some re-adjustment of the quadru-
pole strengths. Comparing with Fig. 6, the presence of a notice-
able distortion in bx can be observed, while by remains reasonably
close to the no space-charge case.

Fig. 8 shows the variation of the normalized transverse emittance
along the undulators, calculated using the beam distributions at
the different zpositions. The horizontal emittance initially increases,
reaches a maximum of � 0:45 mm in the center, and then, under the
action of the horizontally focusing quadrupoles, decreases back to
� 0:42 mm at the undulator exit, just � 5% above the value at the
entrance of the undulator entrance. The vertical emittance experi-
ences a more moderate increase probably also due to the nonlinear
field components of the undulator as shown in Eq. (8).

The rms energy spread increases significantly due to space-
charge forces (see Fig. 9), whereas the increase in the rms bunch
length is essentially negligible (see Fig. 10).
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4. Time-dependent simulations

For an efficient FEL interaction, the Rayleigh length ZR � 4ps2
x=l

should be sufficiently larger than the gain length to make diffraction
effects negligible. However, as discussed in Section 3, this is not the
case for the BTFEL where the long wavelength and the strong
natural focusing of the undulator yield to a rather short Rayleigh
length (see Table 1).

In addition, as also discussed in Section 3, the bunch length in
the BTFEL is just few times longer than the cooperation length
and the steady-state solutions are only approximated and need to
be validated.

Last but not least, the single-spike characteristic of the BTFEL
IR pulse needs to be verified as well.

Therefore, three-dimensional time-dependent simulations were
required and the FEL code GENESIS [17] has been utilized for
the scope.

In the previous section, it has been shown that the high-
brightness electron beam in the BTFEL experiences non-negligible
space-charge forces that increase the beam transverse emittance
and energy spread. For accounting for this effect, in the evaluation
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of the quantities in Table 1, and also in the following simulations
the larger values of 0:5 mm and 30 keV have been assumed for the
normalized emittance and for the rms energy spread respectively.
Such values are significantly higher than the respective ones at
the undulator entrance (þ25% for the emittance and þ50% for
the energy spread), and should allow for a conservative account-
ing of space charge effects.

The curve (a) in Fig. 11 shows the IR radiation power along the
photon pulse at distance of � 4:3 m from the undulator entrance
simulated with GENESIS using the values discussed above. A clean
single-spike structure is clearly visible, with a peak power of
0.6 MW corresponding to a radiation pulse of � 0:4 mJ. As a
comparison, the curve (b) in the same figure shows the case for
the same energy spread but with an increased emittance value of
0:6 mm. In such a case, the peak power of the single-spike
radiation drops by a factor of more than a half. The current profile
is shown in curve (c), against the right-hand scale.

Fig. 12 shows instead the dependence of peak power for
en ¼ 0:5 mm on the value of sE. The solid portion of the curve
corresponds to a single spike pulse, while the dashed portion
corresponds to multiple spikes. Although a reasonable single
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Fig. 11. Radiation power at z¼4.3 m from the entrance of the undulator for:

(a) en ¼ 0:5 mm and sE ¼ 30 keV; (b) en ¼ 0:6 mm and sE ¼ 30 keV. The current

profile (c) is shown as well, scaled to the right-hand axis.

Fig. 12. Typical peak power (solid/dashed line) and pulse energy (dotted line) at

z¼4.3 m from the entrance of the undulator for en ¼ 0:5 mm as a function of

energy spread. The dashed portion of the power curve corresponds to multiple

spikes in the output, rather than a single peak.
spike pulse is still generated up to energy spreads of 40 keV, the
peak power drops drastically down to noise levels. This indicates
a stronger sensitivity of the radiation power to the energy spread
compared to the predictions of the 3D calculations in Section 3. In
addition to the usual effect of the distance to saturation lengthen-
ing as the energy spread is increased, the ratio of the cooperation
length to the electron bunch length eventually becomes too small
to support significant gain, as slippage convects the radiation out
of the electron bunch too rapidly. It must be remarked that after
accounting for this dependence of the radiation power on the
energy spread, the overall the time-dependent simulation results
are in good agreement with the steady-state calculations pre-
sented in Table 1.

The radiation mode size in the BTFEL is rather large compared
to the electron beam transverse size as indicated by the large
diffraction term (Zd41 in Eq. (5)). In the large diffraction regime,
multiple transverse modes can be excited in the initial start-up
stage, but the fundamental mode has the largest growth rate and,
at a certain longitudinal position, will dominate the exponential
growth, and the radiation pulse will eventually exhibit a single
transverse mode. Such a behavior is confirmed by the time-
dependent simulations. Fig. 13 shows the transverse radiation
profiles resulting from such simulations at various positions along
the undulator. A clean single mode transverse profile is visible at
z¼4.3 m.
5. BTFEL laser seeding

The SASE process starts from noise (small random density
modulations along the bunch) and therefore the micro-bunching
process evolves rather slowly requiring a quite long undulator
system for achieving saturation. If a laser beam, co-propagating
with the electron beam inside the undulator, is used for imposing
an energy modulation on the electron bunch and hence seeding
the micro-bunching, the whole process can occur more rapidly
and saturation can be achieved within significantly shorter
undulators.

Fig. 14 shows the GENESIS-simulated average-power evolution
of the radiation over the undulator length, when seeding the
BTFEL electron beam (sz ¼ 500 fs, en ¼ 0:5 mm, and sE ¼ 30 keV)
with a 100 fs IR laser pulse with 10 kW peak power. Commercial
laser systems with those characteristics (2.5 nJ per pulse) are
readily available. The power in the figure is averaged over all the
longitudinal bunch slices (seeded and un-seeded) and shows
saturation at z� 1:2 m. Fig. 15 shows the resulting single-spike
radiation at various distances from the undulator entrance. The
current profile is as in Fig. 11. We remark that the original laser
pulse itself does not become amplified, but instead leaves behind
an enhanced bunching which subsequently radiates a much
stronger second pulse.

This preliminary and initial investigation indicates that it is
plausible to obtain saturation and a single-spike radiation pulse in
1.2 m with a reasonable seeding. There is a wide range of options
to consider in order to optimize the seeded configuration, such as
varying the bunch charge or the duration of the laser seed.
Pursuing such tasks requires further work and is not the subject
of this paper.
6. Conclusions

The possibility of testing a sub-cm period novel-design undu-
lator based on a commercial super-conducting tape, with the
APEX high-brightness electron beam has been investigated.



Fig. 13. (Unscaled) Transverse profile of the radiation from BTF FEL at (a) z¼0.6 m, (b) z¼1.75 m, (c) z¼2.4 m and (d) z¼4.3 m.
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The combination of the two generates the BTFEL, an infrared
SASE FEL lasing at � 2 mm in a single-spike radiation pulse with
� 0:6 MW peak power saturating in � 4 m. The low energy of the
APEX electron beam (few tens of MeV) jointly with the short
undulator period forces the FEL in a regime with unusual and
interesting characteristics.

3D calculations and time-dependent simulations describing the
BTFEL performance were presented including an initial evaluation of
a promising laser seeding option offering saturation in � 1:2 m.

Future planned studies include start to end simulation of the
BTFEL dynamics, and the evaluation of the effects of wakefields on
the FEL performance. In particular, the superconducting undulator
requires the investigation of the effect of resistive wall wakefields
in the anomalous skin effect regime [18].
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