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Abstract

We present experimental studies of the gain length and
saturation power level from 1.5 nm to 1.5 A at the Linac
Coherent Light Source (LCLS). By disrupting the FEL pro-
cess with an orbit kick, we are able to measure the X-ray in-
tensity as a function of undulator length. This kick method
is cross-checked with the method of removing undulator
sections. We also study the FEL-induced electron energy
loss after saturation to determine the optimal taper of the
undulator K values. The experimental results are compared
to theory and simulations.

INTRODUCTION

We present gain length measurements from LCLS, the
world’s first hard X-ray laser. LCLS first lased on April
10th, 2009 [1]. We measured the first gain lengths and
FEL saturation four days later. In this paper we describe
the methods used to measure both gain lengths and post-
saturation power growth and present results from early di-
agnostics.

GAIN LENGTH MEASUREMENTS

The primary diagnostic for initial gain length measure-
ments was a YAG florescence screen located 50 m down-
stream from the last undulator. We determined X-ray
power by summing pixels within a 5o region of interest
around the FEL spot. We also compared the simple sum-
ming analysis to various fitting methods and observed little
difference. Two neutral density filters with a total trans-
mission of 0.01% extended the camera’s dynamic range to
more than 4 orders of magnitude.

More recently, LCLS has switched to a new set of diag-
nostics in the Front End Enclosure (FEE). These include
additional YAG screens and cameras, two gas detectors, a
total energy monitor and a suite of solid and gas X-ray at-
tenuators that will prevent YAG saturation. Future data will
be taken with the FEE diagnostics.

Undulator Removal Method

To determine the FEL gain length, we must measure the
FEL power as a function of position along the undulator.
Due to practical considerations, the power diagnostics fol-
low the final undulator. Consequently, to determine power
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as a function of position, we must disrupt the FEL pro-
cess. With 3.35 m long undulator segments and soft X-
ray gain lengths as short as 1.5 m, we would ideally mea-
sure the power following each undulator segment. The
most direct method for suppressing the FEL is to sequen-
tially remove undulators, with the added benefit of a de-
creased spontaneous background signal, which helps low
FEL power measurements. However, each undulator re-
quires 3 minutes to remove (more than 90 minutes for a
full P(z) scan), so initial concerns about the temporal FEL
stability prompted interest in an alternative method.

Transverse Kick Method

Rather than removing undulators, we can instead disrupt
the FEL process. For example, introducing a distortion to
the electron orbit suppresses the FEL by decreasing bunch-
ing and beam overlap [2] (Fig. 1). By kicking the beam
transversely at sequential positions in the undulator hall,
we can measure the FEL gain length.

Following each LCLS undulator, a pair of « and y dipole
correctors can kick the beam by approximately 15 yradians
in each plane. The requirement for FEL suppression is
determined by the critical angle, ¢ = \/Ar/Lq, with
FEL wavelength Ar and gain length, L. For hard X-rays
at LCLS, ¢, = 7 uradians, so the dipole correctors can
strongly suppress the FEL process in the downstream un-
dulators. The kick method is less effective at longer wave-
lengths, when the critical angle is much larger and the beta
function is smaller. Using the kick method, a full P(z)
scan can be completed in under 10 minutes. We show good
agreement between the two methods at 1.5 A in Fig. 2.
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Figure 1: After a transverse dipole kick, the FEL process is
suppressed.

Restarting FEL with Kick Method

Though the kick method is faster and generally equiva-
lent in accuracy to the undulator removal method, we do
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Figure 2: Gain lengths measured with both the undulator
removal and dipole corrector kick methods. Distances are
for total undulator length and do not include the breaks be-
tween segments.

note some drawbacks. First, the background signal at low
power (when the beam is kicked early) is larger than in the
undulator removal method, where the spontaneous back-
ground is proportional to the number of inserted undula-
tors. Second, distorting the orbit near the beginning of
the undulator hall may allow the FEL process to restart,
leading to secondary (though weak) FEL spots (Fig. 3).
We observe restart occurring in two places: after a 7/2
phase advance and further downstream when the orbit dis-
tortion straightens (Fig. 4). An additional kick further
down the undulator (for instance at slightly more than a
/2 phase advance) effectively suppresses both secondary
spots. Given the spatial separation of the spots (as seen
in the cartoon, Fig. 4), an alternative solution is to select
a sufficiently small region of interest around the primary
FEL.
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Figure 3: At left, the primary FEL spot at saturation is cen-
tered around 0.25 mm. At right, after strongly suppressing
the main FEL peak (faintly visible around = =~ 0.5 mm),
secondary FEL spots are emerge on either side (though
several orders of magnitude weaker than the saturated pri-
mary FEL). The left-hand secondary spot emerges from the
straight section of the orbit distortion.
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Figure 4: The bunching can either realign or restart from
shot noise, creating secondary FEL spots. In this cartoon,
down corresponds to positive X on the YAG screen

RESULTS
LCLS Gain Length

Due to the danger of damaging the YAG screen at low
energies, we have primarily studied the gain length at 1.5 A
radiation (13.6 GeV electron beam). After optimizing the
electron beam parameters we have measured gain lengths
as short as 2.85 4+ 0.06 m at 250 pC (Fig. 5). More typi-
cally, we measure gain lengths between 3 and 4 m, which
agree with Genesis [4] simulation results for a beam with
0.4 pm normalized emittance (Fig. 6). The shortest gain
lengths may be due to sections of the beam having even
lower emittance or from lasing in the wake-field induced
current spikes (Fig. 7).
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Figure 5: Gain length of 2.85 + 0.06 m taken at 13.6 GeV
using the dipole corrector method. The high power levels
of the first two data points are due to a secondary FEL spot
as seen in Fig. 3.

To measure gain lengths at 1.5 nm wavelength, we re-
move all but 9 undulators to reduce the overall power hit-
ting the YAG screen. The FEL is harder to suppress at
longer wavelength; secondary FEL spots reflect off the
beam pipe and interfere with the corrector kick measure-
ments. The undulator removal method is slow, but remains
effective at all wavelengths. We measure a gain length of
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Figure 6: A gain length measurement of 3.3 m agrees well

with Genesis simulations for a beam with 0.4 ym emit-
tance.
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Figure 7: Genesis simulation showing power as a function
of longitudinal bunch position (left). The peak power oc-
curs in the current spikes (right). For this simulation, the
spikes had emittances of 0.6 pm.

1.62 £ 0.15 m at 4.7 GeV beam energy (Fig. 8).
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Figure 8: Gain length of 1.62 & 0.15 m taken at 4.7 GeV
using the undulator pull method.

Gain Length vs. Energy Spread

With the kick method taking less than 10 minutes for
a full P(z) scan, we can measure gain length as a func-

tion of various electron beam parameters. In Fig. 9 we
show one example: gain length vs. laser-heater induced en-
ergy spread. The laser heater increases the energy spread
by AE =~ 8y/Pr, with the laser heater energy, Pr,, in mJ
[3]. The final energy spread is then multiplied by the bunch
compression factor, ~ 90 at 3 kA. The results are consis-
tent with the Xie scaling [5] for 0.4 — 0.5 pm beam emit-
tance. We also note that the gain length with the laser heater
off (0 keV) is approximately 1 m higher than at the nomi-
nal heater value (20 keV). We attribute the increased gain
length in the case of no laser heating to self-heating from
the microbunching instability [7].

Gain Length vs. Laser Heater
T T T

—— 0.4um emittance (Ming Xie)
—— 0.5um emittance (Ming Xie)
o Experimental Data

Gain Length (m)

0 20 40 60 80 100 120
Laser Heater Induced Energy Spread (keV)

Figure 9: Gain length as a function of energy spread
following the laser heater. Ming Xie scaling shown for
0.4, 0.5 pm emittances. We note the increased gain length
with no laser heating (0 keV), hinting at the importance of
the laser heater to suppress the microbunching instability.
The nominal heater value induces a 20 keV energy spread.

Saturation Taper

Tapering the undulator K parameter near and beyond sat-
uration can increase the final FEL power [8, 9]. As the
electrons lose energy to the radiation field, the resonance
condition moves towards longer wavelengths. Changing
the K value compensates for energy loss and keeps the res-
onance condition fixed. Longitudinal wakefields and in-
coherent spontaneous emission losses require use of a lin-
ear K(z) taper across all undulators; the necessary slope
can be calculated from electron beam parameters. To com-
pensate for additional FEL-induced energy loss, we empir-
ically scanned linear saturation tapers, changing both the
slope and starting point, to find the optimal K values (Fig.
10).

To evaluate our taper we use the same dipole correc-
tor kick method as was used for the gain length studies.
The YAG screen saturates before the FEL does, so we
must infer the FEL power from the average electron en-
ergy loss, measured with BPMs in the electron dump. The
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Figure 10: Experimentally-optimized undulator taper (red
line) that yielded an FEL-induced average electron energy
loss of nearly 9 MeV. Yellow boxes show available range
of taper for each undulator.

kick method does not affect either spontaneous radiation or
wakefields; consequently, any change in energy loss that
correlates to a transverse kick must result from the FEL.
The FEL-induced energy loss before saturation is small rel-
ative to the measurement noise, so this method is not effec-
tive for measuring the gain length.

Results from one such taper measurement, along with
Genesis simulations of the same LCLS parameters, are
shown in Fig. 11. We can also compare the power gain rel-
ative to the untapered case (Figs. 12, 13). Experimentally
we observe a gain factor of 2.4, somewhat smaller than the
factor of 3.3 found in Genesis simulations.
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Figure 11: Post-saturation FEL pulse energy for a taper
with nearly 9 MeV final average electron energy loss. Gen-
esis simulations for a 0.4um emittance beam agree well,
but have slightly less FEL power.

CONCLUSION

We have presented the first gain length and taper mea-
surements from LCLS. We find gain lengths of ~ 2.9 — 3.3
at \p = 1.5 A, and 1.65 m at A\ = 1.5 nm. We also can
more than double the coherent, FEL power over the satura-

10

+ Gain + Saturation taper
— Gaussian fit
s ¢ Gain taper only
— Gaussian fit

FEL-induced energy loss (MeV)
B

Figure 12: Measured FEL-induced electron energy loss as
a function of dipole kick at undulator 11. The addition of a
saturation taper can increase the FEL output by a factor of
greater than 2.
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Figure 13: Simulation results show a post-saturation taper
increasing the FEL output by greater than a factor of 3.

tion value by tapering the downstream undulators.
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