
Mitigating a Large Energy 
Spread in LPA-driven FEL 
w/FEL Beam Conditioning

The concept of  FEL beam conditioning was proposed* in early 90s, as a 
method to mitigate excessive (at the time) beam emittances in FEL. In its 
essence, within the ideally conditioned beam, the off-axis electrons undergo 
larger betatron oscillations should also be faster, and thus on average 
phase-matched to the slower on-axis electrons, resulting in an overall FEL 
gain improvement.  Today, the much improved beam emittances from 
photoinjectors are less of  a limiting factor for FELs, whereas the ascent of  
LPAs introduced a new need – to mitigate excessive energy spreads.

Thus we propose to readopt the FEL beam conditioning for LPA FEL energy 
spread mitigation. To improve gain, we use the chromatic aberrations in the 
focusing channel after the plasma exit to induce a transverse distribution at 
the FEL entrance, dispersing faster electrons further away from the axis, and 
slower electrons closer to the axis. Here we show the initial results of  the 
FEL dynamics studies in the context of  the upcoming BELLA LPA-FEL 
experiment at LBNL using VISA 4-meter undulator.
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(graphics copied from P. Emma and G. Stupakov presentation “Limitations 
of  Electron Beam Conditioning in Free-Electron Lasers”, SLAC 2003)

*A. M. Sessler, D. H. Whittum, and L.-H. Yu, “Radio-frequency beam conditioner for fast-
wave free-electron generators of  coherent radiation,” PRL 68(3), 309–312 (1992).

• Large energy spread beam does not lase, 
since most electrons are not trapped in the 
ponderomotive bucket

• Beam conditioning forces electrons in the 
energy tails to remain on average in phase 
with the centroid electrons, thus reducing 
gain degradation due to energy spread

• However, the direct conditioning makes e-
beam transversely too big (equivalent of  a 
very large emittance), which is also 
deteriorating for FEL gain

• To find the compromise we have to launch 
the beam off-axis (quadratic dependence 
enables to pack larger energy spread into 
smaller transverse envelope off  axis)

• The balancing factor is gain guiding (large 
centroid betatron oscillations are 
detrimental to radiation coupling).

Off-axis

• We hypothesize that an off-axis launched and partially conditioned beam may result in a higher 
FEL gain in an off-axis radiation mode, and here is some evidence to that from the past.

(adopted from J. van Tilborg “Free Electron Lasers driven 
by Laser Plasma Accelerators” presentation, UCLA 2018)
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ponent. Measurements with and without the filter provided a
benchmark for the numerical modeling of the system. As a
result it was found that at the optimized value of the linac rf
phase the bunch is compressed longitudinally by a factor of
5, yielding a peak current of 250 A.

IV. FEL MEASUREMENTS AND ANALYSIS

Without the bunch compression, VISA lased at 830 nm,
with a SASE pulse energy of 5 nJ measured at the undulator
exit, corresponding to a gain length of about 30 cm !Table I,
case A". Spectral measurements #Fig. !3a"$ showed a typical
spiky structure, indicating the superposition of many tempo-
ral modes !spikes", as expected for a lasing core of the elec-
tron beam about 500-%m long #27$. With the compression in
place #Fig. 3!b"$, the spectrum was wider and lacked any
structure, suggesting the single temporal mode #30$, consis-
tent with the shorter bunch length. With the compressed
beam the SASE energy at the undulator exit increased by
many orders of magnitude reaching up to 20 %J and showing
saturation when the optimized operating point was found.

Since the SASE process develops from a random shot
noise in the electron longitudinal distribution, it was impor-
tant to analyze the statistical properties of the FEL process,
such as shot-averaged performance, and shot-to-shot fluctua-
tions of the SASE intensity. However, that was not a trivial
task since the bunch compression factor, being a strong func-
tion of the linac rf phase, was changing on the fast time
scale, following the jitter in the rf system. As a result, the
measured SASE fluctuations were strongly dominated by the
linac rf noise. To overcome this problem, a collimator in the
dispersive section was used to monitor the linac phase evo-
lution by measuring the charge loss in the collimator. The
nonlasing tale of the dispersion-dominated beam was clipped
by the collimator, and the amount of clipping was monitored,
allowing us to select for data analysis only those shots that
were clipped by the same amount #26$.

The shot-to-shot distribution of the SASE process de-
pends on the number of independent lasing modes contribut-
ing to each shot and characterized with the &-function distri-
bution #31$. In VISA the electron beam transverse size was
typically only 60– 90-%m rms, so that at the lasing wave-
length the Raleigh range was much smaller than the gain

length, and full transverse coherence was established early.
As a result, the statistical properties of the intensity distribu-
tion were related entirely to the number of longitudinal
spikes in the SASE radiation. In the absence of compression
#Fig. 4!a"$, a &-function fit indicated 4 – 5 temporal modes,
and with the compressed beam, a distribution inside the un-
dulator #Fig. 4!b"$ resembled a negative exponential, charac-
teristic of a single spike lasing #both distributions are consis-
tent with the spectra in Figs. 3!a" and 3!b", respectively$. At
saturation, however, the SASE intensity distribution from the
compressed beam has changed dramatically #Fig. 4!c"$, since
it was no longer dominated by the shot noise fluctuations, but
rather by the shot-to-shot fluctuations in the saturation
length, which can be as large as few gain lengths for short
bunches #30$.

With the charge selection criterion described above, one
could compare data sets obtained at the different diagnostic
ports along the undulator, while the system stayed at the
same operating point. As a result, the FEL gain evolution
along the undulator length was studied. The measured inten-
sity of SASE radiation had noticeably exceeded the level of
a broadband spontaneous emission starting from the diagnos-
tic port 3 !1.25 m into the undulator". In the curve shown in
Fig. 5, the fit to the exponential part of the curve yielded a
power gain length of 17.9 cm, corresponding to 3D FEL
parameter '̃(0.0046, reduced from the 1D limit by a factor

FIG. 2. Measured CTR signal intensity exhibits a sharp peak
within a narrow window !)1.5°" of the linac RF phase. FIG. 3. Comparison of the SASE radiation spectra measured

without !A" and with !B" compression. The spiky structure in case
A indicates many longitudinal modes !i.e., a longer bunch length".

FIG. 4. SASE fluctuations !a" without compression and at high
gain measured !b" inside the undulator and !c" at the undulator exit.
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Good old VISA FEL experiment at ~ 800 nm (2001)

• driven by 72 MeV e-beam at ATF BNL

• achieved saturation in 3.6 m using non-linear 
compression in dog leg (peak current ~ 300 A)
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Conclusions:
ü The FEL beam conditioning (BC) offers a 

potential path (one of  many, i.e. TGA) to 
mitigate high energy spread in LPA driven FEL

ü The initial simulations using BELLA FEL 
parameters supports the concept

ü There is also an empirical evidence from the old 
VISA data, indicating unintentional BC regime

ü A much more thorough simulations on FEL 
dynamics and beam transport are needed to 
explore BC concept beyond this study. 

• BELLA LPA: 220 MeV, 8% total ΔE/E, 240 A peak current

• VISA undulator: 1.8-cm period, strong focusing, 4 m long

• deep UV FEL (90 nm); BELLA plans to achieve FEL gain is 
by inducing strong chirp thus reducing sliced energy 
spread at the expense of  peak current

• we tried Genesis simulations of  the conditioning approach:

The empirically discovered non-linear 
compression was associated with: 

1. large energy spread (~ 1 %); 

2. very high gain (Lg ~ 17 cm), 
saturation;

3. annular radiation mode; 

4. a significant trajectory offset.
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