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Abstract
The Cavity-based XFEL is a future x-ray photon source

under intense development at SLAC. It is considered to be a
path towards full 3D coherence at angstrom wavelength, de-
livering another 2-3 orders of magnitude increase in source
brightness compared to current XFELs configurations. One
of the first goals of the project is to demonstrate the regen-
erative amplification by returning and amplifying the seed
pulse from 7 LCLS hard X-ray undulators with a rectan-
gular crystal cavity. In this paper, we report on the recent
measurement of early stage XFEL lasing characteristics at
9.831 keV photon energy by using 7 LCLS HXUs under
e-beam conditions close to those chosen for the first phase
of CBXFEL gain demonstration.

INTRODUCTION
In the realm of X-ray Free Electron Lasers (XFELs) the

principles of seeding have been developed and are an active
area of R&D. Particularly at LCLS, a hard X-ray self-seeding
technique [1] has been successfully demonstrated and im-
plemented for users utility. The integration of self-seeding
techniques in XFELs not only revolutionizes the coherence
properties of the emitted radiation but also enables new
groundbreaking experiments. The self-seeding techniques
also serve as an stepping stone into the next future light
sources, including the Cavity-Based X-ray Free Electron
Laser (CBXFEL) project [2–7].

The CBXFEL utilizes Bragg crystal optics to form a reso-
nant cavity, in which the initial XFEL radiation pulse coher-
ently interacts with the next fresh electron bunch from the
accelerator. Through this process the cavity output x-rays
would present advanced coherence characteristics both trans-
versely and longitudinally, while simultaneously amplifying
the pulse via FEL gain. The CBXFEL project at SLAC will
use the first seven Hard X-ray Undulators (HXUs) in the
LCLS undulator hall to realize this concept.

The goal of this study is to verify if the output radiation
characteristics of the first seven HXUs at LCLS is consistent
with theoretically calculated values, based on a regenera-
tive amplifier free-electron laser (XRAFEL) configuration.
In particular, this experiment measures the average radia-
tion intensity and flux of the pulse, as well as it employs a
monochromator to measure the spectrum of the x-ray pulses.
We operate at 9.831 keV photon energy, as it corresponds to
the wavelength value relevant to the CBXFEL project.
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EXPERIMENT
Setup

The experimental setup utilizes the hard X-ray beamline
at LCLS and a (𝐶∗ (111)) double crystal monochromator
located downstream at the X-ray Pump-Probe (XPP) hutch
as shown in Fig. 1. Initially Chicane 1 (Cell 13) in the HXU
line was enabled at its full delay, followed by the first 8
HXUs in LCLS, while keeping downstream undulator gaps
all open. The initial size of the X-ray beam is in the order of
∼ 40 µm, and downstream , it is ∼ 300 µm.

The HXU modules were then removed one by one and
the XFEL gained was recorded using two detectors: Diode 1
(D1) upstream, looking at scattering from a Silicon Nitride
target, and a second detector Diode 2 (D2) downstream at
XPP after the monochromator.

The next measurement was taken by D2 while scanning
the angle of the XPP monochromator monochromator crys-
tal (𝐶∗ (111)) in order to measure the average x-ray pulse
spectrum from its reflection. Multiple scans were recorded
by similarly starting with 8 HXUs and subsequently remov-
ing HXUs one by one downstream and measuring the change
in the X-ray flux within a narrow band in the center of the
spectrum recorded at the X-ray Pump Probe (XPP) hutch.

Experimental Results
We first applied a filter to discriminate the shots with

respect to their corresponding e-beam energy. A data subset
was then obtained with those shots falling within a narrow
2 MeV band at the center of the electron beam spectrum.
Next, utilizing 7 HXUs the mean pulse energy was recorded
using the first diode detector D1, resulting in a mean of ∼
0.115 µJ or 7 × 107 photons/pulse for the average radiation
brightness of the "pink" pulse centered at 9.831 keV.

The mean number of photons from removing each of the
HXUs one by one starting from 8 total down to only 3 as
shown in Fig. 2. The resulting behavior shows an exponen-
tial increase in mean "pink" pulse energy with increasing
number of HXUs. A pedestal in the measurements is also
recorded, corresponding to background of synchrotron radi-
ation having approximately ∼ 2 × 107 photons.

The second diode detector D2 used in the experiment, lo-
cated downstream at the XPP hutch was utilized to measure
the bandwidth of the monochromatic X-ray beam as a func-
tion of number of HXUs. Within this context, Fig. 3 displays
these measurements, indicating a clear trend in the spectra
both in their amplitude and width. For analysis purposes
Gaussian curves were fitted for each case and their area was
normalized to the to value recorded by the first diode D1 per
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Figure 1: LCLS HXU beamline layout (not to scale) as of 2024: 7 tunable undulator sections are flanked by two electron
beam chicanes for CBXFEL experiment, followed by 6 undulator sections, hard x-ray self-seeding (HXRSS) chicane and
18 more undulator sections. The resulting x-rays are intercepted with a Si3N4 membrane for pulse intensity measurements,
followed by a double crystal monochromator (DCM) and a photodiode detector.

Figure 2: Average number of photons in a SASE beam as a
function of number of HXUs. As more HXUs are inserted
the photon numbers approaches an exponential fit with the
gain length 𝐿𝐺 = 3.79 m as its characteristic parameter.

number of HXUs used, in order to convert the measurements
from counts to µJ, and subsequently number of photons. The
relative FWHM bandwidth Δ𝜔/𝜔 of the fitted curve was
subsequently measured based on the a number of HXUs as
shown in Fig. 4.

Finally, the average number of photons was numerically
calculated for a small 0.1 eV window at the center of the
measured spectra, which corresponds to the CBXFEL cavity
crystals operating bandwidth.

DISCUSSION
In this case, the fitted parameters 𝐿𝐺 = 3.79 m in Fig. 2

correspond to the experimentally recovered 3D gain length
for the early XFEL lasing. The Pierce parameter 𝜌 (funda-

Figure 3: Average x-ray pulse spectra for different number
of undulators, as measured using a DCM and performing a
"rocking curve" scan by rotation the crystals in small angles
and capturing the signal response in a diode.

mental in 1D FEL theory) characterizes most properties of
a high-gain FEL [3]. In this sense, an equation to calculate
a theoretical estimate for the 1D Pierce parameter based on
experimental conditions is given by,

𝜌 =

[
𝐼

𝛾3𝐼𝐴

𝜆2
𝑢

2𝜋𝜎𝑥𝜎𝑦

(𝐾 × [𝐽𝐽])2

32𝜋

]1/3

. (1)

Here 𝐼 is the electron beam peak current, 𝐼𝐴 is the Alfven
current, 𝛾 is the Lorentz boost factor, 𝜆2

𝑢 is the undulator
wavelength, 𝜎𝑥,𝑦 is the transverse RMS beam size (for a
Gaussian distribution), 𝐾 is the undulator strength parameter,
and the term [𝐽𝐽] = 𝐽0 (𝜉) − 𝐽1 (𝜉) is the substraction from
two Bessel functions when evaluated at 𝜉 = 𝐾2/2

(
2 + 𝐾2) .
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Figure 4: Relative average pulse bandwidth as a function of
number of undulators, obtained by calculating the FWHM
of the spectral measurements and dividing by the center
frequency.

Using realistic experimental parameters in this study (see
Table 1) leads to an estimate of 𝜌 ≈ 5 × 10−4.

Table 1: Summary Table of Parameters Used to Calculate
the 1D Pierce Parameter

Parameter Variable Value
Electron beam energy 𝐸 10.65 GeV
Electron beam peak current 𝐼 4094 A
Lorentz factor 𝛾 20911
Alfven current 𝐼𝐴 17000 A
Normalized sliced emittance 𝜖𝑥,𝑦 0.5 × 10−6

Undulator period 𝜆𝑢 2.6 cm
Transverse RMS beam size 𝜎𝑥 , 𝜎𝑦 15 − 30 µm
Undulator parameter 𝐾 1.8

It is also possible to utilize the theoretically calculated
Pierce parameter 𝜌 and the undulator wavelength 𝜆𝑢 to cal-
culate order-of-magnitude estimates of numbers with respect
of the beam dynamics [9]. For instance, one expects the 1D
gain length to be in the order of

𝐿𝐺0 ∼ 𝜆𝑢

4𝜋
√

3𝜌
. (2)

This expression for gain length, however, is not in 3D and
does not include corrections for the energy spread, emittance
and diffraction. In this sense, following the method described
by Ming Xie [10,11], one can find a corrected gain length
fitting formula described as

𝐿𝐺 = 𝐿𝐺0 (1 + Δ) . (3)

Here the parameterΔ is described in Ref. [9,10]. We assume,
for several reasons, the largest correction to come from the
electron beam energy spread. Then, by calculating 𝐿𝐺0 and
utilizing the experimentally fitted gain length 𝐿𝐺 = 3.79 m
it is possible to extract the deviation Δ, and therefore an esti-
mate for energy spread. Since 𝐿𝐺 ≈ 𝐿𝐺0

[
1 + (𝜎𝛾/𝜌)2] →

Δ ≈
(
𝜎𝛾/𝜌

)2 then we obtain 𝜎𝛾 ∗𝛾 = Δ𝐸 = 4.2 MeV as cal-
culated energy spread from the experimental measurements.

Finally, analyzing Fig. 4, 1D FEL theory predicts a depen-
dence of the SASE radiation relative bandwidth (FWHM)
as a function of the traveling distance 𝑧, such that

Δ𝜔

𝜔
= 2

√︁
ln(2)

(
𝜎𝜔 (𝑧)
𝜔

)
. (4)

Where the dependence of the relative RMS bandwidth on 𝑧
is given by,

𝜎𝜔 (𝑧)
𝜔

= 3
√

2𝜌
√︂
𝐿𝐺0
𝑧

. (5)

In this sense, the Pierce parameter 𝜌 directly affects the de-
pendence of relative bandwidth on number of HXUs since
Δ𝜔/𝜔 ∝

√︁
𝜌/𝑧. Given that there is some uncertainty in the

calculation of 𝜌 there is also uncertainty in the calculated
relative bandwidth. The comparison of theory with experi-
mental measurements is shown in Fig. 4, in which it can be
observed that the data indeed follows a similar dependence
than the expected values. Albeit some uncertainties in the
real 3D beam parameters such as differences in emittance,
energy spread, beam size, and others, lead to overall slightly
larger values of bandwidth experimentally than those pre-
dicted by theory.

CONCLUSION
In summary, we have characterized early lasing process at

the LCLS HXU line tuned at 9.831 keV photon energy. We
have measured the number of SASE photons, and the pro-
jected average number of photons within the CBXFEL cavity
bandwidth. The numbers presented in Table 2 corroborate
our previous numerical simulations, thus confirming the
feasibility of the upcoming CBXFEL experiment at LCLS.

Table 2: Summary table of average photon numbers obtained
for the total flux in a SASE beam as well as for the flux in a
small 0.1 eV bandwidth.

Average Quantity Units XRAFEL Pulse 1

Intensity, total [ph/pulse] 7.4 × 107

Intensity, mono [ph/pulse] 3.0 × 105

Flux, total [ph/pulse/s] 8.9 × 109

Flux, mono [ph/pulse/s] 3.6 × 107
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