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The Linac Coherent Light Source is an x-ray free-electron laser that recently demonstrated lasing in the

1.5–15 Å wavelength range. We report on luminescence measurements of a molecular nitrogen gas

irradiated by�2 mJ, 80 fs x-ray pulses at energies of 0.83, 2.7, and 8.3 keV. These results provide a direct

test of our current understanding of photoabsorption, electron dynamics, and fluorescence processes for

such intense, ultrashort x-ray pulses. At 0.83 keV, the duration of the fluorescence signal depends strongly

on space-charge effects. At 8.3 keV, space-charge effects are weak, and the signal duration is determined

by the Auger electron dynamics.
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X-ray free-electron lasers (XFELs) are tunable, high-
power sources of short pulse photon radiation. The first
hard XFEL, the Linac Coherent Light Source (LCLS), has
recently become available, producing photon pulses be-
tween 0.83 and 8.3 keV, with pulse lengths ranging from 10
to 300 fs and pulse energies up to 4 mJ [1,2]. The revolu-
tionary output characteristics of XFELs propel us into a
new regime of x-ray matter interaction. Our Letter presents
a first example of a systematic experimental study of a
classical problem of x-ray-induced photoluminescence of a
gaseous medium, but under conditions of extreme inten-
sities and small beam cross sections typical of LCLS. We
find that these new conditions bring new dimensions to the
problem, giving rise to nontrivial interplay between atomic
physics and collective effects in ensembles of charged
particles. In addition to being of general physical interest,
this problem is also related to developing new techniques
for characterizing XFEL beam parameters. At the LCLS,
nitrogen fluorescence is used to measure the individual
pulse energies in situ with minimal perturbation [3].
Currently, these fluorescence detectors are cross-calibrated
using destructive pulse-energy-measurement methods. Our
study helps the understanding of the device physics and
may ultimately lead to an absolute calibration.

In the usual operation of LCLS, a 0.25 nC electron bunch
with a transverse emittance less than 1 �m is injected into
the last 1-km-long section of the SLAC linear accelerator.
The electron bunch length is reduced using two compres-
sors in the accelerator, and then injected into a 132-m-long
undulator consisting of 33 segments. Each segment is a
fixed-gap planar-hybrid undulator utilizing NdFeB mag-
nets. The undulator period is 3 cm. The undulator is
operated near the FEL collective instability, leading to

the emission of high-brightness x-ray pulses that are line-
arly polarized in the horizontal direction. Our experiments
were performed using 0.83, 2.7, and 8.3 keV photons. The
pulse energy ranged from 1 to 2 mJ.
The LCLS radiation interacted with the nitrogen gas

80 m downstream from the exit of the undulator. The rms
spot diameters of the pulses were approximately 600, 400,
and 200 �m at 0.83, 2.7, and 8.3 keV, respectively. The er-
ror in the spot size is about 30%. The nitrogen gas was con-
tained in a 30-cm-long vessel that was lined with an 8-cm-
diameter cylindrical aluminum insert. The vessel ends had
4 mm orifices through which the chamber was differen-
tially pumped. Figure 1 shows the experimental setup.
Photoionization of the gas produces primary, Auger, and
secondary electrons, which ultimately produce UV fluo-
rescence of the nitrogen. We used a solenoid to create an
axial magnetic field to maximize the residence time of the
electrons in the nitrogen gas. The time dependence of the
fluorescence signal was detected using two Hamamatsu
photomultiplier tubes (PMTs) that were sampled with a
10-bit analog-to-digital converter with a 3 ns temporal
resolution. The PMTs were positioned to observe the cen-
ter of the vessel, pointing parallel and perpendicular to the

FIG. 1. Experimental setup.
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electric field vector of the LCLS pulses. The field of view
of the PMTs spanned nearly the full interaction region. A
near-UV filter was inserted in front of the PMT that was
transparent to light between 300 and 390 nm [3]. At each
wavelength, a sufficiently low nitrogen pressure was
chosen so that the PMTs did not saturate.

Examples of the temporal dependence of the fluores-
cence signal for different nitrogen pressures, magnetic
fields, and photon energies are shown in Fig. 2. Each of
these curves is an average over approximately 50 pulses to
improve the signal-to-noise ratio. The fluorescence signals
generally show a rapid rise, followed by a slow decay. At
larger nitrogen densities, the signals become less noisy
since more x-ray photons are absorbed and more UV light
is generated. At higher photon energies, larger nitrogen
densities are needed to maintain a similar signal level since
the photon absorption cross section decreases: Compared
to 0.83 keV, the x-ray absorption cross section for N2 is 28
times smaller at 2.7 keV, and 856 times smaller at 8.3 keV
[4]. In certain cases, notably at 0.83 keV and 12 mTorr, a
short signal spike occurs with a temporal width of a few
nanoseconds. In most other cases, this spike is much less
pronounced and can only be discerned as a slight change in
the slope of the initial signal. This spike is likely due to
fluorescence in the aluminum liner and the vacuum win-
dow induced by scattered x-ray photons.

We now discuss the interaction of the short x-ray pulse
with the nitrogen gas. In more than 95% of all cases, x-ray
photons are absorbed through K-shell photoionization.
Next likely is ionization of the outer L shell.
Photoexcitation processes at 0.83–8.3 keV are rare. The
photoelectron has a kinetic energy of Ex-ray � Eion, where

Ex-ray is the x-ray energy and Eion � 410 eV for K-shell

ionization. For pulse energies of 2 mJ, the fractions of
photoionized molecules are only 1:7� 10�4, 4:5� 10�6,
and 2:0� 10�7 for photon energies of 0.83, 2.7, and
8.3 keV, respectively, assuming the spot sizes mentioned
above. The core-hole-ionized molecules decay primarily
through Auger relaxation within a few femtoseconds, lead-
ing to the emission of electrons with a kinetic energy of
approximately 400 eV. The photoelectrons and Auger
electrons interact further with the gas through impact
ionization and excitation. The electrons downscatter creat-
ing a cascade of low energy secondary electrons. Electron
excitation ultimately leads to UV emission and is more
probable at lower impact energies (�30 eV) [5]. In the
wavelength regime of 300–390 nm, fluorescence originates
from the first negative system of Nþ

2 (B 2�þ
u ! X 2�þ

g )

and the second positive system of N2 (C 3�u ! B 3�g).

Only a very small fraction of the electrons that deposit their
energy through inelastic collisions produce this fluores-
cence [6]. The characteristic time scales that determine
the fluorescent decay time �f are (i) the radiative decay

time, which ranges from 10 to 200 �s for the dominant
lines, (ii) the lifetime associated with internal quenching of
the nitrogen molecules, ranging from 20 to 30 ns, and
(iii) the collisional deexcitation lifetime, which ranges
from 80 ns to 3 �s for the different fluorescence lines at
1 Torr [7]. The fluorescence decay is therefore dominated
by the internal quenching and is approximately 20–30 ns.
For x-ray energies ranging from 0.83 to 8.3 keV, the

photoelectrons have velocities ranging from 12 to
54 nm=fs, corresponding to 4%–18% of the velocity of
light. During the pulse duration of �80 fs, the photoelec-
trons travel only 1–4 �m, which is much smaller than the
beam diameter. A 80 fs pulse is 24 �m long and needs
approximately 1 ns to traverse the 30-cm-long chamber.
Neglecting stopping by the nitrogen molecules, the photo-
electrons move 12–54 mm during this time, while the
motion of the ions is negligible. To a good approximation,
the x-ray pulse creates a narrow cylindrical volume of
electrons and nitrogen ions, and the electron cylinder
broadens after the pulse has passed. At low pressures, the
stopping of the electrons by the nitrogen is relatively weak,
and the electrons would collide with the chamber walls
without electric or magnetic fields.
A weak axial magnetic field can prevent electrons from

hitting the wall, or at least slow down that process, given
that the cyclotron radius r ¼ vm=qB is smaller than half
the chamber radius. For photon energies of 0.83, 2.7, and
8.3 keV, this corresponds to magnetic fields of 35, 88, and
154 G, respectively.
Another process affecting the transport of electrons is

space charge [8]. The photoelectrons and Auger electrons
are ejected from the center of the chamber and leave
positively charged ions behind and may eventually be
electrostatically confined. In a simple model, we can de-
scribe the ions by a homogeneously charged cylinder of
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FIG. 2. Temporal dependence of the fluorescence signal for
different nitrogen pressures, magnetic fields, and photon ener-
gies, measured with the PMT located at the top of the chamber.
For the lower and upper curves the magnetic field is 0 and 240 G,
respectively. N is the normalization constant.
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radius R that is surrounded by a sheet of neutralizing
electrons. Taking the cylinder radius as the x-ray beam
FWHM, we estimate the distance that a photoelectron may
travel. As mentioned above, the FWHM spot sizes are
approximately 600 and 400 �m at 0.83 and 2.7 keV, re-
spectively. Figure 3 shows r for Ex-ray ¼ 0:83 and 2.6 keV

as a function of the nitrogen pressure for a pulse energy of
1.5 mJ. The finite width of the curves represents the
uncertainty of the spatial position of the primary electron.
At 2.6 and 8.3 keV, space-charge effects are not expected to
be significant for the photoelectrons. At 0.83 keV, space-
charge effects are clearly present.

Figure 4 shows the time-integrated UV fluorescence
signal as a function of the magnetic field for different
photon energies and nitrogen pressures. For constant pres-
sure, the signal is significantly lower for larger photon
energies since the photon absorption cross section de-
creases, leading to fewer electrons emitted in total, i.e.,
fewer interaction with nitrogen molecules. The fluores-
cence signal increases with nitrogen pressure since more

photons are absorbed and the primary electrons have more
opportunities to deposit their energy into the gas since the
mean-free path becomes smaller. Eventually, the electron
energy deposition process saturates for large pressures.
The signal also increases with increasing magnetic field
since the primary electrons spend more time in the gas
before colliding with the chamber walls, leading to an
increased fraction of energy deposited into the nitrogen
gas. This process saturates once the magnetic field is strong
enough to confine the primary electrons to the gas.
Figure 5 shows the fluorescence signal duration (tFWHM)

as a function of theN2 pressure for three photon energies at
a magnetic field of 100 G. The signal duration is generally
longer than the molecular fluorescent decay time of 20-
30 ns, indicating that electron dynamics play an important
role. A quantitative analysis would require a detailed
model including electron-molecule collisions, electric
and magnetic fields, and 3D geometry including wall
effects. Such a study is also required to operate the detector
without cross-calibration with another detection device
and will be developed in future work. At present, we give
a qualitative discussion of the main trends of the signal
duration.
The dominant trend of decreasing signal duration with

increasing pressure seen in Fig. 5 results from the decrease
in collisional cascade times. The longest signal durations
were observed at 0.83 keV. They decrease from 630 to
300 ns as the pressure is increased from 12 to 20 mTorr.
The primary energy-loss mechanism for electrons with ki-
netic energies above 30 eV is electron impact ionization
[9]. Since an electron loses around 40 eV in each event [5],
a 420 eV photoelectron can undergo up to 10 inelastic col-
lisions, given that it stays in the gas for a sufficiently long
time. The Auger electrons have about the same energy and
behave similarly. Although the mean-free paths of 400 eV
electrons are in the range 10–16 cm, larger than the vessel
radius, strong electrostatic confinement of the 400 eVelec-
trons prevent them from colliding with the chamber walls
(see Fig. 3). Therefore they will complete the ionization
cascade within the N2 gas. Using electron impact ioniza-
tion cross sections [9], we estimate the time for the 400 eV
electrons to reach 20–45 eV to be 250–610 ns and
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FIG. 5. Temporal width of the fluorescence signal as a function
of the nitrogen pressure for different photon energies at a
magnetic field of 100 G.
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FIG. 3. Calculated travel distance of photoelectrons. For
8.3 keV, r is much larger than 100 mm.
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FIG. 4. Time-integrated fluorescence signal as a function of
the magnetic field for photon energies of (a) 0.83 keV,
(b) 2.7 keV, and (c) 8.3 keV. For each photon energy, data for
different nitrogen pressures (given in mTorr) are shown.
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150–370 ns for 12 and 20 mTorr, respectively. These time
scales are similar to the observed signal durations in Fig. 5,
and demonstrate the decrease in duration with pressure. We
note that electrostatic confinement effect may lead to a
nonlinear dependence of the fluorescence signal on the
pulse energy since space-charge effects are less pro-
nounced at lower pulse energies, and the photoelectrons
may not be able to deposit their full energy into the gas.

The signals are shorter for photon energies of 2.7 and
8.3 keV. For these energies, the relative contributions of
photoelectrons and Auger electrons play a role. We exam-
ine this trend by comparing the results at 8.3 keV to those at
0.83 keV. At 8.3 keV space charge is not important. The
collisional mean-free path of a photoelectron is 10 cm at
200 mTorr, so that it typically undergoes a single inelastic
collision, if any, before colliding with the chamber wall
after about 3 ns. Even at 1000 mTorr, photoelectrons
undergo only 4 collisions, losing about 100 eV energy in
the gas. However, the 420 eV Auger electrons deposit a
significant amount of their energy into the gas, so that the
8.3 keV photon case is dominated by the dynamics of the
Auger electrons. The stopping time for Auger electrons is
estimated to be less than 60 ns, which is comparable to the
signal duration seen in Fig. 5, and much shorter than the
0.83 keV results at lower pressure. As at 0.83 keV the pulse
durations at 8.3 keV decrease with pressure, but this trend
saturates as the internal molecular quenching time comes
into play. Finally, at 2.7 keV, both photoelectrons and
Auger electrons contribute to the fluorescence signal. The
photoelectrons are not confined by space charge, but the
Auger electrons are, depending on the pressure. In this
case, the signal durations are intermediate between the
low and high energy cases and we still see the decrease
with pressure.

We have also measured the variation of signal duration
with magnetic field. The major trend is an increase in
duration with increasing magnetic field, resulting from
increased confinement of the electrons in the gas. The
variation is strongest at lower pressures and higher photon
energies. For example, at 8.3 keV and 200 mTorr, the
duration increases by 40% when the field is increased
from 0 to 275 G.

In summary, we explored the interaction of high-
intensity XFEL photon pulses between 0.83 and 8.3 keV
with a nitrogen gas using UV fluorescence. Rough esti-
mates for x-ray absorption, electron dynamics, and nitro-
gen fluorescence show that we can qualitatively understand
the dependence of the UV fluorescence signal as a function
of time, pressure, and magnetic field at 0.83 and 8.3 keV by
considering the trajectories and stopping of the photoelec-
trons and Auger electrons in the nitrogen gas. For x-ray
photon energies around 0.83 keV, space-charge confine-
ment effects are significant, leading to the slowing and
trapping of energetic electrons. Our results give confidence

in the validity of models put forward to describe the
interaction of XFEL radiation with matter [10], which
are ultimately being used to understand experiments per-
formed at XFELs. These results further find direct appli-
cation for providing a sensitive in situ, nondestructive
measurement of the XFEL pulse energy [3]. We have
been able to validate the concept of such a gas detector,
and identified regimes in which the fluorescence signal is
expected to be linear in the XFEL pulse energy. At 8.3 keV,
the gas detector is expected to be linear in the full opera-
tional pressure range of 100–1000 mTorr. At 0.83 keV the
fluorescence emission is strongly influenced by the space-
charge effects, and the gas detectors may become non-
linear: At very low pulse energies (and pressures), not
much space charge is created, and the photoelectrons will
escape from the interaction region and not deposit their full
energy into the gas. At larger pulse energies (and pres-
sures), all the energy of the photoelectrons is deposited in
the nitrogen gas. If the gas detector is operated over a pulse
energy range where it comes to a change in this trapping
behavior, the fluorescence signal is not proportional to the
pulse energy. The nonlinearity of the detector can be
avoided by operating it only in a single regime, e.g., at
very low pressures so that electrostatic confinement does
not occur, or at very high pressures for which electrostatic
confinement is present for any relevant pulse energies. An
external magnetic field further ameliorates this problem.
Further experiments at lower pulse energies will be re-
quired to verify this behavior.
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