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Experimental Elimination of Plasma Effects in a Gas-Loaded, Free-Electron Laser
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Saturated oscillation of a free-electron laser operating in the near infrared has been achieved with 200
Torr of H; gas introduced into the optical cavity. Plasma effects which limited output power in previous
gas-loaded, free-electron laser experiments have been eliminated through the use of a small doping frac-
tion of an electron-attachment gas. It is necessary to flow the gas mixture through the oscillator cavity
to avoid depletion of the dopant through dissociation. Measured gain is consistent with theory, as is the

observed wavelength tuning of 0.7 um.
PACS numbers: 42.55.Tb, 52.40.Mj

Introduction of a gas with refractive index n into the
wiggler chamber of a free-electron laser (FEL) modifies
the synchonism condition to !2

(=1 +2—= I+ay
)\-w 2’)/2

where 7 is the beam energy, A,, is the wiggler period, and
a,, is the dimensionless wiggler parameter.® Equation
(1) shows that the wavelength of a gas-loaded FEL can
be changed simply by the variation of the gas pressure.
Therefore, a given wavelength can be produced with a
lower beam energy when a gas is used, allowing the use
of smaller and less expensive accelerators.

In a previous experiment,? an infrared FEL* was
tuned from 4.15 to 3.77 um by the introduction of 100
Torr of H,. The operating parameters for the FEL are
shown in Table I. However, subsequent experiments
with the same FEL filled with 100-200 Torr of hydrogen
showed an unexpected rapid decline of peak laser power
with pressure. Measured gains at pressures above 100
Torr were much lower than predicted by a model incor-
porating the effects of the emittance increase caused by
scattering in the gas and in the boron nitride foil used to
restrict the gas to the region of the wiggler.>® At 200
Torr, only a slight enhancement over the spontaneous-
emission power level could be produced.

, (1)

TABLE I. FEL operating parameters used in the gas-loaded
FEL experiment.

Wiggler length 108 cm
Wiggler period, Aw 2.3cm
Optical wavelength (in vacuum) 4.18 um
Wiggler parameter, aw 0.98
Electron energy, y 73.6
Normalized beam emittance 77 mm mrad
Electron beam diameter 1 mm
Peak current 25-100 A
Micropulse duration 0.5-2 psec
Micropulse repetition period 350 psec
Macropulse duration 2.7 usec
Macropulse repetition rate 15 Hz

Reduced gain can be attributed to detrimental effects
on electron beam propagation caused by interactions
with the plasma produced by collisional ionization of the
gas,” as well as to the dispersion of the plasma, which
alters the group velocity of the optical wave. Previous
experiments at similar hydrogen pressures implied that
plasma effects would not impair FEL performance. No
plasma effects were seen in an experiment in which the
beam was propagated through 1 m of hydrogen at pres-
sures from 1 to 950 Torr.® However, FEL operation is
sensitive to changes in beam trajectory too slight to have
been detected in that experiment. The duration of the
optical pulse observed in an earlier gas-loaded FEL ex-
periment at 100 Torr was somewhat shorter than expect-
ed,? but this was attributed to a drift in electron beam
energy over the macropulse.

Instabilities in beam propagation caused by plasma
effects result from the low mass of the electrons in the
plasma,’ and such instabilities can be eliminated by in-
creasing the mass of the negative plasma ions. This is
achieved through the use of a gas with a high cross sec-
tion for electron attachment’ as a dopant in the hydro-
gen. As an example, sulfur hexafluoride is an electron-
attachment gas often used to reduce arcing in high-
power microwave guides.

Plasma electrons have an average kinetic energy of
=25 eV after their formation through ionization,!°
which is subsequently dissipated through inelastic and
elastic collisions with the neutral background gas.'! The
average lifetime of a plasma electron is determined by
the sum of the time needed for the electron to cool to an
energy at which attachment becomes significant, plus the
average time required before the electron is then cap-
tured. For a mixture of H, with an electron-attachment
doping gas, the plasma electron density is given by

ne =(Su,+Sqop) (1. +17,) , ()

where Sy, and Sqgop are the plasma density source rates
in cm ~3/sec due to ionization of the hydrogen and
dopant, respectively, 7. is the average cooling time, and
7, is the average attachment time.

In order to minimize 7., it is desirable to use a gas to
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FIG. 1. Plasma electron density as a function of the fraction
of ¢-CsFs dopant added to H,. The equilibrium density
without an attachment gas is determined by three-body recom-
bination.

which relatively high-energy electrons can attach. Many
perfluorcarbon molecules have higher attachment cross
sections than SFg for electron energies greater than 0.4
eV.!213 Of the nontoxic members of this family, the
perfluorocarbon which can attach the highest-energy
electrons is perfluorocyclobutane (c-C4Fg), with a sig-
nificant attachment cross section for electrons up to 0.9
ev.

Figure 1 shows the plasma density calculated from Eq.
(2) with use of ¢-C4Fg as the dopant in H,. Without
dopant, the equilibrium density is 5x10'* cm 3, deter-
mined by the three-body recombination rate, which is
strongly dependent on the plasma temperature.'* The
plasma density declines linearly with doping fraction un-
til the concentration of attachment gas is high enough so
that 7, = 7, in Eq. (2). Beyond this concentration, the
plasma density is determined mostly by the time required
for ionized electrons to cool down to 0.9 eV, so that a
minimum plasma density of 2x10'' cm 73 is reached at
a doping fraction of 0.8%, a decrease of over 3 orders of
magnitude from the density without attachment gas. At
even higher dopant concentrations, S4op becomes larger
than Sy, in Eq. (2), as the large c-C4Fs molecules con-
tribute more to the ionization rate than do the more
numerous hydrogen molecules, and the plasma density
begins to increase again.

In addition, the large attachment molecules contribute
disproportionately to scattering of the electron beam.
When the effect of this additional scattering on gain is
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FIG. 2. Comparison of measured and calculated gain for the
gas-loaded FEL. Operating parameters are y=74, a2=0.97,
and A, =2.3 cm. The hydrogen fill gas is doped with 0.06% c-
C4Fs. Solid curve: calculated gain, which has been normalized
to the value without gas but with the foil in place.

considered, the optimal doping fraction of ¢-C,4Fs is cal-
culated to be only 0.1%.

Changes in the ambient gas temperature may be
neglected in the evaluation of the performance of the
electron-attachment gas. The hydrogen fill gas is main-
tained at an ambient temperature of 7= 300 K by the
presence of the aluminum walls of the wiggler chamber.
Further, transient temperature variations within one
electron beam macropulse must be limited to = 1%-2%
in order to maintain a sufficiently stable index of refrac-
tion.'> While the attachment cross section of ¢-C4Fs for
electrons below 1 eV has been shown to decrease with in-
creasing temperature, ' at this level of temperature sta-
bility it may be assumed to be essentially constant.

The experimental procedure with doped H;, was as de-
scribed in Ref. 2, except for the addition of a separate
gas inlet and outlet to allow gas flow through the wiggler
chamber. Gain and wavelength were measured while the
pressure was increased. Laser power increased greatly
when a fractional concentration of ¢-C4Fg was used. The
optimal doping fraction of ¢-C4Fg was found to be
0.06%, in good agreement with the theoretical predic-
tion. Figure 2 shows excellent agreement between mea-
sured electronic gain and a theoretical curve predicted
from a model including the effects of scattering in the
gas.® Net gain was reduced from the plotted values by
the cavity losses of 7%. Saturation was obtained up to
200 Torr, and higher gas pressures were not attempted
because the gas retention foil had not been tested beyond
200 Torr. Table II gives the saturated power and the
duration over which the optical signal was saturated at 0,
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TABLE II. Saturated power levels in vacuum and at three
different pressures of Hz doped with 0.06% ¢-Cs4Fs. The dura-
tion of the electron beam macropulse was 2.7 usec.

Saturated power Duration of saturation

Pressure kW) (usec)
0 6.5 1.9
100 2.7 1.1
150 2.4 1.0
200 1.8 0.8

100, 150, and 200 Torr. The buildup time increases with
pressure because of decreasing gain, which reduces the
duration of saturation.

The measured wavelengths are compared in Fig. 3 to
the theoretical curve calculated from Eq. (1) and the
dispersion relation for hydrogen.!” The measured shift
of AA=0.7 um agrees well with the expected value for
wavelength tuning. While this is less than 20% tuning
from the 4.1-um vacuum wavelength, it demonstrates
the potential for much greater relative tuning. The abso-
lute wavelength shift in a gas-loaded FEL can be written
from Eq. (1) as

A= —%r,(n—1). 3)

The shift AA is independent of the vacuum wavelength;
therefore, tuning of 0.7 um is sufficient to tune an FEL
operating at 1.0 um in vacuum all the way through the
visible spectrum and down to 0.3 um in the ultraviolet.
Below 0.3 um, the index of refraction is enhanced be-
cause of the hydrogen resonance near 0.12 um,!” so that
tuning from 0.3 um down to the resonant wavelength
can be achieved with no further increase in gas pressure,
as shown in Fig. 4 of Ref. 2.

Few improvements in present FEL accelerator tech-
nology are necessary to achieve tunability over this broad
relative range from 1.0 to = 13 um. Given the parame-
ters for the Mark-III FEL in Table I, and if we assume
an increase in beam energy to y =150, operation is possi-
ble at 1.0 um with a calculated gain of 22%. Given the
feasible experimental improvement of placing the gas re-
tention foil within 10 cm of the wiggler entrance, intro-
duction of 200 Torr of hydrogen would then produce os-
cillation at 0.3 um with 19% electronic gain. In contrast
to the vacuum FEL, gain in a gas-loaded FEL does not
degrade severely as the wavelength is reduced, because
the electron beam energy is allowed to remain constant.
The presence of the gas can actually greatly increase the
gain in an FEL utilizing a linear wiggler, as it allows
operation in a new mode wherein the electrons travel at a
velocity greater than the medium velocity of light.> This
allows the possibility of operation near resonance at 0.13
pum at a hydrogen pressure of only 150 Torr and with
electronic gain of 72%.

In order to achieve the saturated laser power levels
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FIG. 3. Measured optical wavelength vs hydrogen pressure.
The theoretical curve is found from a simultaneous solution of
Eq. (1) with the dispersion relation for hydrogen. The length
of the bars on the measured data gives the FWHM of the opti-
cal power spectrum. The FEL linewidth is determined pri-
marily by an energy slew over the electron beam macropulse.

shown in Table II, it is necessary to flow the gas mixture
through the wiggler chamber. When gas flow is turned
off, the peak output power obtainable at a given pressure
begins to decline, decreasing by several orders of magni-
tude after a couple of minutes, as shown in Fig. 4. When
fresh gas is again flowed, the power level rapidly returns
to its saturated level.

The transient behavior without flow is attributable to
fragmentation of the ¢-C;Fg molecule as a result of col-
lisions with the primary beam and because of dissociative
attachment of plasma electrons. For molecules similar
to ¢c-C4Fs, 1%-4% of attachment events are dissocia-
tive.!>!3 A similar fraction of dissociative attachment
for ¢-C4F;3 leads to the conclusion that all of the parent
attachment molecules in the wiggler chamber will be
fragmented after 1-4 min of laser operation if the gas is
not replaced, producing C;3Fs, C,F3;, CF3, and atomic
fluorine,'® which do not have the high electron attach-
ment cross section of ¢-C4Fg.

The data shown in Fig. 4 were obtained with a macro-
pulse repetition rate of 15 Hz. When the repetition rate
was decreased to 1.5 Hz, the optical signal did not de-
crease after the flow of gas was stopped, but remained at
the saturated level. This is attributable to the diffusion
of unfragmented c-C4Fs into the wiggler from the vacu-
um plumbing located at either end of the wiggler
chamber, which is filled with a much larger volume of
doped hydrogen than is contained in the wiggler itself.
At the 15-Hz macropulse repetition rate, c-C4F3 diffuses
into the wiggler at a lower rate than it is dissociated, so
that the partial pressure of attachment gas decreases
over time.
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FIG. 4. Transient behavior of gas-loaded FEL optical power
when the flow of Hz doped with 0.06% c-CsF3 is stopped. The
H, pressure is 50 Torr. Power is normalized to the saturated
power level obtained while doped H, flowed. The electron
beam macropulse repetition rate is 15 Hz.
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