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A major technological challenge in building a muon cooling channel is operating rf cavities in

multitesla external magnetic fields. We report the first proof-of-principle experiment of a high pressure

gas-filled rf cavity for use with intense ionizing beams and strong external magnetic fields. rf power

consumption by beam-induced plasma is investigated with hydrogen and deuterium gases with pressures

between 20 and 100 atm and peak rf gradients between 5 and 50 MV=m. The low pressure case agrees

well with an analytical model based on electron and ion mobilities. Varying concentrations of oxygen gas

are investigated to remove free electrons from the cavity and reduce the rf power consumption.

Measurements of the electron attachment time to oxygen and rate of ion-ion recombination are also

made. Additionally, we demonstrate the operation of the gas-filled rf cavity in a solenoidal field of up to

3 T, finding no major magnetic field dependence. All these results indicate that a high pressure gas-filled

cavity is a viable technology for muon ionization cooling.
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Ionization cooling is a critical component for the realiza-
tion of a neutrino factory and a muon collider, because only
this cooling scheme can reduce the emittance of muon
beams in times short compared to the muon lifetime [1,2].
A typical cooling channel will be composed of low-Z
energy absorbers to reduce the momentum of the muon
beam, normal conducting rf cavities to replace the lost
longitudinal momentum, and strong confining magnets to
focus the beam at the absorbers and compensate for the
effect of multiple Coulomb scattering. In this channel con-
figuration, strong static magnetic fields are present inside
the rf cavities and increase the probability of rf breakdown
[3,4]. Indeed, measurements at the Mucool Test Area
(MTA) of Fermilab have shown that the achievable accel-
erating gradients for an 805 MHz vacuum pillbox cavity
decreased from 40–60 MV=m to less than 20 MV=m in a
3 T solenoidal field (see Refs. [5,6] for details), which
would seriously limit the performance of a cooling channel.

A rf cavity filled with high pressure hydrogen gas was
proposed to overcome the above mentioned problem
[7,8]. The gas provides the necessary momentum loss as
a cooling material and also increases the breakdown gra-
dient of the cavity. Since the collision frequency of elec-
trons with H2 molecules at 100 atm in rf fields
�m � ð2:6–29Þ � 1013 s�1 [9] is much higher than the
cyclotron frequencies in the ambient magnetic fields fce ¼
28� B½T� � 109 s�1, any effects of B are eliminated.
Experiments have demonstrated that a breakdown gradient
of 65:5 MV=m could be achieved in a 3 T magnetic field
with 70 atm hydrogen gas [10].

Although these results are encouraging, a gas-filled
cavity has not previously been tested with an ionizing

beam in the parameter range of interest. The beam (e.g.,
proton instead of muon for this experiment) will induce a
number of reactions in the gas. It produces electrons and
positive hydrogen ions through ionization processes

pþH2!pþHþ
2 þe�; e�þH2!Hþ

2 þ2e�: (1)

In the second reaction, we consider the fact that some of
the electrons from the primary ionization can have enough
energy to further ionize the gas. At high pressure, the
positive hydrogen ions quickly transform into clusters
[11,12]:

Hþ
2 þ H2 ! Hþ

3 þ H; Hþ
n þ 2H2 Ð Hþ

nþ2 þ H2; (2)

where n ¼ 3; 5; 7; . . . . The free electrons and ions absorb
energy from the rf field and transfer it to the gas through
elastic and inelastic collisions. The addition of oxygen
ameliorates this energy loss by capturing electrons in a
three-body process, forming O�

2 [13]

e� þ O2 þM ! O�
2 þM ðM ¼ H2 or O2Þ: (3)

The ions recombine through the processes [14,15]

e� þ Hþ
n ! neutrals; O�

2 þ Hþ
n ! neutrals: (4)

We report here the measured rf power consumption by the
electrons and ions in a gas-filled rf cavity in theMTAusing a
400MeVproton beam from the Fermilab linac (see Table I).
This experiment is the first of its kind, which simulta-
neously involves an ionizing beam, high-pressure gas,
high-power rf field, and strong dc magnetic field. We also
estimate the electron capture time � for reaction (3) as well
as the recombination rates�ei and�ii for reactions (4), thus
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providing a complete picture of the plasma evolution,which
is crucial for evaluating the feasibility of the gas-filled rf
cavity.

Figure 1 shows the experimental apparatus including the
gas-filled 805 MHz rf test cell (TC). The TC is made of
copper-coated stainless steel. A pair of hemispherical cop-
per electrodes is installed to concentrate the rf field around
the beam path. The TC has a higher impedance than a
typical cooling channel, which makes it ideal for studying
plasma loading effects. The rf field is measured with a rf
pickup loop. A 200-mm-long collimator with a 4-mm-
diameter hole is placed upstream of the TC to get a well-
defined beam profile. The beam position is monitored with
a scintillating screen [18]. The incident proton intensity on
the TC is measured by a toroid current transformer that is
located in front of the TC. The initial density distribution of
the plasma in the TC �ðr; zÞ is estimated from the numeri-
cal simulation code, G4beamline [19,20] [see Fig. 1
(inset)]. The calculated effect of the diffusion for the
plasma in the transverse plane is negligible and we assume
the plasma composition and density are controlled by �,
�ei, and �ii.

Figure 2 shows typical observed rf amplitudes for vari-
ous conditions as a function of time. The rf pulse length is
40 �s with a repetition rate of 15 Hz. Protons are sent to
the cavity once the rf amplitude reaches the flattop value
Emax. We observe a rapid rf amplitude drop due to power
consumption by the beam-induced plasma (blue curve in
Fig. 2). Eventually, the rf amplitude reaches an equilib-
rium, where the rf source feeds an amount of power equal
to that consumed by the beam-induced plasma and the
cavity wall. When the beam is turned off, the rf amplitude
starts to recover as the ionization process is stopped. The
quality factor for this recovery is lower than that of the
initial filling because the residual electrons and ions
are still absorbing power. We note that the rf power reduc-
tion is significantly mitigated with the addition of an
electronegative dopant gas [dry air (DA) in this case].
The gas-filled rf cavity was also demonstrated to operate

in a 3 T solenoid. As shown in Fig. 2, there is no depen-
dence of the observed rf amplitude on magnetic field.
The production rate of ion pairs can be calculated by

_N ¼ _Nb � h
X
k

wk

�
�m

dE=dx

Wi

�
k
; (5)

where h is the propagation distance and wk, �m, dE=dx,
and Wi are the abundance, mass density, stopping power,
and average energy to produce an ion pair for the kth gas
molecular species (

P
kwk ¼ 1), respectively. The incident

proton intensity into the cavity _Nb is typically �2�
1010 protons=�s, and _N is on the order of 1013 ion
pairs=�s for this experiment.
Most ionization electrons slow down quickly through

collisions with the ambient gas molecules and drift in
phase with the applied rf electric field EðtÞ ¼ E0 sinð!tÞ.
The electrons reach an equilibrium temperature well above
the ambient gas temperature by absorbing energy from the

FIG. 1 (color online). Cross-sectional view of the experimental
apparatus. Protons pass through the gas-filled rf TC as indicated
and are stopped in a beam absorber placed downstream of the
TC. All the equipment is mounted in the air-filled bore of a
multitesla solenoid magnet (not shown). Radial distributions of
the plasma density � and the electric field amplitude E0 are
plotted along the midplane of the TC (inset).

TABLE I. Parameters of the present experiment at MTA and an envisioned practical cooling
channel [16,17]. Symbols are explained in the text.

Parameter (units) Present experiment at MTA (proton) Practical cooling channel (muon)

p (atm) 20–100 180

E0 (MV=m) 5–50 20

X0 (V=cm=Torr) 0.5–10 1.5

B (T) � 3 � 20
f (MHz) �805 �805
Beam energy (MeV) 400 120

dE=dx (MeV cm2=g) 6.24 4.43

Particles per bunch � 109 1011–1012

Pulse length (ns) 104 60

Bunch spacing (ns) 5 5

Synchronous phase, �s random 159�
O2 concentration (%) � 0:2 0.2
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rf field and losing it through collisions with the gas
molecules. The relaxation time is governed by the collision
frequency between electrons and molecules and is esti-
mated to be 0.3–70 ps for E0 ¼ 50 MV=m in 100 atm
hydrogen gas [21]. Since this time scale is much shorter
than the rf period (T ¼ 2�=! ¼ 1=f), it can be assumed
that the electron equilibrium energy is determined by the
instantaneous value of the electric field. In this case, we
can estimate the electron contribution to the plasma
loading by using the results of electron swarm experiments
in a dc electric field [22], where it is found that the mobility
of the swarm scales with the ratio of the field strength to the
gas density. Here, we use X0 ¼ E0=p, where E0 is the peak
rf field and p is the gas pressure at room temperature.

The rf power consumption due to the beam-induced
plasma can be analytically formulated based on the above
assumptions (with similar assumptions for the ions). As a
convenient figure of merit, the mean rf power consumption
per single ion pair in one rf cycle dw is introduced as

dw ¼ 2e
Z T=2

0
½p̂e�e þ p̂���

i þ�þ
i �E2

0sin
2ð!tÞdt; (6)

where �e and ��
i are the mobilities of electrons and

positive (negative) ions in a gas, which are functions of
XðtÞ ¼ X0 sinð!tÞ, p, and gas temperature. The coeffi-
cients p̂e and p̂� are the relative populations of the elec-
trons and negative ions, respectively (p̂e þ p̂� ¼ 1). The
value of�e is generally>100 times larger than that of��

i .
Therefore, the ionization electrons play the main role in
loading the cavity. For low X, the value of �e is constant,
but decreases for higher X because the electrons can excite
the hydrogen molecules. In this case, dw should exhibit
�X1:6

0 dependence for a given pressure [23]. On the other

hand, ��
i is constant over a wide range of X, as the ion

temperature is equal to that of the ambient gas [24].
Consequently, dw for ions behaves as �X2

0 .

Using an equivalent circuit, the rf power consumption
by the plasma can also be determined experimentally from
the time evolution of the cavity voltage amplitude VðtÞ
(illustrated in Fig. 2) as

�P ¼ VðtÞ½Vmax � VðtÞ�
R

� CVðtÞ dVðtÞ
dt

; (7)

where R, C, and Vmax are the shunt impedance and capaci-
tance of the TC and the flattop rf voltage, respectively. If
the total number of ion pairs N is known, the rf power
consumption per single ion pair per rf cycle is estimated as

dw ¼ 1

gc

�P

fN
; (8)

where gc corrects for the electric field variation over the
plasma distribution [20].
In the case of pure hydrogen, the population of negative

ions is assumed to be zero (p̂� ¼ 0). For a short time after
the beam turns on, we have found that the recombination
processes have a negligible effect. In this case, N will be
simply the time integral of the production rate given in

Eq. (5). Figure 3 shows the measured dw based on Eq. (8)
as a function of X0 for various hydrogen gas pressures. The
solid lines are the predictions from Eq. (6) with the experi-
mental data obtained from Ref. [22] for a dc field and low
gas pressure. Our measurements are in good agreement
with the predictions for the lowest pressure (20 atm), in

which case dw follows X1:6
0 . At higher pressures, the

measured dw’s become smaller than the estimated values.
These deviations can be explained by the decrease in the
electron drift velocity [25] mainly due to multiple scatter-
ing [26]. We do note that this pressure effect can lower the
plasma loading for higher pressure operation of the cavity.
The rf power consumption was also measured in

DA-doped hydrogen and deuterium gases as shown in
Fig. 4. Oxygen, which constitutes 20% of DA, is an electro-
negative gas. The lines in Fig. 4 represent the predicted dw

FIG. 3 (color online). Plot of dw vs X0. The symbols represent
the measured dw and the lines are the dw estimated from Eq. (6)
for several hydrogen pressures. Each point is obtained by a
statistical average over multiple measurements.

FIG. 2 (color online). Typical measured rf amplitudes vs time.
The vertical lines indicate the timing of the beam and rf. The
blue (magenta) curve corresponds to the case with (without)
the beam in hydrogen gas. The doped cases represent 1% dry
air (DA).
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values with the conditions that either p̂� is zero (upper
three curves) or p̂e is zero (lower four curves). For the
lower curves, it is assumed that the electrons are removed
quickly by the capture process (3). We also assume in the
lower curves that O�

2 and Hþ
5 (Dþ

5 ) are the main heavy ions

contributing to dw. The dw measurements in Fig. 4 show
an intermediate state at 20 atm, where some electrons still
remain in the cavity. At 100 atm, on the other hand, the
electrons seem to be completely removed; therefore, the

dw values follow the ion prediction curve. Further, dw
tends to vary as �X2

0 , which also supports the idea that

the residual charged particles are heavy ions, not electrons.

We emphasize that dw is reduced by 2 orders of magnitude
compared to the case of pure hydrogen, which significantly
improves the performance of the gas-filled rf cavity. It is

also interesting to note that dw for the DA-doped deute-
rium case is smaller than that for DA-doped hydrogen (see
open circles in Fig. 4 and crosses in Fig. 2). This is likely
due to the dependence of the ion mobility on its mass.

The time evolution of charged particles can be estimated

from the observed �P by using Eqs. (6)–(8) with dw. The
characteristic time for electron attachment to oxygen � is
evaluated from the time evolution of the observed electron
density [23]. Figure 5 shows � as a function of pressure
with various DA concentrations. The value of � is reduced
at high pressure (i.e., � / p�1:4 to�1:6) and high DA con-
centration. The extrapolated � in 1% DA (0.2% oxygen) at
180 atm is on the order of 0.1 ns, which indicates that the
lifetime of an electron is much shorter than an 805 MHz rf
period. The hydrogen recombination rate �ei is estimated
using a similar method as the � analysis [23]. Note that gc
is time dependent in this analysis. The estimated �ei range
is 10�7–10�6 cm3=s. The rate of recombination between
positive and negative ions �ii has also been evaluated,
although the exact ion species cannot be specified and so
the overall rate is reported. Results indicate rates on the
order of 10�9–10�8 cm3=s, and decrease with increasing
pressure.

Since the beam intensity is relatively low and the rf
phase is not synchronized with the beam for the present
experiment, we note that the voltage drops observed in
Fig. 2 are mainly caused by the plasma loading, not by the
conventional beam loading [27]. As the beam intensity
increases for the practical cooling channel [16,17] (see
Table I), both the plasma and beam loading increase.
Since �m=fce 	 1 even for B ¼ 20 T, and the plasma
density is still much smaller than the gas density for the
higher muon beam intensities, we do not expect any major
change in the underlying physics of the plasma loading.
Hence, the plasma evolution NðtÞ and the corresponding
drop in the accelerating voltage over the beam pulse
�ðV sin�sÞ can be readily estimated using Eqs. (7) and
(8), and the extrapolated values of dw, �, �ei, and �ii.
Preliminary studies [28] indicate that the plasma loading
effects are smaller than the beam loading from the funda-
mental mode of the wakefields. For the beam intensities
of 1011–1012 muons per bunch, �ðV sin�sÞplasma=

�ðV sin�sÞbeam � 39%–41%. This strongly suggests that
if the beam loading is mitigated by optimizing the beam
and rf parameters (which is indeed a necessary condition
for any practical cooling channel), the plasma loading can
also be mitigated accordingly (as both loading effects are
proportional to the beam intensity and shunt impedance).
Detailed numerical simulations on these loading effects are
planned [29,30] using the data obtained here to confirm the
practicality of the gas-filled cavity.
In summary, we have experimentally demonstrated that

the novel idea of operating a rf cavity after filling it with
high-pressure gas (rather than keeping it under vacuum)
can be a viable technology for muon ionization cooling.
The extensive quantitative measurements presented in
this work lay an important foundation for future cooling
channel research and development based on gas-filled rf
cavities.
The authors would like to thank R. Johnsen (University

of Pittsburgh) for helpful comments and discussions.

FIG. 4 (color online). Plot of dw vs X0. The symbols represent
the measured dw for several gas pressures and DA doping
concentrations. The solid (dashed) lines are the dw estimated
from Eq. (6) with p̂e ¼ 0 (p̂� ¼ 0).
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FIG. 5 (color online). Plot of � vs pressure. The symbols
represent the measured values in DA-doped hydrogen for several
DA concentrations. The solid lines are fits to the data. X0 has
been chosen to correspond to a practical cooling channel E0 and
p (180 atm, shown by the dashed line).
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