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A major technological challenge in building a muon cooling channel is operating RF cavities in
multi-tesla external magnetic fields. We report the first experimental characterization of a high
pressure gas-filled 805 MHz RF cavity for use with intense ionizing beams and strong external
magnetic fields. RF power consumption by beam-induced plasma was investigated with hydrogen
and deuterium gases with pressures between 20 and 100 atm and peak RF gradients between 5 and
50 MV/m. The energy absorption per ion pair-RF cycle ranges from 10−18 to 10−16 J. The low
pressure case agrees well with an analytical model based on electron and ion mobilities. Varying
concentrations of oxygen gas were 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 were 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. These
results indicate that a high pressure gas-filled cavity is potentially a viable technology for muon
ionization cooling.

PACS numbers: 52.40.Mj, 29.27.-a, 51.50.+v, 52.20.Hv, 34.10.+x8

Ionization cooling is a critical component for the re-9

alization of a neutrino factory and a muon collider, be-10

cause only this cooling scheme can reduce the emittance11

of muon beams in times short compared to the muon life-12

time [1, 2]. A typical cooling channel will be composed of13

low-Z energy absorbers to reduce the momentum of the14

muon beam, normal conducting RF cavities to replace15

the lost longitudinal momentum, and strong confining16

magnets to focus the beam at the absorbers and com-17

pensate for the effect of multiple Coulomb scattering. In18

this channel configuration, strong static magnetic fields19

are present inside the RF cavities and increase the prob-20

ability of RF breakdown [3, 4]. Indeed, measurements21

at the Mucool Test Area (MTA) of Fermilab have shown22

that the achievable accelerating gradients for an 805 MHz23

vacuum pillbox cavity decreased to less than 20 MV/m24

in a 3 T solenoidal field [5, 6], which would seriously limit25

the performance of a cooling channel.26

An RF cavity filled with high pressure hydrogen gas27

was proposed to overcome the above mentioned problem28

[7, 8]. The gas provides the necessary momentum loss29

as a cooling material and also increases the breakdown30

gradient of the cavity. Since the collision frequency of31

electrons with H2 molecules at 100 atm in RF fields,32

νm ≈ (2.6 − 29) × 1013 s−1 [9], is much higher than33

the cyclotron frequencies in the ambient magnetic fields,34

fce = 28×B[T]×109 s−1, any effects of B are eliminated.35

Experiments have demonstrated that a breakdown gra-36

dient of 65.5 MV/m could be achieved in a 3 T magnetic37

field with 70 atm hydrogen gas [10].38

Although these results are encouraging, a gas-filled39

cavity has not previously been tested with an ionizing40

beam. The beam (e.g., proton instead of muon for this41

experiment) will induce a number of reactions in the gas.42

It produces electrons and positive hydrogen ions through43

ionization processes:44

p +H2 → p +H+
2 + e−, e− +H2 → H+

2 + 2e−. (1)

In the second reaction, we consider the fact that some45

of the electrons from the primary ionization can have46

enough energy to further ionize. At high pressure, the47

positive hydrogen ions quickly transform into clusters [11,48

12]:49

H+
2 +H2 → H+

3 +H, H+
n + 2H2 
 H+

n+2 +H2, (2)

where n = 3, 5, 7, · · ·. The free electrons and ions ab-50

sorb energy from the RF field and transfer it to the gas51

through elastic and inelastic collisions. The addition of52

oxygen ameliorates this energy loss by capturing elec-53

trons in a three-body process, forming O−
2 [13]:54

e− +O2 +M → O−
2 +M (M = H2 or O2). (3)

The ions recombine through the processes [14, 15]55

e− +H+
n → neutrals, O−

2 +H+
n → neutrals. (4)

We report here the measured RF power consumption by56

the electrons and ions in a gas-filled RF cavity in the57

MTA using a 400 MeV proton beam from the Fermilab58

linac. We also estimate the electron capture time, τ , for59

reaction (3) as well as the recombination rates, βei and60

βii, for reactions (4), thus providing a complete picture61

of the plasma evolution, which is crucial for evaluating62

the feasibility of the gas-filled RF cavity.63
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FIG. 1. 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
multi-tesla solenoid magnet (not shown). Radial distributions
of the plasma density ρ and the electric field amplitude E0 are
plotted along the midplane of the TC (inset).

Figure 1 shows the experimental apparatus including64

the gas-filled 805 MHz RF Test Cell (TC). The TC is65

made of copper-coated stainless steel. A pair of hemi-66

spherical copper electrodes are installed to concentrate67

the RF field around the beam path. The TC has a higher68

impedance than a typical cooling channel, which makes69

it ideal for studying plasma loading effects. The RF field70

is measured with an RF pickup loop. The individual71

bunch width is ∼ 1 ns with a bunch spacing of 5 ns and72

a total pulse length of 10 µs. The RF phase is random73

with respect to the injection timing of the protons. This74

minimizes any possible effect of conventional beam load-75

ing in this experiment. A 200-mm-long collimator with a76

4-mm-diameter hole is placed upstream of the TC to get77

a well-defined beam profile. The beam position is mon-78

itored with a scintillating screen [16]. The incident pro-79

ton intensity on the TC is measured by a toroid current80

transformer that is located in front of the TC. The initial81

density distribution of the plasma in the TC, ρ(r, z) is es-82

timated from the numerical simulation code, G4beamline83

[17, 18] [see Fig. 1 (inset)]. The calculated effect of the84

diffusion for the plasma in the transverse plane is negli-85

gible and we assume the plasma composition and density86

are controlled by τ , βei, and βii.87

Figure 2 shows typical observed RF amplitudes for88

various conditions as a function of time. The RF pulse89

length is 40 µs with a repetition rate of 15 Hz. Protons90

are sent to the cavity once the RF amplitude reaches the91

flat-top value, Emax. We observe a rapid RF amplitude92

drop due to power consumption by the beam-induced93

plasma (blue curve in Fig. 2). Eventually, the RF ampli-94

tude reaches an equilibrium, where the RF source feeds95

an amount of power equal to that consumed by the beam-96

induced plasma and the cavity wall. When the beam is97

turned off, the RF amplitude starts to recover as the ion-98

FIG. 2. Typical measured RF amplitudes vs time. The ver-
tical 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).

ization process is stopped. The quality factor for this99

recovery is lower than that of the initial filling because100

the residual electrons and ions are still absorbing power.101

We note that the RF power reduction is significantly mit-102

igated with the addition of an electronegative dopant gas103

[dry air (DA) in this case]. The gas-filled RF cavity was104

also demonstrated to operate in a 3 T solenoid. As shown105

in Fig. 2, there is no dependence of the observed RF am-106

plitude on magnetic field.107

The production rate of ion pairs can be calculated by108

Ṅ = Ṅb × h
∑
k

wk

(
ρm

dE/dx

Wi

)
k

, (5)

where h is the propagation distance and wk, ρm, dE/dx,109

andWi are the abundance, mass density, stopping power,110

and average energy to produce an ion pair for the k-th111

gas molecular species (
∑

k wk = 1), respectively. The112

incident proton intensity into the cavity, Ṅb, is typically113

∼ 2× 1010 protons/µs, and Ṅ is on the order of 1013 ion114

pairs/µs for this experiment.115

Most ionization electrons slow down quickly through116

collisions with the ambient gas molecules and drift117

in phase with the applied RF electric field, E(t) =118

E0 sin(ωt). The electrons reach an equilibrium tempera-119

ture well above the ambient gas temperature by absorb-120

ing energy from the RF field and losing it through colli-121

sions with the gas molecules. The relaxation time is gov-122

erned by the collision frequency between electrons and123

molecules and is estimated to be 0.3− 70 ps for E0 = 50124

MV/m in 100 atm hydrogen gas [19]. Since this time scale125

is much shorter than the RF period (T = 2π/ω = 1/f),126

it can be assumed that the electron equilibrium energy127

is determined by the instantaneous value of the electric128

field. In this case, we can estimate the electron contribu-129

tion to the plasma loading by using the results of electron130
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FIG. 3. Plot of dw vs X0. The symbols represent the mea-
sured dw and the lines are the dw estimated from Eq. (6) for
several different hydrogen pressures. Each point is obtained
by a statistical average over multiple measurements.

swarm experiments in a DC electric field [20], where it131

is found that the mobility of the swarm scales with the132

ratio of the field strength to the gas density. Here, we133

use X0 = E0/p, where E0 is the peak RF field and p is134

the gas pressure at room temperature.135

The RF power consumption due to the beam-induced136

plasma can be analytically formulated based on the above137

assumptions (with similar assumptions for the ions). As a138

convenient figure of merit, the mean RF power consump-139

tion per single ion pair in one RF cycle, dw is introduced140

as141

dw = 2e

∫ T/2

0

[p̂eµe + p̂−µ−
i + µ+

i ]E
2
0 sin

2(ωt)dt, (6)

where µe and µ±
i are the mobilities of electrons and pos-142

itive (negative) ions in a gas, which are functions of143

X(t) = X0 sin(ωt), p, and gas temperature. The co-144

efficients p̂e and p̂− are the relative populations of the145

electrons and negative ions, respectively (p̂e + p̂− = 1).146

The value of µe is generally >100 times larger than that147

of µ±
i . Therefore, the ionization electrons play the main148

role in loading the cavity. For low X, the value of µe149

is constant, but decreases for higher X because the elec-150

trons can excite the hydrogen molecules. In this case,151

dw should exhibit ∼ X1.6
0 dependence for a given pres-152

sure [21]. On the other hand, µ±
i is constant over a wide153

range of X, as the ion temperature is equal to that of the154

ambient gas [22]. Consequently, dw for ions behaves as155

∼ X2
0 .156

Using an equivalent circuit, the RF power consump-157

tion by the plasma can also be determined experimentally158

from the time evolution of the cavity voltage amplitude159

V (t) (illustrated in Fig. 2) as160

∆P =
V (t) [Vmax − V (t)]

R
− CV (t)

dV (t)

dt
, (7)
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FIG. 4. Plot of the electron drift velocity vd estimated from
the dw measurements vs X for different pressures. Here, vd
is normalized by the experimental data of Lowke [20]. For
comparison, experimental data of Grünberg [23] are presented
as symbols.

where R, C, and Vmax are the shunt impedance and ca-161

pacitance of the TC and the flat-top RF voltage, respec-162

tively. If the total number of ion pairs N is known, the163

RF power consumption per single ion pair per RF cycle164

is estimated as165

dw =
1

gc

∆P

fN
, (8)

where gc corrects for the electric field variation over the166

plasma distribution [18].167

In the case of pure hydrogen, the population of nega-168

tive ions is assumed to be zero (p̂− = 0). For a short time169

after the beam turns on, we have found that the recom-170

bination processes have a negligible effect. In this case,171

N will be simply the time integral of the production rate172

given in Eq. (5). Figure 3 shows the measured dw based173

on Eq. (8) as a function of X0 for various hydrogen gas174

pressures. The solid lines are the predictions from Eq.175

(6) with the experimental data obtained from Ref. [20]176

for a DC field and low gas pressure. Our measurements177

are in good agreement with the predictions for the lowest178

pressures (20 atm), in which case dw follows X1.6
0 .179

The measured dw’s become smaller than the estimated180

values at higher pressures. Figure 4 shows the drift veloc-181

ity of electrons in hydrogen, vd = µeE, which is obtained182

by inversion of Eq. (6) with the measured dw in Fig. 3.183

Several authors have reported that indeed vd decreases184

as pressure increases for a given X, and the deviation in185

vd becomes larger as X gets smaller [23, 24]. The devi-186

ation in vd can be explained by the multiple scattering187

model [25] up to 54 atm. Further investigation is needed188

to explain the larger deviation above 54 atm. We do note189

that the observed pressure effect is beneficial for higher190

pressure operation of the cavity.191

The RF power consumption was also measured in DA-192

doped hydrogen and deuterium gases as shown in Fig. 5.193
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FIG. 5. Plot of dw vs X0. The symbols (except open circles
for deuterium) represent the measured dw in hydrogen for
several gas pressures and DA doping concentrations. The
solid (dashed) lines are the dw estimated from Eq. (6) with
p̂e = 0 (p̂− = 0) for several hydrogen pressures.

Oxygen, which constitutes 20% of DA, is an electroneg-194

ative gas. The lines in Fig. 5 represent the predicted195

dw values with the conditions that either p̂− is zero (up-196

per three curves) or p̂e is zero (lower three curves). For197

the lower curves, it is assumed that the electrons are198

removed quickly by the capture process (3). We also as-199

sume in the lower curves that O−
2 and H+

5 are the main200

heavy ions contributing to dw. The dw measurements in201

Fig. 5 show an intermediate state at 20 atm, where some202

electrons still remain in the cavity. At 100 atm, on the203

other hand, the electrons seem to be completely removed,204

therefore, the dw values follow the ion prediction curve.205

Further, dw tends to vary as ∼ X2
0 , which also supports206

the idea that the residual charged particles are heavy207

ions, not electrons. We emphasize that dw is reduced by208

two orders of magnitude compared to the case of pure209

hydrogen, which significantly improves the performance210

of the gas-filled RF cavity. It is also interesting to note211

that dw for the DA-doped deuterium case is smaller than212

that for DA-doped hydrogen (see open circles in Fig. 5).213

This is likely due to the dependence of the ion mobility214

on its mass.215

The pressure dependence of dw for the two different ion216

combinations, i.e., H+
n −e− and H+

n −O−
2 , has been deter-217

mined from the measurements presented here. The time218

evolution of charged particles can be estimated from the219

observed ∆P by using Eqs. (6)-(8) with dw. The char-220

acteristic time for electron attachment to oxygen, τ , is221

evaluated from the time evolution of the observed elec-222

tron density [21]. Figure 6 shows τ as a function of pres-223

sure with various DA concentrations. The value of τ224

is reduced at high pressure and high DA concentration,225

i.e., τ ∝ p−1.4∼−1.6. The extrapolated τ in 1% DA (0.2%226

oxygen) at 180 atm is on the order of 0.1 ns, i.e., the227

life time of an electron is much shorter than an 805 MHz228
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FIG. 6. Plot of τ vs pressure. The symbols represent the
measured values in DA-doped hydrogen for several DA con-
centrations. The solid lines are fits to the data. X0 has been
chosen to correspond to a practical cooling channel electric
field (20 MV/m) and pressure (180 atm, shown by the dashed
line) [26].

RF period. The hydrogen recombination rate, βei, is es-229

timated using a similar method as the τ analysis [21].230

Note that gc is time dependent in this analysis. The es-231

timated βei range is 10−7 − 10−6 cm3/s. The rate of232

recombination between positive and negative ions, βii,233

has also been evaluated, although the exact ion species234

cannot be specified and so the overall rate is reported.235

Results indicate rates on the order of 10−9−10−8 cm3/s,236

and decrease with increasing pressure.237

In summary, we have reported the first experimental238

characterization of the high pressure gas-filled RF cavity239

exposed to an intense ionizing beam. RF power consump-240

tion by the beam-induced plasma was measured and the241

plasma evolution was investigated with an electronega-242

tive gas. Using the results presented here, the feasibility243

of the gas-filled RF cavity for use in a practical muon244

cooling channel [26] is being investigated. Since the cool-245

ing channel should withstand conventional beam loading246

from wakefields [27], we evaluate the significance of the247

plasma loading relative to the beam loading. Prelimi-248

nary study concludes that conventional beam loading will249

dominate in a practical cooling channel [28], and thus250

the plasma loading in a gas-filled RF cavity will not be251

a serious technical issue. In addition, the data we have252

obtained will allow us to make detailed numerical studies253

at higher plasma densities to verify this conclusion.254
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