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Abstract

A high pressure hydrogen gas filled RF cavity was sub-

jected to an intense proton beam to study the evolution of

the beam induced plasma inside the cavity. Varying beam

intensities, gas pressures and electric fields were tested.

Beam induced ionized electrons load the cavity, thereby

decreasing the accelerating gradient. The extent and du-

ration of this degradation has been measured. A model

of the recombination between ionized electrons and ions

is presented, with the intent of producing a baseline for the

physics inside such a cavity used in a muon accelerator.

INTRODUCTION

One of the main technological challenges in building

a muon accelerator is operating high gradient RF cavi-

ties in strong magnetic fields. A compelling solution is

to fill the cavities with high pressure gas (or HPRF cav-

ity) in order to mitigate breakdown. Field emitted electrons

from the surface of the cavity wall can form an avalanche

which is strongly focused and traverse the cavity, short-

ing it. With a suitable buffer gas, these electrons lose their

energy through Coulomb scattering before forming an arc.

This principle has been demonstrated using various surface

materials and gas species [1, 2].

The problem with this technology is that the beam ion-

izes whatever gas is present when it traverses the cavity.

These ionized electrons and ions gain energy from the elec-

tric field and load the cavity. Each incident beam parti-

cle can produce thousands of electron-ion pairs, and while

this plasma density is typically six orders of magnitude less

than the parent gas density, significant field degradation is

possible. This becomes an issue because the subsequent

bunches in the beam would see a smaller accelerating gra-

dient. The question becomes how much the field gets re-

duced over the duration of the bunch length and how fast it

recovers.

In the current muon collider design, the beam pulse con-

sists of 3.5 1012 muons per bunch, with 12 bunches sep-

arated by 5 ns at a kinetic energy of 100 - 400 MeV. The

baseline cavity design calls for an accelerating gradient of

15 - 25 MV/m at a repetition rate of 15 Hz, filled with

180 atm of gas. Hydrogen gas seems to be an ideal candi-

date because it provides an ideal energy loss and radiation

length for this energy range of muons and has been shown

to mitigate breakdown in the cavity.
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EXPERIMENTAL SETUP

The HPRF program is carried out at the MuCool Test

Area, located at the end of an extension to the Fermilab

linac. The linac provides a 400 MeV proton beam (H−

is accelerated and the electrons are stripped just before the

experimental apparatus) 7.5 - 9.5 µs long, bunched at 200

MHz, with variable intensity set by a quadrupole triplet and

collimators. The maximum intensity achieved in the cavity

was 2 108 protons per bunch. This is roughly four orders

of magnitude less intense than the muon collider design.

Thirteen megawatts of RF power is provided at 805 MHz.

Electric and magnetic pickup probes are installed in

the cavity to measure the electric field, and optical fiber

feedthroughs allow PMTs and SiPMs to measure the light

signal. There are also beam intensity monitors before and

after the collimator system to measure the number of pro-

tons incident on the cavity, and a phosphorescent screen to

assist in beam steering and focusing.

Various gas species and pressures have been used, in-

cluding pure hydrogen, nitrogen, helium and dry air, as

well as dry air, sulfur hexafluoride and nitrogen doped hy-

drogen. Additionally, variable electric fields and beam in-

tensities were recorded.

HYDROGEN PLASMA DYNAMICS

For the case of a hydrogen filled RF cavity, the incident

beam will produce electrons and H+
2 . The cross section for

H+
3 production is quite high and usually takes place within

1 ps [3].

H+
2 +H2 → H+

3 +H (1)

Larger hydrogen clusters can form through three body

collisions of the form

H+
n−2 +H2 +H2 ⇀↽ H+

n +H2 (2)

The energy needed to produce an ion pair (W) in gaseous

hydrogen has been measured to be 35.3 eV/pair [4]. To-

gether with the dE
dx curve from the Bethe-Bloch formula

and the density of hydrogen (ρ), one can calculate the num-

ber of electrons produced in the cavity from a single inci-

dent particle.

ne = 〈
dE

dx
〉
ρ

W
(3)

These ions recombine with the ionized electrons and this

process must be relatively fast for an HPRF cavity to be re-
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alistic in a muon collider design. The cross sections of elec-

trons with H2 and H+
3 are shown in Fig. 1 and 2. Plasma

electron energies are typically 0.1 - 1 eV, and over this

range the cross section of H+
3 + recombination is roughly

an order of magnitude larger.

Figure 1: Cross section of electrons on H2 [5].

Figure 2: Cross section of electrons on H+
3 [5] .

PHYSICS MODEL

The rate equation can be used to model the number of

electrons in the cavity as a function of time and position.

dne

dt
= Ṅ − αnenγ − βnenδ − ... (4)

Where α and β are the recombination rates of electrons

with particles γ and δ. For the case of pure hydrogen, the

number of electrons is equal to the number of hydrogen

molecules ionized, so

dne

dt
= Ṅ − βn2

e (5)

This formula can be applied during various segments of

the RF pulse. Fig. 3 shows the envelope of the RF signal

in the cavity during beam. There are five distinct regions.

The recombination rate can be calculated when the beam

first turns on, when the cavity is in equilibrium, and when

the beam turns off with RF on.

Figure 3: RF envelope during a beam pulse. There are five

distinct regions. They are (sequentially): before the beam

turns on and the voltage in the cavity fills; when the beam

first turns on; when beam is on and the cavity has reached

equilibrium; when the beam turns off; and when the RF

turns off and the voltage in the cavity decays.

The main region of interest is the second, just after the

beam turns on. The experimental beam pulse length is 9.5

µs, while that of a muon collider is 60 ns, so only the first

60 ns of the RF pulse with beam is of interest. It is im-

portant to note that the cavity recovers in time for the next

beam pulse.

The number of electrons in the cavity is given by

ne =
Energy loss in the cavity

Energy loss per electron

=

V (V0−V )
Rc

− d(1/2CV 2)
dt

dw

(6)

Here, V is the cavity voltage at any given time, V0 is

the voltage just before the beam turns on, Rc is the cavity

resistance, C is the cavity capacitance, and dw is the energy

lost in the cavity per electron (and is presure dependent -

see Ref. [6] for more details). Fig. 4 shows an example of

the electron evolution in the cavity over time.

Figure 4: The number of electrons in the cavity during one

RF pulse (µs) averaged over 10 beam pulses.

When the beam turns off, the electrons in the cavity re-

combine with time, and Eq. 5 can be integrated to give
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n(t) =

∫
n(~x, 0)d~x

1 + βtn(~x, 0)
(7)

This produces an inverse dependence with respect to

time on the number of electrons in the cavity. Should any

impurities be present that provide some attachment pro-

cess for the electrons, Eq. 4 would have to be integrated

and would produce an exponential dependence with respect

to time. The initial distribution of electrons in the cavity

should be Gaussian, and the shape determined by the di-

ameter of the collimator hole immediately upstream of the

cavity. Eq. 7 can be integrated with a particular value of β

and fit to the data, which is shown in Fig. 5.

Figure 5: The number of electrons in the cavity after the

beam turns off. The fitted curve is a Gaussian fit, the blue

curve is a fit assuming a homogeneous distribution of elec-

trons, and the purple curve is an exponential fit.

The value of β used in Fig. 5 was 1.2× 10−8 cm3

s and as

can be seen, the 1/t dependence closely matches the data.

This indicates that pure hydrogen recombination is taking

place.

During equilibrium, Eq. 5 can be simplified and a direct

measurement of β can be made.

β =
Ṅ(~x, t)

n2
e(~x, t)

(8)

Based on the existing data, recombination rates on the

order of 10−6 cm3

s have been measured during equilibrium

of the RF pulse. Analytic forms of the recombination rates

of electrons in H+
3 and H+

5 have been fit to data found in

Ref. [7] and [8]. These are shown in Fig. 6.

CONCLUSIONS

Analysis of the data taken during the summer of 2011

shows that self recombination takes place in pure hydrogen

gas. The decay of the number of electrons in the cavity

once the beam is turned off indicates self recombination

rather than attachment to electronegative dopants or impu-

rities.

The cross section of electron recombination grows for

larger clusters of hydrogen and so at the equilibrium of

electron production and recombination in the cavity, pro-

cesses involving H+
5 or larger clusters must be taking

Figure 6: Analytic fits to hydrogen recombination data.

H+
3 is in black and H+

5 is in red.

place. The measured recombination rates during this time

match or exceed the analytic predicted values.

The accelerating gradient in the cavity recovers fully in

time for the next beam pulse of a muon collider. Exactly

what the recombination rate is and how much the gradient

degrades during the 60 ns muon collider beam pulse will

be extrapolated from data taken during the spring of 2012.
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