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Electron cooling of high-energy protons in a multiring trap with a tank circuit
monitoring the electron-plasma oscillations
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Electron cooling of energetic protons in a multiring trap was investigated experimentally with a tank circuit
monitoring electron-plasma oscillations in the trap. The energy of protons was determined by time-of-flight
measurements. It is found that a simple model can explain the qualitative behavior of both electron and proton
energy when the initial energy of protons is less than 2 keV. Monitoring the electron-plasma temperature with
a tank circuit can be an effective tool when energetic particles are electron cooled in a multiring trap.
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I. INTRODUCTION

Electron-cooling techniques have found various exp
mental applications such as in accelerators and cooling
high-energy particles in a trap. Production of ultraslow an
protons was made possible with the combination of a
grader foil and electron cooling in a Penning trap@1#. Posi-
tron cooling of highly charged ions~HCI! in a multiring trap
is in progress to produce a low-energy HCI beam. Th
low-energy antiprotons and HCI beams will open new
search fields@2#. Although the electron cooling of low
energy protons~<80 eV! in the nested Penning trap wa
studied@3#, little has been reported on the process to c
particles having higher energies. This is particularly true
;1 keV or higher energy particles, which is discussed in
present paper.

For understanding the electron-cooling process in the t
it is important to observe signals from the trapped char
particles during the process. Fortunately, various techniq
developed for a small number of charged particles in a P
ning trap are also applicable to a large number of char
particles~a plasma! in a multiring trap. A tank circuit can be
an especially powerful tool for a nondestructive diagnosis
trapped charged particles. A large number of cold electr
used to cool high-energy protons in the trap are regarded
spheroidal nonneutral electron plasma. The dispersion r
tion for the electrostatic oscillations of a cold spheroidal no
neutral plasma was derived by Dubin@4#. With the dispersion
relation, the fundamental harmonic oscillation~l 51 mode!
is derived easily. It is known that the number of trapp
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charged particles can be determined with a tank circuit mo
toring the l 51 mode@5,6#. The second order axial oscilla
tion ~l 52 mode! is interesting since its frequency depen
on the electron energy~or electron-plasma temperature!
@7,8#.

Here, the purpose of the experiment is to investigate
cooling process of energetic protons by monitoring thel
52 mode of the electron plasma that cool high-energy p
tons in a multiring trap. Since the signal from high-ener
protons in a trap is difficult to observe, the signal from ele
trons is used to probe the behavior of protons.

II. EXPERIMENTAL SETUP

To accomplish the experimental purpose mention
above, a multiring trap was adopted@9#. The inner diameter
of the electrodes is 2b54 cm and the axial lengthL0 for
confining high-energy protons is;30 cm. By applying
proper voltages on each electrode, this multiring electro
trap can provide an electrostatic quadrupole potential

f~r,z!52V~r222z2!/~2L21b2! ~2.1!

in the cylindrical coordinates (r,u,z) with the axial dimen-
sion 2L512.3 cm. The trap was immersed in a uniform ax
magnetic fieldB510 kG. Since the vacuum should be goo
enough to avoid collisions between high-energy protons
background residual gases, the chamber wall that cont
the trap was cooled lower than 10 K with continuous flow
liquid He. The vacuum pressure measured outside the
region was<2310210 torr. A schematic drawing of the ex
perimental setup is shown in Fig. 1.

High-energy protons (1;4 keV) were provided with a
duoplasmatron ion source via a magnetic analyzer, wh
selects and transports protons to the trap.

Electrons with a typical energy of;60 eV were provided
by a field emitter array that was placed where the fi
strength was;100 G and 5 cm off from the axis of th
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magnetic field and the trap so that the high-energy prot
could be injected into the trap. The number of electro
stored in the trap can be easily controlled by varying
injection time of electrons. Here, 108 electrons were confined
routinely with the confinement time longer than 1000 sec.
detect thel 52 mode of the electron plasma, a tank circ
composed of a tunable capacitor and an inductor was
tached to the ring electrode at the center. The signal
detected with a fast fourier transform spectrum analyzer.

A microchannel-plate~MCP! of 7 cm in diameter was
installed on the other side of the magnet, where the fi
strength was;100 G, to detect high-energy protons~50–
4000 eV! by time-of-flight ~TOF! measurement. The lengt
L1 from the end of the trap region to the MCP is;110 cm.
Thus, the length of the trap should be considered when T
spectra are evaluated.

The experimental procedure is as follows. First, pro
electrostatic voltages are applied on each electrode to con
electrons in the quadrupole potential withV5250 V in Eq.
~2.1!. After the electrons are accumulated in the trap, a h
voltage is applied to the electrode HV2~exit! to reflect back
the injected protons. Then, a few keV protons are injec
and the voltage on the electrode HV1~entrance! is switched
on to confine protons. After waiting for a certain interval
time with monitoring the electron-plasma oscillation throu
a tank circuit, the electrode HV2 is grounded to detect
energy of protons with the MCP.

III. RESULTS AND DISCUSSIONS

The TOF signals of confined high-energy protons detec
with the MCP are shown in Fig. 2. In Fig. 2~a!, 2-keV pro-
tons (;53105) are confined without electrons. The sol
and broken lines are the TOF spectra of protons confined
10 and 80 sec, respectively. The confinement time define
the time for the trapped particle number to be half of t
original value is estimated to be about 80 sec in case
2-keV protons. It is noted that the peak position of the TO
spectrum does not depend on the trapping time, i.e., the
ton energy stays the same. Therefore, the energy loss of
tons through the collisions with background gas is negligi

FIG. 1. A schematic drawing of the experimental setup.
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small. The pulse width of about 1.5msec mainly reflects the
length of the trap in this case. Shown in Fig. 2~b! are the
TOF signals of confined protons with 1.03108 electrons.
The trapping times are 2, 10, and 16 sec, respectively.
clearly seen that the proton energyEp decreases as the trap
ping time gets longer. The maximum energyEmax and mini-
mum energyEmin of protons are easily obtained from eac
TOF spectrum. For evaluating the mean energy of confi
protons, a shifted Maxwellian distribution function and
uniform spatial distribution of protons inside the trap regi
are assumed to reconstruct an obtained TOF spectrum.
mean energy of confined protons are 1860, 780, and 280
at 2, 10, and 16 sec, respectively. Similar measurements
performed with the proton injection energy of 1, 2,
and 4 keV.

A cloud of electrons to cool energetic protons inside t
trap behaves as a nonneutral plasma. Its electrostatic os
tion frequencyf l5v l /2p with the axial mode numberl is
estimated from Dubin’s dispersion relation@4#. Introducing
the electron-plasma frequencyvp5A4pnee

2/m and the
electron cyclotron frequencyVc5eB/mc with the electron
densityne , chargee and massm, the rigid rotation frequency
of the nonneutral electron plasma is given byv r;vp

2/2Vc .
Under the conditionsvp!Vc andv r!v l!Vc , the disper-
sion relation is approximated by@7#

FIG. 2. ~a! TOF signals of 2-keV protons without electrons. Th
solid and dashed lines correspond to the trapping time of 10 an
sec, respectively.~b! TOF signals of protons with electrons. Th
trapping times are 2, 10, and 16 sec, respectively.
0-2



am
e
ng

t

the

a

ma
in

cuit
he
rd
e

c- n

ELECTRON COOLING OF HIGH-ENERGY PROTONS IN . . . PHYSICAL REVIEW E65 046410
e32
k2

k1

Pl~k1!Ql8~k2!

Pl8~k1!Ql~k2!
50. ~3.1!

Here, k15a(a22e3 /e1)21/2, k25a(a221)21/2, e351
2vp

2/v2, and e1512vp
2/(v22Vc

2);1. Pl and Ql are
Legendre functions of the first and second kinds. The par
eter a is the aspect ratio of a spheroidal plasma defin
as the ratio of the axial length to the diameter. Usi
Eq. ~3.1!, the frequency of thel 51 mode is given by
f 15A4eV/m(2L21b2)/2p;10.5 MHz with the presen

FIG. 3. Examples of tank circuit signals with and without ele
trons.
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experimental parameters. The oscillation frequency of
l 52 mode is f 2;16.4 MHz with an electron densityne
;3.53107 cm23. As mentioned in the preceding section,
tank circuit with the resonance frequency nearf 2 is attached
to one of the ring electrodes to detect the electron-plas
oscillation. Examples of power spectra are shown in Fig. 3
logarithmic scale. The resonance spectrum of the tank cir
without electrons is shown at the bottom. At the top, t
spectrum with electrons is shown, which is shifted upwa
for the clarity. Here, thel 52 mode is detected as a dip in th
spectrum and the resonance frequencyf 2 is defined as the

FIG. 4. Calibration of thel 52 mode frequency of the electro
plasma against its electron energy.
FIG. 5. ~Color! A tank circuit signal after the injection of 2-keV protons.
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bottom of the dip. The resonance frequency depends on
electron-plasma temperature and the dip shifts higher w
the plasma temperature becomes higher. Also, when
plasma occupies the large volume inside the trap, the
served resonance frequency is shifted due to the im
charge effect@7,8#. With the current experimental param
eters, the frequencyf 2 is affected by the image charge
Therefore, the frequency shifts caused by the plasma t
perature have to be measured at a fixed total electron num
Ne . In Fig. 4, observed plasma oscillation frequencies
plotted against electron energyEe for Ne;1.03108. Assum-
ing a Maxwell distribution, the electron energy is determin

FIG. 6. Calculated proton energy~solid line! and electron en-
ergy ~dashed line! as functions of time. Measured values are a
plotted.
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by the number of electrons escaping from the trap when
potential on the electrode is changed@10,11#. Less than 0.5%
of the total electrons are used for the measurement to red
the space charge effect. Typical parameters of the elec
plasma for the series of the experiments are the total elec
number Ne;1.03108, electron density ne;3.5
3107 cm23, aspect ratioa;6.5, and Debye lengthlD

;0.13 cm atEe;1 eV.
Shown in Fig. 5 is the observed frequencyf 2 as a function

of time. Since the frequency shift off 2 is calibrated agains
Ee in Fig. 4, the electron energy can be monitored wh
high-energy protons are cooled with electrons in the tr
The initial frequencyf 2;16.8 MHz, which corresponds to
the electron energy of;0.3 eV, increases abruptly after th
injection of high-energy protons~2 keV in this case!, and
reaches the maximum;17.4 MHz within several seconds
which is about 2.5 eV in the electron energy. Then, it falls
gradually with the time scale longer than the synchrotr
radiation cooling timet r;63108/B2 sec. This synchrotron
radiation cooling timet r is estimated with the present ex
perimental setup by observing the cooling of a hot elect
plasma without high-energy protons. To evaluate the inter
tion between electrons and protons, a simple model is c
sidered @12# with the experimental parametersne;3.5
3107 cm23, Ne;1.03108, and Np;53105. Assuming
that the energy of protons is distributed equally to all t
electrons, the following differential equations can be solv
numerically:
FIG. 7. ~Color! A tank circuit signal after the injection of 4-keV protons.
0-4
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dEp

dt
520.2

4pnee
4

vpme
ln LFerfS vp

ve
D2

2

Ap

vp

ve

3S 11
me

mp
DexpS 2

vp
2

ve
2D G , ~3.2!

dEe

dt
50.2

Np

Ne

4pnee
4

vpme
ln LFerfS vp

ve
D2

2

Ap

vp

ve

3S 11
me

mp
DexpS 2

vp
2

ve
2D G2

Ee

t r
. ~3.3!

Here, the Coulomb logarithm is denoted by lnL
5ln$lD /@e2/me(ve1vp)

2#% with ve andvp , the thermal veloc-
ity of electrons and protons. A coefficient 0.2 is introduc
since protons interact with electrons only when they tra
through the electron plasma. The axial length of the elect
plasma is estimated to be; 6 cm. Shown in Fig. 6 are the
calculated proton energy~solid line! and electron energy
~dashed line! as functions of time. The injection energy o
protons is 2 keV. Also shown are the experimental pro
energy and electron energy during the electron cooling o
keV protons. The experimental proton energy~solid circle! is
the mean energy estimated from a TOF signal. For error b
Emax and Emin are used. The experimental electron ene
~solid triangle! is estimated from the observedf 2 frequency
shift and its calibration shown in Fig. 4. It is seen that t
overall behavior is well reproduced, although the experim
tal proton energy decreases slightly faster than the calcul
one. This simple model can explain qualitatively the inter
tion between electrons and protons when the proton injec
energy is less than 2 keV.

However, when the injected proton energy is higher th
3 keV, the qualitative behavior off 2 frequency shift changes
L.
s,

Y.

nd
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Although the resonance frequencyf 2 increases in the sam
time scale~several seconds!, it falls off more quickly. In this
case, the frequencyf 2 falls off within several seconds. Then
f 2 keeps a slightly higher frequency and returns to the or
nal value. The temporal behavior off 2 with 4-keV protons is
shown in Fig. 7. Unfortunately, the simple model cannot e
plain the qualitative behavior of the process. Although
proper experimental evidence was found with the pres
setup, high-energy protons might interact with a part of el
trons and the local heat up of electrons might lead to a
formation of the spheroidal plasma. Or the beam plasma
stability might result in the large perturbation of the plasm
The velocity of 4-keV protons is close to the estimated ph
velocity of the l 52 mode (13108 cm/sec). Since it is im-
portant to understand the electron cooling of high-ene
protons for the effective cooling of high-energy particles,
should be investigated in future experiments.

IV. SUMMARY

A tank circuit monitoring thel 52 mode of the electron
plasma is applied for the first time to detect the signal dur
the electron cooling of high-energy protons in a multirin
trap. The frequency shift of the monitored oscillation
qualitatively explained with a simple model when the ener
of protons is less than 2 keV. This method will be employ
by the ASACUSA experiment at AD, CERN.
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