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The rate of energy transfer between the radial and axial degrees of freedom of protons ~ith
measured temperature and number stored in a radio-frequency quadrupole ion trap is quanti5ed.
The results are discussed in terms of the theory of charged-particle collisional relaxation to
thermal equihbrium.

I. MI.NODUS:riON

When stored in ion traps under ultrahigh-vacuum
conditions, clouds of confined ions may relax to thermal
equilibrium via ion-ion collisions. Ion-ion collisional re-
laxation, or colhsional cooling, are topics of active in-
terest due to advances in laser coohngi of small numbers
of stored ions, to possible "crystallization" of cold stored
ion clouds, s to ongoing studies of one-component plas-
mas, and to requirements for collisional cooling of ions
or antiprotons injected into ion traps with keV energies. '
Recent theoretical developments clarify the approach to
thermal equihbrium via such collisions. Discussed here
are measurements of the rate of relaxation between the
radial and axial degrees of freedom of protons having a
calibrated temperature, stored in a radio-frequency
quadrupole ion trap. This relaxation is identified as aris-
ing from ion-ion collisions through its dependence on
ion temperature. Numerical estimates of the time con-
stants are in rather good accord with experimental re-
sults.

H. APPARATUS AND TECHNIQUE

The apparatus and ion measurement techniques are
only briefly recalled here, since they have previously
been described. Protons produced by electron impact
dissociative ionization of residual H2 near 10 " Torr
were identi6ed and stored in a rf trap with dimensions
3.2 mm=2zo =2'~2ro. Axial and radial well depths were
equalized near 10.4 V by applying both de and rf volt-
ages, leading to axial and radial oscillation frequencies of
co, /2m =4.4 MHz and to„/2tr=3. 1 MHz, respectively.
The ion axial motion was coupled to a parallel tuned cir-
cuit basically consisting of an inductor connected across
the capacitance between the trap end caps. The ran-

domly varying potential difFerences across this tank cir-
cuit produced by thermal Suctuations, and by currents
induced at resonance by the stored protons, were
amphfied and monitored. These tuned-circuit "tempera-
ture" signals were Sltered and recorded using a chart
recorder, an oscilloscope, or a multichannel analyzer, as
appropriate.

About n =1.5 X 10' hot ions initially produced in the
trap were observed to cool from 1.2X 10 K to 4.3 X 10'
K:—T„ in=50 s via dissipation of random motional en-

ergy by Joule heating of the tuned circuit. The limiting
temperature represents a balance between the cooling
and "rf heating" of the stored ion cloud. The ion num-
ber was estimated from coherent excitation signals pro-
duced by the ions when swept through resonance with
an excited tuned circuit driven by an external oscillator.
These measurements were subsequently confirmed within
a factor of 2 using the temperature signals produced by
the iona when the temperature scale was calibrated.

The ion temperature scale was obtained by two
methods which were found to agree. 6 The quasiequili-
brium relation between the monitored tuned-circuit tem-
perature T, relative to equilibrium To, and the ion tem-
perature T, , is given to a good approximation by
(T, —Te)=vi(T, —Tc). Here vl=3nt, c/t, „where
t,c=Q/to, =6.5 its, and t;, =13 s. When the tuned cir-
cuit was excited by white noise to a measured tempera-
ture T,t, for a time long compared with t,„the ions came
to temperature equilibrium at T+. The signal corre-
sponding to this temperature was observed when the
noise excitation was removed. It was found that
(T» —T;, )=(T,& —Te), thus calibrating the ion tempera-
ture scale in terms of the tuned-circuit temperature
scale, which was separately calibrated using electron
current shot noise. The equality of ion storage times for
uncooled ions, and for ions heated with white noise to
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the same temperature, provided an independent temper-
ature calibration.

In the above analysis, the plausible assumption is
made that the ions have relaxed to a thermal equilibrium
characterized by temperature T during each stage of the
measurement process. Since the long ion storage times
demonstrate that ion™atom collisions are rare, the ex-
change of energy between degrees of freedom of the
motion must be accomplished either by ion-ion collisions
or through some mechanism such as coupling between
the orthogonal oscillations via departures from harmoni-
city of the con6mng potentials. Some anharmonic cou-
pling was certainly present in this trap, but energy
transfer is extremely slow for nondegenerate oscillation
frequencies, and the measurements discussed below
demonstrate that ion-ion collisions were the dominant
relaxation mechanism.
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m. MEASUREMENTS AND ANALYSIS

The radial or axial degrees of freedom of the ion secu-
lar oscillations were separately excited parametrically by
pulses applied to the trap ring electrode at frequencies
2m, or 2'„respectively. The axial ion temperature was
monitored with the tulled cll'clllt. Flgllre 1 (top) shows
the result when the M, excitation was applied, using an
80-ms pulse. The axial temperature increased to a max-
imum well after the pulse was over, and then slowly de-
creased with time due to ion cooling. Eventually the
ions cooled to their original temperature. When excited
at 2'„as in Fig. 1 (bottom), the axial temperature in-

creased immediately, then dropped to an intermediate
equilibrium and slowly cooled. The time constants for
the initial ion temperature increase or decrease depended
on the amplitude of the parametric pulses. The response
time of the measurement system was set at 80 msec for
the Fig. 1 data.

In Fig. 1 (bottom) the ion axial temperature signal ini-
tially decreases to about one-third of its initial value.
This is interpreted as a transfer of the excitation energy
from the axial to the two radial degrees of freedom, until
temperature equilibrium is reached at ( T,~ —To )

=(T,' —To)/3. When the two degrees of freedom of the
r motion are simultaneously excited by the parametric
pulse, presumably (T,q —To) =2(T„' To)/3. To den—otes
the initial equilibrium temperature, T is the new equi-
librium temperature following excitation transfer, and T,

'

and T„denote the temperature equivalents of the mean
energy of the corresponding degrees of freedom immedi-
ately following excitation.

Assuming collisional energy transfer between ions
with charge Q =qe, the Spitzer "self-collision time"'
t, =11.4A '~ T ~2/pq lnA is the characteristic time con-
stant for relaxation to thermal equilibrium of a single-
component charged particle gas, following a small per-
turbation. In this experiment, A is the ion mass in amu,
T is the temperature in K, p is the ion density in cm
and lnA is a shielding parameter. The simulations by
Kho show that the mean ion energy is closely ap-
proached in about one time constant, and that the high-

energy tail of the distribution is filled in several time
constants. These calculations replace an earlier numeri-
cal simulation, which indicated that much longer times
were necessary. The temperature dependence of t,
shows that equilibrium is more rapidly approached at
lower temperatures, a consequence of the energy depen-
dence of the Coulomb interaction.
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FIG. 2. The response of the axial ion motion to parametric
excitation of the radial degrees of freedom by 10-ms pulses at
time to. The pulse amplitude used in the bottom measurement
was half that used in the top measurement.
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FIG.1 . Response of stored ions excited parametrically in

the radial {top) and axial (bottom) degrees of freedom. The ion
temperatures were proportional to the temperatures of the
tuned circuit, which monitored the axial ion motion at reso-
nance. The ions were excited by 80-ms pulses at times indicat-
ed by short heavy vertical lines in the figures.
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This prediction was tested using pulsed parametric ex-
citation of the ion radial motion startirig at equilibrium.
Measurements were performed using a 10-msec pulse
with amplitude V, followed by similar measurements us-
ing a pulse with amphtude V/2. The lower mean energy
of the iona following the weaker excitation resulted in
more rapid relaxation, as shown in Fig. 2, top and bot-
tom. This result is interpreted as a confirmation of the
hypotheses of ion-ion colhsional relaxation.

Using the measured values of ion number and temper-
ature presented earlier, the density of the ions
p=n/2mr z=2X10 /cm at the higher final tempera-
ture, and 2.8X10 /cm at the lower final temperature.
Here r =2kT/mao„and F=(kT/mto, )'~. Assuming
that the shielding distance in the theory corresponds to
the trap dimensions, lnA=20. By calculation t, =240
ms for T~=9X10 K, while t, =120 ms for T,~=7
X10s K, where these ion temperatures are the values
corresponding to the measurements in Fig. 2. These es-
timates are within 25% of the measured results for the
relaxation time constant t„ for the data shown in Fig. 2;
t, (top) =0.3 s, and t, (bottom) =0.14 s.

IV. CONCLUSION

The relaxation to thermal equilibrium of protons
stored in a radio-frequency ion trap has been studied and
found to be consistent with the mechanism of ion-ion
collisions. The Spitzer self-collision time constant t, for
such collisions scales as m ' /q, generalizing the results
to iona with different mass m and charge q. Previously
published reports of similar relaxation observed in Pen-
ning ion traps ' are consistent with the conclusions re-
ported here, but are less precise in temperature calibra-
tion, and lack temperature dependence studies. It ap-
pears that if either the ion density or the ion tempera-
ture can be accurately obtained, relaxation measure-
ments can be used to estimate the other unknown.
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