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initiated by quenching the protein from a high tempera-
ture to a low temperature. The dynamics of folding is found
to occur in stages, reflecting the rugged energy landscape
that the folding faces. This ruggedness is to be contrasted
with the nearly smooth landscape that we found for mod-
els with simpler potentials. The FRET efficiency at low
temperature shows a broad distribution signifying many
trapped and misfolded states which may originate from
the underlying rugged energy landscape. The multistage
dynamics is reflected in the decay of survival probability.
In particular, FRET is sensitive to the late stage of changes
in the radius of gyration. This late stage dynamics is driven
mainly by the change in topological pair-contact formation.
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Europium ions were trapped in a Paul trap. The
trapped ions were detected electronically, which
involved the damping of a weakly excited tank circuit
across the trap electrodes, tuned to one of the ion fre-
quencies in the trap. The storage time of the trapped
ions was observed to be 8s at 2.4 x 10 Pa base vac-
uum. On cooling the ions with nitrogen as buffer gas
at 1.8 x 10~ Pa and helium at 6.4 x 107 Pa, the sto-
rage time improved to 41.4 s and 102.7 s respectively.

THE confinement of an ensemble of free ions allowing
the observation of isolated charge particles, even that of a
single ion requires novel techniques as reported in The
technique of ion trapping. During the last two decades,
there has been a tremendous progress in the techniques
of trapping and cooling of ions in the quadrupole ion
traps. A single ion has been trapped and observed over a
long period of time enabling the measurement of its
properties with an extremely high accuracy in the fields
of atomic physics, quantum optics and nuclear physics' .
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We have initiated the setting-up of ion traps with a
view to carrying out precision spectroscopic studies of
trapped ions. The quadrupole ion trap was used in the
Penning mode as an initial test case and electrons were
trapped successfully’. In this short note, we describe the
trapping and non-destructive electronic detection of euro-
pium ions.

We have used a quadrupole trap, which essentially
consists of three electrodes whose surfaces are hyper-
boloids of revolution about the z-axis’. The ions are con-
fined electrodynamically wherein an oscillating potential
Vae cos(£21) in conjunction with a static potential Uy, is
applied to the ring electrode. Applying a potential ¢,
between the end caps and the ring electrode, gives rise to
a quadrupole electric potential of cylindrical symmetry of
the form

0(r,2) =2 [x? + 52 227, (1)
27y

where 7, is the ring electrode radius. The trap is operated
in the Paul mode when the potential ¢, is of the form
Ugo + Vaccos(L2t). The equations of motion of the ions
then are described by a set of Mathieu equations

2

zi +(a;—2q;cos20)x; =0; i=r,z 2)
dt
8 4
—a; = 2ar = e[idcz Q= — 2qr = eZacz 5
m&7r; mQ 7,
_1
T =58,

where m and e are the mass and electric charge of the ion,
V.. and Q/27 the amplitude and frequency of the oscillat-
ing potential.

The Mathieu equations have two types of solutions,
which lead to both stable and unstable ion motions. In the
stable motion, the ion oscillates both in the » and z direc-
tions with limited amplitudes, without hitting the ele-
ctrodes. In the unstable motion, the amplitudes of
oscillation grow exponentially either in any one of the
directions, or in both and thus the ions are not confined.
The stability of the ion motions, depends purely on a and
q parameters’. Figure 1 shows the a and q map and the
shaded area is the first stability region. Choosing a and q
parameters and hence the operating parameters from
within this region ensures the stability of the ion motion
and results in the confinement of ions.

In general, the solutions to the equations of motion (2)
are complicated. However when a << q << 1, an approxi-
mate solution can be found’. It is seen mathematically,
that the motion of the ions can be described as slow
(secular) oscillation with the fundamental frequencies
o, , = B, ,0/2, which is modulated with a micromotion — a
much faster oscillation — of the driving frequency £,
neglecting the higher harmonics. Here, B, is a function
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of only the Mathieu parameters a and q, ie. PB,,=
a,, qiz .

The ring electrode radius of the quadrupole trap used is
20 mm and the end caps separation is 14.1 mm. The
lower end cap has two slits to accommodate the platinum
filament and the upper end cap is in the form of a mesh.
The trap is placed in a UHV chamber operated at
2.4 x 10° Pa base pressure using a turbomolecular and
an ion pump. Provision is made for the introduction of
buffer gas into the chamber through a needle valve. A
few milligrams of europium metal is placed on the plati-
num filament and resistive heating of the filament results
in the production of Eu” ions by the process of surface
ionization.

Tons are created and maintained in stable trajectories
with an oscillating potential of amplitude 820 ¥, fre-
quency 472.6 KHz and static potential about 5 V. The
trapped ions are detected electronically (Figure 2 a) using
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Figure 1. Stability diagram in the a—q plane of the Mathieu equation
for simultaneous confinement of ions in the r and z directions.
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Figure 2 a.

Schematic diagram of the experimental set-up.
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Figure 2 b. Oscilloscope trace of the applied ramp voltage at the ring
electrode and the rf absorption signal of the trapped Eu' ions.
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Figure 2 c. Decay of the trapped Eu' ion population (cooled with

nitrogen at 1.8 x 107 Pa) with time. The filled circles are experimental
points and the continuous curve is the least squares fit to the exponen-
tial function.

a high impedance (2.5 Mega-ohm) tank circuit connected
across the end caps of the trap. The mid-point of the tank
circuit is grounded to minimize the interference due to
the high voltage source V,.. The tank circuit is tuned and
weakly coupled to a rf source fixed at frequency w, close
to the z-motion of ions’ oscillation frequency ®, (secular
frequency). The secular frequency ®, of the trapped ions
depends on the trapping parameters (V,, Ui and Q).
Therefore, by ramping the dc voltage (Uy.), the secular
frequency of the ions is brought into resonance with the
detection frequency @y, of the tank circuit. At resonance,
the trapped ions absorb energy from the rf source
resulting in a voltage drop across the tank circuit. This
voltage is further amplified and demodulated by a high
impedance-tuned amplifier followed by an amplitude

demodulator, which is magnetically coupled to the tank
circuit. The typical rf absorption signal of the trapped
Eu” ions is shown in Figure 2 b.

As expected, the ion loss is observed to be exponential
with time (Figure 2 c). The storage time constant is
defined as the time interval in which the ion population
decreases to e ' of its initial value. The storage time of
the trapped Eu” ions is observed to be 8 s at 2.4 x 10 Pa
base pressure. The temperature of the trapped ions is
usually thousands of degrees kelvin due to rf heating from
the applied trapping potential. Hot ions are more easily
lost through collisions with the background gases than
the cold ions, thus reducing their storage time. Cooling
the ions improves the storage time. Collisional cooling is
one of the simplest methods wherein the hot ions are
cooled with a gas of lower temperature by exchange of
energy. The amount of energy transfer depends on the
mass of the buffer gas relative to the trapped ions, its
temperature and pressure. When the ratio of mass of
trapped ion (m;) to that of the buffer gas (m,) is much
greater than 1; i.e. my/my, > 1, collisions will essentially
result in a viscous drag which lowers the mean kinetic
energy of ions®. In the Paul trap, the energy transfer is
limited by the ion—ion collisions, perturbations in the
applied potential and the amplitude of the external rf-
excitation used in the process of electronic detection.

The trapped Eu" ions were cooled using buffer gases of
different masses. Cooling the ions with nitrogen at opti-
mized pressure of 1.8 x 107* Pa, the storage time is found
to be 41.4 £2.0s. The storage time is further improved
to 102.7 % 3.6 s, using helium as buffer gas at the opti-
mized pressure of 6.4 x 107 Pa.
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