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Abstract

In this work a new method of monochromatization and formation of the ion beam produced by an ion source operating at high gas pressure and
other types of sources producing the ion flux with a wide energy range distribution is proposed. The method is based on converting the ion energy
spectrum by the electric field pulse shock on ions in high vacuum and the subsequent passing of the beam through the focusing electrostatic lenses.
Analytical expressions for estimating the time and space characteristics of the ion energy dissipation are derived. The proposed method is radically
different from the those based on the dissipation ion energy in the collision cells.
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1. Introduction

The development of ion beam monochromatization methods
is still relevant since various types of ion sources producing ions
with a wide energy dispersion (for example MULDI source,
ESI source) are used in mass spectrometry. The monochrom-
atization and formation of an ion beam produced by the ion
source working at high background gas pressure (ESI source,
ICP source and others) is important for the efficient coupling
between the ion source and the high vacuum part of mass ana-
lyzers. Ions undergoing expansions in vacuum acquire a high
velocity and spatial dispersions. The formation of an ion beam
in the interface plays a dominant role in improving both the
ion transmittance and the quality of mass measurements by
normalizing energy.

In the works [1-3] methods of ion transport from ion sources
to high-vacuum part of a mass analyzer have been proposed.
Theoretical and experimental investigations of these methods
have been accomplished. These methods differ basically in the
construction of respective devices. They are based on using
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radiofrequency (rf) field constraining the ions close to the axis,
while the necessary dissipative forces are provided by collisions
with the atoms of gas which is at an intermediate pressure in vol-
ume of RF system. One of these methods is presented in detail
in theoretical work [3].

In Ref. [3] the results from developing a collisional focusing
ion guide (CFIG) for coupling atmospheric pressure ion source
to a mass spectrometer are presented. The CFIG operation is
based on the focusing action of the effective RF potential which
creates a potential well along the axis of a multipole system.
The energy of ions coming from the ion source through an input
orifice is dissipated in collisions with molecules of a buffer gas
with pressure in the range 1072 <p < 1 Torr. CGIG is provided
with an additional systems of differential pumping out The ions
are transported to the exit orifice by the gas flow or additional
dc potential.

The dynamics of an ion moving in a medium with temper-
ature T estimated from the Fokker—Plank equation is described
by the following expression for function W(u, 1) of probability
distribution in the velocity space u:
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Here W(u,t) is the Gaussian distribution whose width ng(t)
approaches 2kT/M exponentially, u is initial velocity:
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is a characteristic time for energy dissipation of the ion while
it is moving in a buffer gas, M is the ion mass, m the gas
atom mass, n the density of the buffer gas, v the velocity of
the gas atoms and o the cross section for collisions of ions
with atoms. The limit of (1) for 7> 7 results in Maxwellian
distribution ~exp(—Mu?/2kT). The mean squared velocity is
u? — 3kT/M, therefore the energy of the ion approaches ther-
mal equilibrium with the medium. The energy dissipation path
may be estimated as Ly — ugt. However the length of the ion
guide should be sufficient for cooling ions of different initial
energy. Thus Lg > Ly7. In Ref. [3] some examples are numeri-
cally estimated: In case M=1000u, m=40u, o~ 10~15 sm?,
p~10~! Torr, Mu(z)/2% 10eV, the frequency of collisions is
f~23.7x 107 s!, the dissipation time t~5 x 107> s, and the
dissipation path Ly7>1sm.

The considered method was used [4,5] for coupling MALDI
source to mass spectrometers.

The major disadvantages of these methods is the reducing of
the ion flux intensity from the source due to the charge exchange
and other inelastic processes when ions collide with buffer gas
atoms.

2. Monochromatization of ion beam energy by means of
shocking ions with the electric field pulses

We propose a new alternative method of modifying the ions
energy distribution function in the phase space. The method is
based on a radically new mechanism of action on ion motion
parameters by a sequence of short electric pulses (electric
shocks) [6,7]. Here we use our method for monochromatizing
the ion beam. However, it can also be applied in other areas
where it is necessary to establish the desired statistic for the
obtained ions.

In our works [6,7] the general conception of transforming
the mass spectrum into the energy spectrum of particle flux was
developed, which enables us to came up with a new method
of dynamic mass spectrometry. Here we apply our ideology to
beams monochromatization.

In the present study we suggest a method where the
monochromatization of the ion flux is performed in a high
vacuum. Thereafter the flux is passed through the focus-
ing electrostatic lenses. The essence of the method (theory)
is as follows. A particle with mass M moving with kinetic
energy Ep acquires additional energy AE provided it is
acted upon by force in the direction of the motion within
a short period of time Ar. Thus the final kinetic energy
is

E = Ey+ AE = Eg + (FA)\/2Eo/M + (FAD?/2M,  (3)

where (FAt) = OAt F(t)dr is the value of particle momen-
tum change, and AE is the energy change. Since we consider

here the pulse electric field action on ions, the active force is
F(f)=qgV(t)/L, where ¢ is the charge of ions, V(7) the potential
of the electric pulse, and L is the linear size of the conversion
region. If the active force is directed opposite to the initial veloc-
ity of a particle, the value of the energy change AE in (3) is
negative.

The ion beam produced by the ion source with the energy Ey
has a wide range of energy distribution. The monochromatiza-
tion of the beam and the minimization of energy dispersion can
be achieved by multiple electric pulses action on the ions during
their flight time in the conversion region and by changing the
value AE; according to the Maxwellian distribution function:
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Therefore what is required is the repeated action of elec-
tric pulses on particles, and values (FAf) should obey the
Maxwellian function.

It is obvious from Eq. (3) that the energy change depends on
the ion mass. Since monoenergetic flux of ions of various mass
is a necessary condition in mass spectrometry, the dependence
of AE on M is eliminated by accelerating ions with the following
deceleration in the same conditions. In this case the final kinetic
energy of ion is equal to
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where # is the number of pulse action.

Particular emphasis should be placed on the principal phys-
ical difference of the proposed ions-electric pulses interaction
mechanism from the ions-atoms interactions in collision cells
with the buffer gas. The pulsed electric field in this case should
be considered as the transparent equivalent of a buffer gas. In
the interaction process of ion with electric pulse the value and
direction of the ion momentum are changed as in the case of ion
- atom collision. However, the transformation of the ion velocity
vector direction is much lower than in case of elastic ion-atom
collision. Therefore it can be considered as an advantage of a
ion-electric pulse interaction.

Itis required to find the value of relaxation time t determining
the efficiency of the energy dissipation in conversion process,
which enables the estimation of the energy dissipation path Lr.
The shock interaction of ions with electric pulses can be con-
sidered as elastic frontal collisions of ions with some particles
resulting in the changes of ions energies AE and momentum
(FAf). Taking into account the conservation laws of energy and
momentum within the adopted model, we find values of effective
mass m=FAf)>/2AE and velocity v = 2A E/(FAt) for imagi-
nary particle. As a result, we derived the analytical expressions
for characteristics time and energy dissipation path of ions taking
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Fig. 1. The schematic arrangement of ion flux monochromator: (1) is the exit
orifice of ion source, (2) is the input orifice of monochromator, (3) is the elec-
trode with applied voltage V(7), (4) is the electrode for passing ion flux through
electrostatic lenses of the horizontal focusing (with potential Vi) and of the
vertical one (with potential V) and (9) is the input slit of a mass spectrometer.

into account (2) and (4):
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The following numerical examples serves to illustrate the pro-
posed method. For the Eqgs. (3) and (4) to be fulfilled, the
voltage pulse duration Af must be shorter than the time of flight

n
=L _|M/2|Ey+ ZAE,- in the space of spectra conver-
i=1

sion. The Maxwellian distribution of the pulse amplitudes in
this case is a consequence of voltage pulses with duration At
frequency fand period 7 when the amplitude changes according
to the function fyax(V(#)). If this function includes np =200
pulses with period T=5At, the period of repeated function
Jfmax(V(?)) equals T =t1./nmT. The numerical estimation based
on the described model shows that at M — 1000 a.u., Eg ~ 50¢eV,
At~ 1077s, V(f) — 200 V and f— 20 MHz the dissipation time
and path are 7] — 4 x 105 sand Le; — 6 sm, respectively. These
characteristics can be considerably improved provided the val-
ues of V(¢) and f are increased.

The ion spectra are converted in the ion source converter when
the ion flux is passed trough the space between the electrodes
of the condensers. The electric potential difference is applied to
the electrodes as a consequence of voltage pulses V(¢). Fig. 1
shows the schematic arrangement of the ion flux monochroma-
tor: (1) is the exit orifice of the ion source, (2) is the input orifice
of the monochromator, (3) is the electrode with applied voltage
V(1), (4) is the electrode for passing the ion flux through elec-

trostatic lenses of the horizontal (with potential Vi) and vertical
(with potential V) focusing and (9) is the input slit of a mass
spectrometer. The space between electrodes 2 and 3 is the accel-
erating space, the space between 3 and 4 is the decelerating one.
These spaces have equal linear sizes L. “Thermolized” ions can
be accelerated, if necessary, in front of electrostatic lenses.

3. Conclusion

Special emphasis should be made on the characteristics of
the physical mechanism of the ion flux interaction with the
“transparent electromagnetic gas” with controllable statistics.
The collision with the electromagnetic pulse is similar to that of
the particles without singularities, which enables the harmonic
agreement of the ion source with the mass spectrometer.

In this work a method of monochromatization and formation
of ions beam produced by an ion source at high gas pressure and
others types of sources producing ion flux with a wide range
of energy distribution is proposed The method is based on the
electric shock mechanism of the ion energy conversion in high
vacuum and the subsequent passing of the beam through the
focusing electrostatic lenses. Analytical expressions to estimate
time and space characteristics of the ion energy dissipation are
derived. The numerical estimations show that these characteris-
tics are superior to the identical ones of CFIG.

The proposed method has the following advantages over the
methods described in literature: (a) the proposed method will
be indispensable for coupling ion sources of any kind to a mass
spectrometer; (b) it allows to obtain ion beams with higher inten-
sity since there are no losses of ions due to the charge exchange
and to other inelastic collisions; (c) as compared to the CFIG,
the new method is technically much simpler to realize; (d) no
additional differential pumping out systems are needed.
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