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The nonuniform phase density distribution of the beam particles and its nonlinear dynamic simulation in the
probe-forming system used to obtain distribution profiles of the beam current density on the target subject to the
conditions of a probe formation. These conditions are determined by the change of initial distribution parameters of
the phase density due to the variation of position and lens excitations of a doublet of electrostatic quadrupoles. This
approach allows us to find probe-forming modes when parameters of initial distribution of the beam phase density
are matching up to ion optical characteristics of the probe-forming system of a microprobe. Such matching gives
increase of the current density and decrease of the beam size on a spot.

PACS: 41.85.P; 13 41.85.Gy; 14 41.85.Lc; 15 41.85.S1

1. INTRODUCTION

Ion optical characteristics of a probe-forming system
(PES) of a nuclear microprobe include demagnifications
and aberrations that together determine non linear proc-
esses of the beam focusing on a target. Chromatic and
spherical aberrations related to the angular divergence
of a beam play a leading role in these processes. To
limit influence of these aberrations an aperture collima-
tor separating ions according to the angle of the travel-
ing direction is used. PFS with small demagnifications
D,CXDy~103 have moderate aberrations permitting to use
the aperture collimator of considerably big sizes. From
the other side, as was shown in works [1,2] in the elec-
trostatic accelerators the ion beam of a few MeV ener-
gies has small angular spread in comparison with per-
missible sizes of the aperture collimator. As a result,
parameters of a beam phase density distribution are not
match up to ion optical characteristics of the PFS and
focusing process in such system is practically linear. In
works [2, 3] we showed that choice of the sizes of ob-
ject and aperture collimators can significantly influence
on the profile of the beam current density distribution
on the target at the cost of the nonlinear effects related
to the aberrations. This influence is of particular interest
because probe sizes in many applications are deter-
mined by the value of the full width at half maximum of
the beam current density distribution on the target. This
paper describes matching method of the parameters of a
nonuniform phase density distribution with ion optical
characteristics of the PFS to change profile of the beam
current density distribution on the target and hence to
improve nuclear microprobe resolution.

2. PARAMETER OPTIMIZATION OF THE
INITIAL DISTRIBUTION OF THE BEAM
PHASE DENSITY

In plasma RF sources phase density of the beam ions
can be presented through the normal distribution in the
phase space (x, x', v, y'), where x, y — are ion transverse
coordinates, x', )’ — are angles of the speed vector pro-
jection to the corresponding plane with the optical axis
z. Transformation of the phase coordinates of the beam
ions during their motion in an accelerator and transpor-
tation system is close to linear. Therefore at the entrance
to the PFS in the plane of the object collimator nature of
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the initial phase density distribution does not change
obeying the normal law. A phase density of particles is
proportional to a beam brightness distribution, hence
phase density parameters coincide with brightness dis-
tribution parameters. In work [2] a reconstruction me-
thod of the brightness distribution parameters was pro-
posed. This method is based on the measurement of a
beam current passing through the object and aperture
collimators with change in their sizes. As a result, beam
brightness distribution in the plane of the object colli-
mator can be presented as follows:

b(xsx'ayayv):b()‘bx(xsx’)'by()’ay'): (1)
where
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reconstructed distribution parameters:

bo =7 pA/(um*mrad”) — axial beam brightness,

ox= 146 um, o, = 144 um — linear dispersion,

oy’ = 0.046 mrad, o, = 0.161 mrad — angular dispersion,

Ky = 0.54, x,= 0.31 — covariance.

Obtained brightness distribution parameters charac-
terize distribution value of the particle phase density at
the entrance to the PFS of the probe in the form

n(xvx”y’y'):no'bX(xax’).by(y’y')’ (2)
where ny is axial particle phase density, ng=by-At/e, At —
is the time of probe stay on the defined position on the
target, e — is an elementary charge.

Angular dispersion o, and o, in distribution (1) has
very small values. At the same time linear dispersion o,
and o, is characterized by the big values. Thus to opti-
mize it is necessary to decrease linear dispersion on the
account of the increase of the angular one using doublet
of quadrupole electrostatic lenses. The role of the elec-
trostatic doublets is similar to condenser lens in a scan-
ning electron microscope that adjust beam parameters
during the final focusing of the objective lens. There-
fore, by analogy, doublet of electrostatic quadrupole
lenses is called here condenser system. The scheme of
the arrangement of the condenser and PFS of the nu-
clear microprobe is shown on Fig.1, where the voltage
of lens poles V), V, and distance a between the con-
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denser system and object collimator plane can change in
the limit ranges. Geometrical sizes of the condenser
system and its base location in the channel of a nuclear
scanning microprobe available at the IAP NAS of

V, v

Ukraine [4] have the following values: lens aperture
radius is 7,=0.02m, length of the effective field
[ = 0.14 m, distance between the effective field bounda-
ries s =0.01 m, a=2.4 m.

|~ focusing system

condenser system
an d
a
V)

=

Fig. 1. Scheme of the arrangement of the condenser and probe-forming systems in the nuclear microprobe

To solve the problem of parameter optimization of
the initial distribution of the beam phase density it is
necessary to determine a dependence of these parame-
ters on the voltage of the lens poles Vi, V, and distance
a, describing location of the condenser system along the
ion optical axis. To do this, transformation of the phase
coordinates of the particles from the plane z, to plane z.
was done using the inverse transformation of a drift gap
with the length z,-z, with turned off lens voltage of the
condenser system. Then obtained phase coordinates
were transformed into the plane of object collimator z,
with condenser system lenses turned on and new pa-
rameters of the initial distribution of the beam phase
density were determined. Described above transforma-
tion of the phase coordinates was done using transfor-
mation matrices in the form of:

R, = T(a)RZHT(S)er[T(d)]_l , T=(X,y), b=(y-x),  (3)
1
where T(z) = |:0 i| — is the transformation matrix

of free intervals with lengths z, d=a+2[+s,
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are transformation matrices of the electrostatic quadru-

pole lens with number i; B; = 4/V; /(razU) — is the lens

excitation; r, — is the radius of the lens aperture;
U=1MV - is accelerating voltage passed by the beam
particle.

As a result of the transformation (3), new parameters
of the phase density distribution G, &+, K in the plane

z, and depending on Vj, V, and distance a, and ex-
pressed through the known distribution parameters (1)
were obtained in the form:

& = (1-x)/(4-C?/B),

3% = (1-x2)/(B-C?/a), 4)

%2 =C*4B, 1= (x,y),

where
2 2 2 2
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322

_ Mol i, Ke(pro +rong)
C= ot t >
GT Gr' G‘L'Gt'

r; — are elements of square transformation matrix of the
phase coordinates (3); i,j = 1,2.

The problem of the parameter optimization of the
beam phase density distribution in the plane z, consisted
in the following. For different a values, due to the volt-
age change on the lens poles of the condenser system,

new values of the angular dispersion G, Ey, at the

minimal root-mean-square value of the linear dispersion
6 were found. This task can be formulated in the form:

~ . ~2 | ~2
= min +
G(a)=min(G, +5,),

0<FV<50 kV, 0</,<50 kV, 0.4 m<a<2.4 m.
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Fig.2. The optimal parameters of the beam phase density
distribution versus the location of the condenser system

Results of the task solving under the optimal V', V,
are presented in Fig.2, where it can be seen that with a
decrease of distance « the root-mean-square value of the
linear dispersion G decreases and angular dispersion

G, Gyl mcreases.

3. OPTIMIZATION OF DISTRIBUTION
PARAMETERS OF THE BEAM IONS ON
THE TARGET

Distribution parameters of the beam ions on a target
are determined by the outline sizes on the full width at
half maximum of the beam current density distribution

dy<dy, (FWHM), current Irppy, in the spot limited by that
outline, and beam sizes H,xH, at the bottom of the dis-
tribution that characterize beam halo (see Fig.1). These
parameters for every PFS depend on the distribution of
the particle phase density in the object plane z,. There-



fore, solving the task of finding the spot size of minimal
area S =d : xd ; at given initial distribution of the
phase coordinates allows us to find theoretical limit of a

spatial resolution of a microprobe. Such optimization
task can be formalized in the form

S :1;1’\1’12 S(Rx,Ry),

(6
O<R, <R ., O<R <R ..,
r. (R,—x)/A
IO:bOI be(x,x')dx'dx~
—re =(R,+x)/4 (7
v, (R,—y)/d
. j J‘by(y,y')dy'dy = const ,
=r, —(RJ.+y)/A

where ry, 1y, and Ry, R, are sizes of the object and aper-
ture collimators, respectively (see Fig.1), 4 is the object
distance (4=z420), Rimax=A S, Rymax=AG y, I — is

the total beam current.
Sizes of the object collimator are determined from
the relations

= r\IDX/Dy’ ry = rVD,V/DX > ®)

where Dy, D) are demagnifications of the PFS, 7 is the
size of equivalent object collimator of the square form

with the area So=r2=rx ry. The value of r is determined

from the equality (7) under the given values Ry, R, and
distribution parameters of the phase density in the object
plane in the form of (4).

Initial phase set at the entrance of the PFS is formed
using rectangular object and aperture collimators (Fig.1)
positioned with axial symmetry. Transformation object-
target has the following form
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substitution x<y;

Y0, } X0, j

R are the transformation
x(y)

matrices of the phase moments of the beam particles in
the object plane (z,) to the target plane (z;). Elements of
the first lines of this matrix present linear properties and
aberrations of the PFS including chromatic aberrations
and intrinsic third order aberrations. Transformation
matrices in(y ) were calculated using matrizant method

[5]. The main ion optical characteristics of the PFS of
the IAP NASU microprobe have the following values:
demagnifications D,=D,=23; chromatic aberrations:
<x/x'6>=-525, <p/y'6>=-160 pm/(mrad%); spherical
aberrations: <x/x">=932, <x/x'y"’>=264, <y/y">=38,
<y/y'x'2>:264, urn/(mrad3); 0 — is a momentum spread,
18]<8max.

Sequence of operations in the formulated optimiza-
tion task consists in the following. For every pair of the

values Ry, R) specifying dimensions of the aperture col-

limator value r satisfying the equation (7) with due regard
for (4) and (8) is determined. After that for different pa-
rameters of initial distribution of the phase density (4)
and sizes of the collimators ry, 1y, Ry, R), phase set of the
particles in the object plane that transforms onto the tar-
get plane with using of transformation (9) is determined.
The projection of the transformed set on the plane (x,);)
determines particle density distribution on the target that is
proportional to the beam current density. Processing of the
obtained distribution gives values d,, d, (FWHM), Leymy,

H,, H,. Minimal area of the spot S "= d: xd ; is finally

determined on the set of values (R,, R,).

4. RESULTS OF SIMULATION

As a result of solving optimization task (6) profiles
of the beam current density distribution on the target at
the different parameters of the initial distribution of the
beam phase density in the plane of the object collimator
were obtained. Fig.3 shows projections on the plane
x:0j and y,Oj of a two dimensional distribution of the
current density on the target j(x;);) with the total beam
current /p=100 pA and momentum spread Smax=5'10'4.
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—s—@a=2.4 m (matching)
—e—a=1.4 m (matching)

—=—a=0.4 m (matching)

—+—a=2.4 m (base)
—a—a=2.4 m (matching)
160+ —e—a=1.4 m (matching)

~ ,"\1 —=—a=0.4 m (matching)
*

A

[ /"

A d

A S x A AAKA KGR |
o s

o, %

& A F
i k
0

-1 0 1
Y, pm
Fig.3. Distribution profiles of the beam current density
on the target for different values of the distance a at

corresponding optimal values V|, V> presented in Table

Jy» PA/pm

All parameter values of the distributions obtained
are shown in Table.

From Table and Fig.3 one can see that the minimal
area of the spot S° (FWHM) decreases with the de-
crease of the distance a that corresponds to the increase
of the angular dispersion of initial distribution of the
beam phase density (see Fig.2). However, while this
halo sizes increase significantly and current portion in

the spot Irwpa/ly decreases.
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Distribution parameters of the beam current density on
the target at different conditions of the probe formation

a=24m | a=24m | a=14m | a=04m
(base) |(matching)|(matching){(matching)
Irwrw/lo 0.8 0.63 0.43 0.28
dy, pm 1.31 0.92 0.70 0.65
dy, pm 1.32 0.90 0.70 0.49
H, um 2.80 3.98 7.08 19.43
H,, pm 2.28 347 5.65 21.63
Jmaxs 55 98 118 133
pA/um
Fy; Fy, pm | 32; 32 21;21 15; 15 9;9
Ry; Ry, um| 176; 408 | 230; 836 |321; 1143 |354; 2241
Vi,V 0.0 4051 6183 11823
V2, V 0.0 4051 6396 14843
CONCLUSIONS

Using the results of analysis of a compatibility of the
phase density distribution of the beam particles with ion
optical characteristics of the nuclear microprobe PFS
which has the demagnifications D,xD,~10° and moder-
ate aberrations the following conclusions can be made.
The base parameters of initial distribution of the beam
phase density in the electrostatic accelerator are not
match up to considered type of the PFS that expressed
in practically linear process of the probe formation.
Therefore, distribution profile of the beam current den-
sity on the target with the minimal spot size (FWHM)
has flat maximum shape with 80% of the beam current
concentrated in the spot. Application of the condenser
system consisting of the doublet of the electrostatic
quadrupole lenses allows us to match up parameters of
initial distribution of the beam phase density with ion
optical characteristics of the PFS. Matching is expressed
in the increase of the angular dispersion of initial distri-
bution on account for the decrease of the linear disper-

sion. This gives a possibility to decrease spot size
(FWHM) more than two times and to increase current
density in the spot. However, while this, halo sizes in-
crease significantly and contribution of the spot current
to the total beam current decreases before 30%. Such
distributions with a pronounced peak shape are needed
in some applications where it is necessary to obtain im-
age of the target surface or structure.
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COI'JIACOBAHME TAPAMETPOB PACIIPEJIEJEHUS ®A30BOM IIJIOTHOCTH YACTHUII ITYYKA
C HOHHO-OIITHYECKUMH XAPAKTEPUCTUKAMM 30HAO®POPMUPYIOIEN CUCTEMbI
AAEPHOI'O MUKPO30OHIA

A.A. ITonomapes, B.H. Mupowinuuenxo

OCHOBHO# 3ajia4ell MOAEIMPOBAHUS HEJIMHEHHOW AMHAMUKY IydYKa B 30HAO(POPMHUPYIOIIEH CHCTEME C Hepas-
HOMEPHBIM pacripeziesieHueM (ha30BOH IMIIOTHOCTH YacTHIL SBILSIETCS TOJTydeHHE NMpoduiIeld pactpenesieHns IUIOTHO-
CTH TOKA Ha MHUILIECHH B 3aBUCUMOCTH OT yCJIOBUH (POPMUPOBaHNS 30HIA. DTH YCIOBHUS ONPENEIAIOTCS H3MEHEHHEM
rapamMeTpoB Ha4YaJbHOTO pacrpezeneHus (a30Boi IIIOTHOCTH B INIOCKOCTH OOBEKTHOTO KOJUIUMATOpa 3a CYET BBI-
6opa pacnonoxeHHss W MHUTaHUS AyOJeTa IEKTPOCTATUYECKUX KBaAPYMONbHBIX JIMH3. Takol MOAXOX IO3BOJISIET
HaWTH pexxuMbl HOPMHUPOBAHUS 30H/A, IPH KOTOPBIX MapaMeTpbl HAYAILHOTO pacrpeseneHus (pa3oBoil IIIOTHOCTH
MyYKa COTJIaCOBAaHBI C MOHHO-ONTHYECKMMH XapakrepucThukamu 3PC Mukpo3oHna. PesympraToM coriacoBaHus
SIBIIICTCS yBEJMUEHHE UIOTHOCTH TOKA U YMEHBIIICHHE pa3MepoB IydKa Ha MUIIECHH.

Y3I'OJZKEHHS TAPAMETPIB PO3IIOALTY ®A30BOI IMIJIBHOCTI YACTUHOK ITYUKA
3 IOHHO-OIITUYHUMM XAPAKTEPUCTUKAMM 30HJOP®OPMYIOUYIA CUCTEMMU SIIEPHOI'O
MIKPO3OHJIA
A.A. Honomapwos, B.1. Mupowniuenko

I'0T0BHMM 3aBIaHHSIM MOZEIIOBAHHS HENMIHIAHOI IUHAMIKH IydYKa B 30HAO(OPMYIOUiil CHCTEMI 3 HEPIBHOMIPHUM
po3mnoiioM (ha3oBOi ILIBPHOCTI YACTHHOK € OJepKaHHA MPpodiIiB po3MOALTY IIIBHOCTI CTPYMY Ha MIIICHI y 3aJIex-
HOCTI Bif yMOB (hopMyBaHHs 30H4a. 1[I yMOBHM BH3HAYalOTHCSA 3MIHOKO IMAPAMETPIB IMOYATKOBOTO PO3MOALTY (ha3oBOi
IIUTBHOCTI B IUIONIHMHI 00'€KTHOrO KOJiMaTopa 3a paxXyHOK BUOOPY PO3TAlllyBaHHS Ta YKHBIICHHs TyOJIETY €IeKTPOCTa-
TUYHMX KBAAPYHOIbHUX JTiH3. Takuil miaxig J03BOJISE 3HAWTH PSXUMH (hOpMYBaHHS 30H/a, IIPU SIKUX MMapaMeTPH I10-
YaTKOBOTO PO3MOILUTY (ha30BOi MLTEHOCTI MyYKa y3To/PKEHI 3 I0HHO-ONTUYHUMH XapakTepucTikaMu 3OC Mikpo3oH/a.
Pe3ynbTaToM y3rokeHHs € 30UIbIIeHHS IUIBHOCTI CTPYMY 1 3MEHIIEHHS pO3MIpIB MTy4Ka Ha MIIIeHi.

324



