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In this paper we study nonlinear characteristics of the wide aperture dipole magnet CP-17, which is utilized as an
analyzing magnet in the stable isotope separator of the INR (Institute for Nuclear Research) in Kiev. A brief theory

of the second order aberration of the magnetic field is outlined. Based on this theory numerical calculations have
been performed to study the achievable power resolution depending on nonlinear magnetic field and on beam pa-

rameters.
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1. INTRODUCTION

For each isotope separator the goal is to achieve high
power resolution and at the same time large transmis-
sion as well as large momentum acceptances. However,
the achievable power resolution of the isotope separator
is limited by the many reasons, including second order
aberrations.

Usually the magnetic field of any magnetic-optical
devices is not ideal because of some constructive inac-
curacies in configuration of poles, some errors in coils
installation and etc. Therefore each magnetic optical
element produces aberrations — image distortion, which
has the effect of increasing image sizes on a focal plane
that limits the achievable resolution. This effect is called
“emittance blow-up”. Uncorrected aberrations may in-
crease the image size by a factor of five or more with a
proportional reduction in mass resolution. It is known
that in a linear approximation a maximum attainable
resolution is determined by the emittance of an ion
beam coming out an ion source and dispersion of the
isotope separator on the focal plane.

The mass resolution P is defined by formula

pP= m A& _D , (1)
Am dx  dx
where Ax is the separation between two beams of mass
m and m+ Am, Jx is the width of full image at the final
focus, D is the dispersion.

In this paper we study the influence of aberrations
on the resolution of a mass separator, which contains
only one large aperture dipole magnet CP-17 [1,2].
This magnet has an inhomogeneous magnet field with
straight pole boundaries. The dispersion of the separator
with such magnet varies depending on the optical setup
of the system. There is condition, when the maximum
value of D can be reached 11 m. For example, if im-
age’s width is 1 mm the maximum possible resolution
of the separator is 11000. With such power resolution
any isotopes can be separated with low contaminations
of undesired ions e. g. with high enrichments. But dif-
ferent types of nonlinear field errors reduce resolving
power of the separator. To find out the nonlinear fea-
tures of the large aperture magnet we consider only sec-
ond order aberrations, which are stronger in comparison
with the higher order field imperfections. The numerical
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algorithm based on the theory [3] and applied in our
code is briefly described.

In general, it is not hard to obtain the solution of
second-order equation by hand. But this solution is
rather complicated to study the particle beam behaviour
in optical system, which consists of several magnets.
The Monte-Carlo method is one of the tools that gives a
simple way to investigate the ion beam characteristics in
complicated ion-optical systems.

2. SOURCES OF MAGNETIC FIELD NON-
LINEARITIES

Particle motion in the magnetic field can be de-
scribed by equations including second order terms [3]:

X" +(1-n)h’x=hd+Q2n—1-BIx* +

B’ +0.5x" + (2= n)h*x6 + @)

0.5(h" —nh® +21° B)y* + h'yy' —0.5hy"* — ho?;
Y'+nh’y =2(B-n)l’xy +h'xy' —

3)
hx'y"+nh®ys,

p> O°B, 1 0B,
where p=| ——-| n=—p| —— ,
2B, ox 0 B, ox -0

n is the magnetic field index, = Ap/p, p is the bend-

ing radius and &= 1/p.
The general analytical solution of equations (2) and

(3) is presented as combination of the linear and nonlin-
ear second order terms of the Taylor's series:

x:<x|x0)xo+(x|x’0)x’0+(x|8)8+Axab, 4)
Y=Yy + 1YY+ Ay, ®)
Ax,, and Ay, free the non linear terms expressed by
Ax,, = (x| xgyx; + (x| x,x" ) x,x", + (x| x,8)x8

+x | XY+ (x| X, 8)x', S+ (x| 87)8” + (6)
(X[ y)vs X 2oy D 2eys X YOV

Ay, =Y 16X ) YoXo + <V 1% 0¥ +

WXy + X0 yox,ys + (7
Y 1568) 3+ (¥ | ¥'48)y'y8.

The terms noted by bracket <> are unknown coeffi-
cients, which have to be defined. For convenience

77


mailto:Dolinskii@gsi.de

All of these terms will be marked as g,. Substitution
equations. (4) and (5) in equations. (2) and (3) we can
get the differential equations for coefficients g, :
q"; + o g, = f;(s),
o, =(1-n)h*, 0} = nh’,

Jf;(s) are the excitation functions, which are given in

®)

Appendix for corresponding coefficients g,. The solu-
tion of equations (8) can be expressed as
1)C(t)ot
4(s,) = S(s,) Jf( )©
w(v)
IONGE ®
7)S(t)0t ,
C<sk)£W+ C(s)90 +5(5.)4's-

where W (t)=C(t)S'(1)-C'(1)S(r)=detT =1,T is the
transfer matrix of an ion-optical system, C =cos(k, -s),
S =sin(k, -s) are the principle solutions, k. =(1-n)h.
Using equation (9) ¢’ and ¢" are defined by

S S,
q':S’J.f(r)C(r)dr—C'.([f(r)S(r)dr+C'q0 (10)
+5'9,;
S
q"=8"| f()C(t)dt—-C"| f(D)S(v)dT+
! I (1)

(S'C-C'Sf(S)+C"q, +S"q", = + f.

Thus the quadratic terms are expressed through the
linear solutions C, S (characteristic functions of the
main trajectories) and the corresponding excitation
functions fig (S). Using standard numerical method for

integrating of equations (9, 10) one can calculate the
particle trajectories in a first and second order field im-
perfections in any ion-optical system.

3. MASS-SEPARATOR IN FIRST ORDER
APPROXIMATION

To study influence of aberrations on the mass sepa-
ration we consider a separator, where the main compo-
nent is only one large aperture dipole magnet CP-17
with an inhomogeneous field [1]. Because there are no
any additional ion-optical elements, this magnet deter-
mines most of the beam parameters in the separator.
Such scheme gives us possibility to find out the contri-
bution of nonlinear filed in effect of the power resolu-
tion restriction. The CP-17 magnet has a 270° bending
angle and axial radius p of 2 m. This magnet has possi-
bility to produce a double focusing in both horizontal
and vertical directions by appropriate adjustment of the
quadrupole component of the magnetic field. It provides
an adjustable field index # in range from zero to one.
This adjustment can be easily obtained by using the
special magnet coil. If n is closed to 0.831 the mass
dispersion D, is equal to 11 m in the focal plane,

which is placed from the magnet exit by distance
3.36 m. For such value of the dispersion D, two beams

with mass numbers 4 =50and 4 =51 are separated by
23 cm in the focal plane. To have simultaneous focusing

78

in both horizontal and vertical directions the distance
between the exit slit of the ion source and magnet en-
trance must be 3.36 m and in this case the focal plane
would be placed from magnet exit by 3.36 m. Fig.1
shows the particles trajectories calculated in a linear
approximation throughout the whole system in the hori-

zontal and vertical planes.
Dipole CP17 Sextupole

- I

X (cm)

Y(cm)

0 s (m) 16
Fig.1. Particle trajectories throughout the separator
(a first order approximation, s;=s,=3.36 m)

In this case the resolution power is defined by the
ion beam emittance coming out from the ion source.
Fig.5 shows the curves that correspond to numerically
calculated dependence the resolution power P on the
beam emittance in a first order approximation. One can
note that P can be larger than 1000 for emittance up to
10 mm - mrad and the momentum spread less than 10*. It

should be noted that here and in all following simula-
tions the values of the emittance are statistical rms val-
ues with standard deviation 4. It is necessary to ensure
situation when the overlap between different isotopes
would be less than 0.01%, since the beam contains
99.99% of the particles at 40rms (usually emittance
calculations use 26rms, 95% of the beam).

The influence of aberrations brings an additional up-
per limit on obtaining resolution power. Using the-
ory given in Section 2 series of calculations has been
performed in a second order approximation.

4. SECOND ORDER PARTICLE TRACKING

The aberrations of the magnetic field reduce the
mass resolution of separator due to increasing of beam
spots in the focal plane. Mainly beam distortion is
caused by the sextupole components 0>H /ox> of the
magnetic field, which create the excitation functions
J;- However, the experimentally measured magnetic
field map is not always known. In this case one needs to
make some assumptions based on a theoretical calcula-
tion. For rough estimation of sextupole gradient
d*H / dx* we can use the formula

10°H

8B, =——2a°, 12
S o (12)

where a is a half-aperture of the magnet, SB}, is the
field error, which can be expressed through the parame-
ter of A (magnet field accuracy)

8B, =H,-A, 13)



H, is the main magnet field in the median plane. Using

equations (12) and (13) one can derive the expression
for the sextupole gradient:
O'H, 2H,A
ox’ a

As shown in [1] the theoretically calculated value A
is about 0.75%. But in practice this value can be larger
by factor 2 and more especially for low field, at which
magnet should operate. For insurance in our calculations
we assume that A is 2%.

Under such value A aberrations give significant
contribution to growth of the beam spot on the focal
plane compare to the first order approximation. Fig.2,a
shows how the beam spot on the focal is disturbed in
case of the second order field errors. The tail of beam
intensity distribution (Fig.3) appears due to particles
traveling through the magnet with high amplitude,
where the field nonlinearity is stronger. One should also
note that the influence of the nonlinear field effect is
amplified if the particles have relatively large momen-
tum deviations. Therefore the particle amplitude trajec-
tories are increased and the beam spot on focal plane is
blow up proportionally to the momentum spread of the
beam as shown in Fig.2,b. In this case the reduction of
the mass resolution has strong dependence on the mo-
mentum spread of the isotope beam.

(14)
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Fig.2. Beam spots at the focal plane a. dp=0;
b. op/p=0,2% & =10 mm-mrad
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Fig.3. Horizontal beam profiles on the focal plane.
These distributions correspond to the particles beam
spots shown in Fig.2

In Fig.4 we present the numerically simulated de-
pendence of the mass resolution power on the momen-
tum spread in cases of both the first and second order
approximation. We see that the momentum spread gives
main contribution to the reduction of the mass resolu-
tion of the separator. For momentum spread less than
0.1% the second order aberrations is significant. The

results outcomes in Fig.4 eligible only in case the emit-
tance value of 10 mm-mrad.

resolution power

—#— first order
--4-- second order

10' 1 1
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Fig.4. Dependence of the resolution power on the
momentum spread ¢, =10 mm-mrad

To see how the resolution power depends only on
emittance a series simulations have been done, where
momentum spread of beam is fixed at value of 0.1%.
The results of simulations are shown in Fig.5. Here we
see that second order aberrations have very strong effect
for emittances larger 10 mm-'mrad. The power resolu-
tion catastrophically is dropped up to several units for
relatively large emittances 20...100 mm-mrad. However
situation can essentially be improved by means of a
sextupolar correction. Using a sextupole magnet posi-
tion of which is shown in Fig.l one can significantly
compensate the influence of second order field imper-
fection but not completely (Fig.5).

Finally in Fig.6 we present achievable parameters of
ion beam, which should be supplied at obtaining de-
signed power resolutions. The results shown in Fig.6
were obtained after the particle tracking throughout the
second order magnet system, where the parameter A has
moderate lower value 0.5%.
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Fig.5. Resolution power versus horizontal emittance
obtained with first and second order calculations
Ap/p=0.1%

CONCLUSIONS

The ion optic of a mass separator with single dipole
magnet CP-017 was studied by taking into account sec-
ond order aberrations. It was shown that the image aber-
ration due to the dipole magnet limits the power resolu-
tion of the separator if the relative magnet error field is
larger than 0.5%. The energy spread and the ion beam
emittance coming out of the ion source are another limi-
tations.
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The results of the second order simulations are that
the resolving power is reduced by factor larger than 5
for emittance larger 20 mm-mrad if momentum spread
of beam does not exceed 0.1%. The main effect, which
appears due to second order aberrations, is long tail
formed in the particle distribution on the focal plane.
The way to prove the resolving power close to designed
values is to correct the particle trajectories coming out
the exit of the magnet by sextupole magnet. Then the
resolving power of 150 could be ensured for emittances
up to 70 mm-mrad at the momentum spread less 0.1%.
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Fig.6. Emittance versus momentum spread for different
resolution power calculated in second order approxima-
tion, where 4=0.5%
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APPENDIX

The excitation functions f,(S) corresponding to the sec-

ond order coefficients q;

49y fij (S)
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Cmamowsa nocmynuna 6 peoaxyuio 08.01.2008 2.

BJIMSIHUE ABEPPAIIMI BTOPOI'O MOPSIJIKA HA MACC-CEITAPALIMIO C IIOMOIIBIO
270°AHAJIM3UPYIOIIEI'O MATHUTA

A. Jonunckun, M. [lonunckan, A. Banvkos, A. I'opoa, T. Pyoenxo

HccnenyroTess XxapaKTepUCTHKH HIMPOKO-arepTypHoro aumonsHoro MmarHuta CII-17, xoTopbli rmaHupyercs
HCIIOJIb30BATh B KaUECTBE aHAIM3MPYIOMETO MarHuTa Macc-cenapatopa VAW (MHCTHTYT SAEpHBIX HCCIEIOBAaHHN)
B Kuese. IIpuBenena kpartkas teopus abepparuii BToporo nopsaka. Ha ocHOBe ommcaHHOW TeOpHM NpOBeAeHa
cepusl YMCIICHHBIX PAacydeTOB JUI HCCIEIOBAaHMS pa3pellaroliell CHOCOOHOCTH cemaparopa B 3aBUCHMOCTH OT
HETMHEHHOCTH MAarHUTHOTO TI0JIS, & TAKXKE OT apaMETPOB ITydKa.

BILIMB ABEPAIIII IPYT'OI'O MOPAJAKY HA MAC-CEIAPAIIIIO 3A JOIIOMOT OO
270°AHAJI3YIOUOI'O MATHITY

0. Jlonincokuit, M. /lonincoka, O. Banvkos, O. I'opoa, T. Pyoenxo

JocnimKyoThesi XapaKTepUCTUKU MIMpoKo-anepTypHoro MarHity CII-17, skuil nnaHyeTbcss BUKOPHUCTOBYBATH
SIK aHaNI3yIuuil MarHiT Mac-cenaparopa IS1/] (InctutyT sinepHux gocnimkens) y Kuepi. HaBenena koportka Teopist
abepariii apyroro mopsnuky. Ha ocHOBiI ommcaHoi Teopii MPOBEAEHO IUIMH PSAJ YUCENBHUX pPO3PaxyHKIB IS
JIOCITIJDKEHHST PO3IIOIUIFHOT 371aTHOCTI cerapaTopa B 3aJIeXHOCTI Bijl HENIHIHHOCTI MarHiTHOTO TOJS, a TaKOX BiJ

rapaMeTpiB ITyuKa.
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