


Abstract:

In this paper a variant of charced particles focus-—
,ing obtained with the- synchrocyclotron of- the Laboratory ﬁ
of Nuclear Problems is considered The particle iocusing\
.is achievea by the macnetic field formed in»the gap of the
,deviating electromagnet with the help of iron bars. It was
shown that the effect of the focusing arrangement is equi~-
valent to that of the magnetic'quadrupole lens if the de—'
- finlte ratio 'of'the dimensions of these bars'is maintained.
‘By means of such 1enses the density of the 600 MeV polariz—
ed proton beam intensity was increased three times in the place
'where the detecting arrangement was set up, the density of

zthe ~300 MeV meson beam intensity was increased 2 7 times.
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harged particles extracted from the accelerator s
chamber pass usually rather éreat distance to the detect—
inn apparatuo that leada to a considerable reduction of
the intenaity used To deviate the beam or to separate
the flux of secondary particles of deiinite energy in 50—

me experiments the electromapnets are used To use the field

'..in the electromagnet gap not only fer the deviation of the

tparticles but also ior their focusing is of practical in—
kterest This can be achieved by forming the magnetic field
on the waj of the charged particles similar to that of
the nagnetic quadrupole lens. If a ferromagnetic body the
dimension oi which in the 1ield direction is more at least
than one transverse dimension then in the iields 2/ 9000
ersted the sample under consideration is being magnetized
almost up to the saturation. k

In this case the ferromagnetic body may be'COnsiderF
ed as uniformly magnetized and to calculate analytically
the components of the field from the sample under conside-
ration.*‘?or the”rectanguiar bar 2h high, 2a wide and kﬁ

long the magnetic field components Hg and Hy 1in the

« *The field in the electromagnet 5ap is supposed to
be uniform.



éobrdinate system'given‘in‘Fig.;I have the form!;‘.
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where M= — a7 cersted - the magnitude of the magni~

zation for the majority of the ferromagnetic materials.

Let us restrict the region of the magnetic field which
| we shall consider further by the following conditions /Fip 2/
-hey<h o |
-hLZLh . - (&)
WWhen choosing the geometry of the ferromagnetic bars and

in the calculation of the magnetic field it 1s necessary to
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take into account the'influencé'of the pole tips on the
redistributidﬁ ot the magnetic field from the/saturatéd bars.
" The influence of the pole tips may be approximately taken
into account'by means. of mir:or reflection of thé ian
bars with‘respectxfo:the plane surface bfuthe-magnét‘poleg.
/Fig. 2/. |

Phe system of the ﬁirrbr reflected bars for casé’of
plane boundary is calculated on the basis of the image

2|

. method developed for currents.l ~In this case one may

write for the~magnitization of the mirror reflected bars

that

. ”‘f'quefziﬂ'(;:;;)gfu‘

" A | (5)
‘where ”Mrefr: is the magnitization of the mirror reflect-

 ed bars, o i : ‘ :
, M 1is the magnltization of the bars in the electro-

mégnet gap,
p is the magﬁetiq penetrability of the medium,
K 1is the number of reflection. '
It is assumed 1anq.l5l,thét = congt. in ail the
half space and"is‘independent of the induction. For the
'ferromagnetic bodies thié condition 1s not generally per-
formed, "however, one can easily see that ‘quefi.,StopS

to be~dépeﬁdent upon the magnetic penetrability of the mef



Wl
dium at sufficiently high valoes of the latter. If one rest-
ricts oneself by the induction revion when B > lO .then

one may approximately coneiaer that the bars mirror{*eflected

have the same magnitude of tne magnitization le.,

. Mper1. - M o IR -(6)

‘Such an approximation is quite allowed since the contribu-
tion to the mdgnitude and the distribution of the magnetic
field component from the reflections 1s not relatiVely great
and a small addition to the 11eld of main bars. It° i< pos—'
sible to show that the deviation which the charged particle

- is equal to the- unv1utﬁoE\0n the length €
undergo in the bar tield of the final length (in the bar ,
field of the infinite length with the same transverse di-
mensions. So, for the bar of the final length 2_‘, height-

2h and the wideness 2a the following relations take place

JHyi(X,y',x)dx=Hoy(y,z)‘€ - R C)
_-JAHZ(x,g,z)dx=Hvo:;(3,;._j-ﬂ ' T ) X

_where Hy(x,y,2) and Hz (x,y,2) may.be determined from (l) and
(é)’wheieas~H55(glz) and Hdz(y,z) are the componentslof.the.
field strength from the infinitely  -long bar'with‘the '
’same cross seotion 2h X 2a.'ouch a substitution means that
rthe eifect of the magnetic field with the edge falling sec—-

tions may be substituted by the same effect of the homoge— g




neous lield the mabnitude cf which is determined ior the
bar of the infinite length. The field hdo tae sharp geo—
~metric boundaries and is concentrated in the region of
the length &. | |

With the help of Eqs.]7l and |8| one may make the
calculation ot the necessary field gradients for the par-
ticle focusing for the-infinitely —1ong bars.* So, for
H and Hy the components of the magnetic field the mirror
reflection is belng taken into account, one may obtain the
following expressions in the coordinate system given in

Fig. 2, in the plane X = o

e 1 (¢ -1 22)
H (y,0)=4M {Z( ) azety @n+i) L (1) ercty (2n+1) -
4 :j . D.i__ég
o ety Bl (e $20E )

(9)

% The curVqture ‘of the charged particle trajectory in"
the main iield of the magnet is neglected.



+Z %[1+8+(%-ah-1)2]
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where O = (1 ) 'hk;“o 1)2“_,. | | o

r,xpanding expressions l9| and llOl in a series and sum-—
ming up the. coefficients before the identica.l degrees y

and 2  Wwe pbtdinvthat, '

. L y g (2n+t) |
Hz<‘a{,o)—8m{h[2;( f) m,-,<mn+e)]

n n+ n 2 + mn@ A
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 23 n (2n+)[y- mn)(3m,,+3mn6+62) 3m?, ]J
w{i( ) R (g < 6) ) )]
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where Mmp. —(z,n+1) +1, n=01,2.
The estimations show that the coefficient of the third degree



Y and Z 1s less than 1% of the coefficient of the li-
near term. , ‘

Thus, in the region“determined«by:the‘éonditions [4]
the magnetic field has pfacticailjjthe1cbns£ant giadiént

the maéhitude of which may be calculated from the expression:

dHz _ Hy _ 8MB[ ,_ g _(2n<t)
dy  Jz h [;:(1) Mn (Mp+6)

| (13)
When making the numericgl.calpulations it is quite sufficient:
to cal&glate‘the‘firstifour‘terms of this series since the
contribution erm the subsequent terms ié’émall and may be
neglected. Ii‘follows‘ffom the aﬁalysis of formula 13|

-that the chosen gedmetry of the reétahgular bars acts as a
magnetic quadrupole lens with thevaperture 2h, focusing
the‘charged particles in one plahe and defocuSing them in

the other perpeﬁdicular‘planef To obtain the focusing ef-
fect in the two ﬁutqélly perpendidular‘plénes 1t is neces-—
sary to_plade successively two or some quadrupole lenses with
the gradients'alternatihg in sign. In'the case under consi-
deration the change of the sign of the magnetic field in-
tensity gradienf is achie%ed by the symmetrical permuta-

tibn of the iron bars with respect to the plame ZX /Fig.é/.

The calculation of the focusing effect of the lens may be
131

made by the following formulas For the particles moving



in'thefplahe“7(2: ', the optical strength of two-section”

-lens is equal to

1 o : ‘,’
sz._k : (5”10( cha = O3 Sh +CH Sind st() (14)

’where K= aT"— ‘HRem™®  HR gpg% , o oersted/cm

"

)

pC is the momentum of the cnarged ‘particle in ev,‘

aH is the field gradient expressed 1noersted/cm,
'o<=k3L’, £ the length of the lens sectlon in om,

c the distance between the lens sections.

- The main plane oi the lens 1s situated at the distance
' L

sz =-Fys [1—cooo<choz + Sind SHo +ck Slndcho(] (15)

from the back edge of tae 1ens. Expanding [14! ‘and ll5l

in a series and»restricting tie essential terms we obtain

. that
AR B UR . L
Fxe o R 3 [ f +C] (16)
,,Jéxz = — ' SR t ’(17)

£Ke |
One may obtain analogous exnressions for the particles

foeused in the plane yx 1f in expressions [14| and |15] K
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, e o o
1s substituted for - -K..Then if X '".  for LK and o
for (« '. are substituted the optical s.tréngth and,—the :

position of the main plane may be written in the form .

1

e
Ty o K [Slno(Cha("COfw(Sho(+CK/2'5h0(5lho_(-}” "'E‘( E+c)

(18)
Xxy = “ny[f chxcoso ~ sho( Sin« — cR/eﬁth‘”‘"]“ -
Kf,
3

. | (19)
The distances L, from the front edge of the lense to the
source of the charged parficles {Fig.3| a‘r"xd L, —trom the
back edge of ti e lense to. tne point in which the pa.rtic]es
must be focused are connected with the parameters of the mag-—

netic lense by the iollowing expressions:

L. [(wsccchp -5indshp)+ L.k %Smdchﬂroaf)o(Shﬁ) cH Chﬂ(SInd ka)co—.sd)]
2x2” 3 [(Smo(chj} cos5hp) ~ : L)I{‘)(Smdsh}BfCOSdChﬁHCK/eshﬁ‘5'"04 (L,k*) '_cosd)]

(20)

L =[(°ho<cosﬁ +5hd$inﬁ)+(L,K/a).‘(5hd(osﬂ+chd$inﬁ)+c}(2'-w5ﬁ(shd+(L.,K‘L)-ého()] :
2xy ki‘[(c.hd5in)e-shotcos/a)-(L‘Ki)-'(chozcos]a-shazSin‘)e),uc;\/‘a‘sihf(shi»f(j_,"ke*)‘éhd

)

where « = k‘/a }3 K
£, is the length of the tirst section of the: leno,

@L 1s tue length of the second section of the lens./Fig.3/
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‘Such.a lens has. a strong:astigmatism for;the particles
‘focusing in the perpendicular planes. It . is due to the’ fact
"~ that tne'main ulanes of “such a lens lie on. the different sides
~ from the back-edge of the lens, whereas the focus distances
‘iFXZ «..and”F)(El, ‘areridentical. ?To-eliminate*the:a‘stigmati’sm
ninktwo—Section*magnetic ienS“the‘1engtn‘ofvone;sectien‘of
- the lens may be somewhat,changed,WSO“that L,xy and "Ly

l20]. would coincide." The lens

’determined'ﬁy'the«expreséion
- which has less astigmatism is shown in Fig. 4. A
"* " The- optical strength of such a. dlens for the particles

]focused,in thevaane Xy ;is.determined by- the;expression

o Lo BA o L

o K* {eﬂnzo( ch2a —sh2d+.CK %(5in2d sh2« = 25in’dcha«) =
-cfK 5ih?’o(~sh:29<j | - @

" and the distance of the main:plane from the back edge of

- the lens is equal to ' ' _

‘ Kxy =-ny{1-C052,o(Ch2,o( CKz(wSZa(E;h 2o = 5in2dch Zo()+

| (22)
+ c"fh’;sin:ao(aﬁ‘h z,o(j : T
iwhere X =

TVEB

» Expanding l21{ -and i|22] dAn-a- series ‘and~ restricting
,by the first terms-we: ‘have ]

‘f'f"r“{xfzwe?'[’-f-e»+c}_ o " (23)
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For the particles focusing in the plane' Z X , the expres-

sions for and X, are obtained by the substitution of

1
: Fax , .
K for -K in {21{, |22}, |23] and 124|. Since "K" enters
into the expreésion‘JZBI quadratica}ly,,aﬁd the positioﬁ:of  f
the main plane 1s generally independent of X, then in the
firstwapproximation such focusing system does;nbt poséessy'
astigmatism. The main plane of the lens is situate&veXactly, ;
in theimiddle and 1*. and Jda‘ is measured from the middle
of the lens up to the source of the charged pértiq;es énd
the point'of‘theif‘focusing in the calculations of the focus~
ing Qispanoe.*lt should be;noted'that.the three-section lens
at the same values of the géngial‘length:and the field '
éraﬂient;has,lapprpximately, the optical Stfengih’tWo times J
iess,if compared with the two section lens.? ‘ |

By means of the obtaid%d formﬁlae‘ 2 variants of the’k

fOGusing 1enses were‘calculated{ Their paramefers and -purpo-

5§ are given in the following Table:

i e s o Mmoo i Yt S A e Mt o o S S o MR M e s o A% St Sve S e St N A s et et T e S e Wk o e SR e WP W i A e e e e e S S S S A e e
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The purpose | the form
of the lens | of the:

; O-CM" th L ™M L‘a“" kcm—e FM €,cmie, o Ccm
lens i s - s

»chus.polar;;2 section

protons lens ({5 |325|4,2|57|256.10 2,545 |uy| 6
E = 600 MeV | o »

Focusing 3 section s SRR Bt 4

T -meson 1,5 (3,2512,315,4%(716.10 "|16]17{34| 10
E = 300 Mev | lens |

Y NSNS R R N R (RS {__l;-g=

The general form of oné section of the lens is given
in Fig. 5. The chosen construction of the lenses makes it

possible to place them in the electrpmagnet gap quite'ea—
sily and quickly. |

The whoie arrangement was kept in.the electromagnet
-gap by pressing one'of.the ends of the iron bars moving
slightly in vertical»to the electromagnet poles.* |

The curvature of the iron bars was the same as that
of the trajectoryvof particle motion, whereas the front
and back edges‘of the lens were made'perpendicular to the
directibh of the beam. Separate sections of the lens. were
hold on the guide runners that makeé it possible to change
the optical strength of the lenses and to make.the'final

tuning of all the system for the maximum increase of the
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1ntensity. i
Por the;~600 MeV polarized proton ‘beam the intensity
was increased three times in the plaoe where the apparatus

and for
was set qumesons with the energy ~ 300 MeV -2 7 tlmes.v

The authors are‘grateful to 3.3. Neganov for the help
in the manufacturing and testing of the lenses and to

AA« Kropin for some useful advice.‘
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