Lawrence Berkeley National Laboratory
Recent Work

Title
ABERRATIONS AND FRINGING EFFECTS IN A I180| SIEGBAHN DOUBLE FOCUSING MAGNETIC
SPECTROMETER

Permalink

https://escholarship.org/uc/item/0sh435n5

Authors

Judd, David L.
Bludman, Sidney A.

Publication Date
1956-09-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0sh435n5
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF
CALIFORNIA

| )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
. For a personal retention copy, call
Tech. Info. Division, Ext. 5545
_/

BERKELEY, CALIFORNIA

UCRL3525
%



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '




9,

i

Y

UCRL-3525

UNIVERSITY OF CALIFORNIA
Radiation Laboratory
Berkeley, California

Contract No. W-7405-eng-48
@

ABERRATIONS AND FRINGING EFFECTS
IN A 180° SIEGBAHN DOUBLE FOCUSING MAGNETIC SPECTROMETER- ‘

David L. Judd and Sidney A. Bludman

September 1956

Printed for the U. S. Atomic Energy Commission



UCRL-3825 |

ABERRATioﬁs AND FRINGING EFFECTS
IN A 180° SIEGBAHN DOUBLE FOCUSING MAGNETIC SPECTROMETER
David L. Judd and Sidney A. Bludman
Radiatlon Laboratory, University of California |
Berkeley, California
'ABSTRACT

-_ Second and third order effects, including fringing, are considered

“for a 180° symmetrical double focusing spectromater The optic axis and

~focal points for particles of a definite momentum are found. Values are

'calculated for /3 and *3’- the coefficients of the quadratic and cubic

_terms in the expansion of the magnetic field, which eliminate second and
third order aberrations due to radial motion. The linear dispersion and
the'orientation of the foca; plane for paraxial trajectories of slightly

different momenta are determined. Numerical values are presented for a

high transmission alpha-particle spectrometer évvﬁéﬁéa%'for this laboratory.
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ABERRATIONS AND FRINGING EFFECTS
IN A 180° SIEGBAHN DOUBLE FOCUSING MAGNETIC_SPECTROMETER‘
David L. Judd and Sidney A. Bludman
Radiation Laboratory, University of California
Berkeley, California

I. INTRODUCTION

Several years ago one of usl inféstigated some of the lowest

order magneto-optical propsrties of a class of magnetic spectrometers

o : , , 2 ,
,gaperalized from that proposed by Siegbahn and Svartholm. In these

" instruments one or both of the conjugate foci may lie outside the region

of magnetic_field, and it was recogniged that the treatment of paraxial
rayé, to determine the Gaussian oétics of thé system, could not be
extended to calculate aberrations withoutbat'the same time including a
discussion of the effects on the trajectories of magnetic fringing where
the particles enter and léave the field. This paper is devoted to an
examination of the second order aberrations and of fringing effectsvof
comparable magnitude, together with some calculations reléting to third
order aberrations. This work was undertaken in connection with the design
and construction of a 180o symmetrical double focusing alpha-particle
spectrometer of the Siegbahn type by F. Asaro and I. Perlman at this

labératory, and many of our calculations are specialized to this case.

This instrument is now comﬁiete but is still undergoing tests to determine

its optical quality. Its prppertiés will be reported at a later date,

D. L. Judd, Rev. Sci. Instr. 21, 213 (1950).

K. Siegbahn and N. Svartholm, Nature 157, 872 (1946); Ark. f. Mat. Astr.
o. Fys. 334, No. 21 (1946).
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but the present authors are honored to have this opportunity tb contfibuta

an account of their theoretical calculations to th%svfirst issue;of Nucleariu'

Instruments, together with their best wishes for its success and their e

congratulations to Professor Siegbahn for initiating its publicatibnl

et Came e v .
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II. SCOPE OF THE PRESENT CALCULATIONS

In building a 180° double-focusing magnetic spectrometer it is
simplest to construct ’.th’é" ;nagnet poleé of exactly sanicircul;f' shape R with‘“
a gap separation depending only on the radial distance r from the a.xis of .
symmetry in cylindrical coordinatgp r, 6, 2z. This will generate a |
magnetic field, symmetric about 2z = 0, the midplane between the.pol'es,' |
and independent of the aximuth © well inside the poles, Near 9= ¥£90°,
in the fringing region, the magnetic field decreases to zero continuously ‘
over. a distance of the order of magnitude of the pole gap. . Neglecting the |
finite extent of the frmging field and considering only p;ra.xial rays, -
the optic axis of the system consists of the semicircle r = 'R z =0,
inside the field l e ‘ % /2 and of the rectilinear extensi’ons of
this semicii'cle outside the pole edges. .The theory of paraxial raﬁsl
shows that, if the field inside the poles is shaped so that
H,(r) = H(l-ée-'- ...) 4in the midplane ( P (r-RR, |
HO_. (po c)/(e R)) then a point source of monoenergetic charged particles
of momentum Po and charge e , placed on the optic axls outside the o
field, will produce a paraxial point lmaige-. Source and image will A‘be

symmetrically located if each lies a dist.ance dqg = 2% cot('2'3/ 2 ﬂ' )

- beyond the pole edges. If the source emits parbicles of slightly different

momentum p = po(l + A) the paraxial image will be displaced by a distance
L R A normal to the optic axis.

In order to determine and optimize the resolution a’o"t.ainable wit.h
such a spectrometer, it is necessary to calculate the size and shape of
the image produced by a pencil of rays occupying a finite solid angle. This -

involves expanding the field and the equations of the -tra.jectories to
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" include terms of second order in the displacements normal to the,optic

axis,‘and then selecting the second_fiold shape parameter G} i@ the -

expansion ‘ . .
. ‘ 2 33
Hz\(t)‘z‘:o = HO(]' - ée"t @e -+ Xe + ees)

so as to minimize the resulting image size. It is known that it is |

impossible to select é; so as to reduce both dimensions of the image to '

" zero to second order, but it'is of _greater importance to eliminata aberrations

in the radial direction than those normal to it, since a line image of a

‘point source, oriented normal to the direction of dispersion, is acceptablé.

Furthermore, it is'convenienﬁ_to achieve a s0lid angle of acceptance léfge=
‘enough to be useful by admitting a pencil of rays having a radial extenﬁ.

an order of magnitude larger than its axial height; thus ébefrationé due.to

“displacements in 2z are intrinsically much smaller than radial aberrations.

We have therefore calculated and eliminated aberrations in the plane 2z = O

" and estimated the effects of 2 displacements on the image size aoo shape,

Since it is desired to use as wide a radial aperture as possible,
we wiil also colculate third order terms in the displacements so as to.
arrive at an. optimum value of ?f » the third order field shape parameter,

which will eliminate aberrations of the corresponding order in the plane.

"In.a careful Qreatment of this plane problem, it is necessary to take

account of the effects of fringing. The fringing effects will be measured

by a pafameter a , defined as the distance along the opticoaxis over which:

the fringing fiold_falls by an order of magnitude, measured in units of ﬁ.

The effects of fringing are as follows. (1) The optic axes outside the

magnet are bent through equal angles of order a , bringing image and object
closer to each other. (2) The symmetrical paraxial conjugate foci (source’

and image points) are moved along the optic axis by a distance of order a.
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VPO’ @1,_ @2, VO, Tl, 80 but not pB’ x, 81, etc. In
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-

(3) The optimum values of @ » ¥ 5 %.. (defined as those eliminating -

aberrations in the midp_lane for A = 0) are altered from their values in
the ahsence of fringing by amounts ot: order a. Each of these effects xﬁay :
be expanded in a power serieé in a , the coefficients involving integrals )
of the field shape in the fringing region. Effects (1) and (2) é're of no *

importance in magnet design, but the focusing effect (3) leads to a _

{
2 .

ﬁ;(r)- z—O; Hy [1'- ée + (Byt @la-+gza2+ ..)@

3y p3 T S
Since (’ and a are both regarded as small q'uantitives, it is c’onéiéterit

to evaluate 60’ @1, X‘o but not 62’ X'l, or to evaluate .

2
this paper we make the former choice, since ﬁz deperds in a very

detailed way on the shape of the fringing field. (It should also be noted. ,

that, under the assumptions made sbove, a will be considerably s'ma‘ll\er

@hén the largest values of (@ we hope to use, 'sq that in future work it

would be more important to evaluate 80

“and )"l than to determine !32.)
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III. TRAJECTORY CALCULATIONS INSIDE THE MAGNET

¥We use thé cylindrical coordihates 1ntroducad abdve in the reg{oh4v

strength, and momentum such that R = H g Py = 1. The eXa@t orbit.équatioﬁg

dr -
oere v

a+e)e” - 20" - ave)’ -

(1+P);'-2€%' =
| [(1+f’)2* P'z‘* 412 ] é§ [(1+p)2+ z"z] H - ?'z'HZ; a +_A»);1 ’, ’

where primes denote differentiati§ns with'respect to 8. ‘The éign df the .
magnetié field has been chosen so that a positively charged paytiqle will

move in the direction of increasing 6. The fiéld‘components H, 'and - Hr
are related by V-}.i, - VVx —H, = 0, and can be expanded about the reference

¢ircle as follows:

H

. = [1 -3¢0 ’F"@("th xe?’{ ]

+ 22 {(é-p) + (-3 -4@ -3¥)p+ }4. cer

iy

1}

z[?{fgﬁPf.n 4 oeee

This scheme may be readily continued by use of the %efinitibns
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“ . _.v v ' : ‘ . ) ‘F)k

& k>0 j’even | k20 _fodd ,
‘_‘oo’_li Mo=h =B, A=Y, Oyt 0, Mep=0 for k20,

é.nd the ‘relations.

(ﬁ-r NG g1 (k+ 1)Ak+l,f R v(evenﬁ )|
| | | (k~+ 1(c, ,F °k+i,17) u+ D&y gt PIRY | (cdd £ ).
| We will retain. in~ thev eéuationé 'of motion terms linear in. A » of second |
. order in 2 and - z', and of t.hird order in e a.nd €> » obtaining the

:";‘g | expanded orbit equationa o '

N éf AL+ 39/2) -(1- A)p(’ +§(1+ 3A) p
- o -r(l-A)({-? é)z %(I-A)z' +(1-A)(é—2p zr)p

_-[.2‘.‘_ % (i ~ AA)J ee' + “ee

b de 2 22sH(-A)(2p - Doz k A+A) pa o .

- "To_optimize (@ ‘and ¥, for A = 0, we will deal only with trajectories

'symmétric about .19'= 0. A point source and its image will thus be

: symetrica]ly ari‘anged with respect to the magnet in every order calculated.

The solution for 't.his case, obtained by iteration, is’
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e® = p, cos -+ e, /12)[3(1-ap)(1-eos~p>

| | (s hp)(cos 29 - cos\{»’)]
+€ §32 [ (2 h@ -2}5’) ~1(1+2p)(1+hﬁ)](0089/ cos 3?)
+ 1lqa- 2@)(1 - hp)(cos 1)+ (1 - 2p) (1+4,9)(cosql- cos 2\1}/)

: +§ [3(1 - AP --2%) -‘2+1 (1= lOP-thP )]?%ain ?}‘f‘ @‘(em ) .

where q/ = 2 9 and e, is the displacement at. ® = 0. This fu‘nction
will later be joined to a solution obta.ined separate]y in the region of )
_;fringing field in order to optimize @ and )f ' '

" To discuss dispersive effects arising from small but finite 4 R

‘ vit. will be necessary to consider trajectories that are not. symmetric about
9 = -0, Here, however, we will be content. with second order terms in. e
Let f’ 1 and Pi be the displacement and its. derivative at -an arbitrary

: Anitial value 8. Then for 320 we obtain by neratiog .
(’(9 -9 = ?1 cos \f-f' 2% ¢, sin \y+ 24(1 - cos.\‘l)
- o g_ ‘. 4@(’1‘*(2 a,e)[giwsm @- 2 f’i (zycoscp- smy)]
(._@)[e (cos 2 \y- cos‘f’)"l‘ Ao, (stn 2 ny- 2 sinY})}}
( "ﬁ) (e, + 2p90 - cosy)+ (--—47 - 2(”1 )<°°8 2y- cosp)
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.{ | é ) . , . | ”'n\;‘ | _» | .
+(-_.-—-1 "'6“.6) 2 fi s (siq 2 ‘f “‘.‘_2 ‘Sin*) .

+(—1-‘f3—"——é) 20,0, Ginzyp-2amy)rflap? e,
,Gﬁere ‘ S .  B B ' |

k}}:_-:;z (6 -9). _. L BN

To study the influence of displacements in z. on the: focal pi‘qpéi‘t‘_ies

AN
.,
~

with respect to P -, we may add to the foregoing equation tlj'xose"terms of
second order in - z; and ‘z‘ii , and independent of A , which arise from
* iterating the coupled equations for @ and 2z through se'cond"o‘rder.'

These added terms appear on the right side as:
2 [( p - %)(1 .. COBVJ)- _3&_ (cos 2*- COS?))J

- 2 5 zi“ _ZBE (sin 2?/1- 2 siny)

-+: 21'2 [ (2(8 - l)(l ~ cos (i))—f \23’8 j(cos 2 ‘I_“;éo_.s <1")]

| The results obtained above agree with the second order formulas
= of Shull and Dennison’ for the special case \.Y 7)/ A = O and with
the results of Svartholml‘ for the special case ei Szy < A =0 ~dn ﬁhe o

absence of his electric field but for arbitrary QP

F. B. Shull and D. M, Dehnisori, Phys. Rev. 71, 681_(19&7), Egs. (25) and
 (26), as corrected in Phys. Rev. 1_, 256 (19&7) |
b N. Svartholm, Arkiv f. Fys. 2, 195 (1950) |
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IV, THE FRINGING REGION
To discuss fringing we employ a separate Cartesian coordinate
syeter'iﬁ ano beyond each frlnging region. In what followe we refer
'explicltly to the'image side; quantities referring to'theosourCe.side are
related to these.oy oeviouslchapges of sign; for A = 0 the trajeétories
- from a point source‘are completely eymmetrical about the plane 8 ='0. The
>Cartesian and cjlindrical z-coordinateS'coincide. The origin of Cartesian
coordinates is at r = R, 0= ;ﬂi. - b. The 'y axis is directed radielly
'outuards in the plane 2z = 0, and the x axie is directed so that particlee
move with. increaéing x. Displacements and slopes of trajectories'will be
matched between polar and Cartesian eysteme along the y axis, which
‘separates their domains of applicability. The same unit’ of length will
i be edopted in these eyetems 50 that at 9 JZ: -b or x=0, '-P =y
‘and e'/(l+€’) rdG = ¥ = dy/dx Both b the angle between
the gy axis and the magnet edge, and a,. the field rall-off distance, are
,'f'of the order ot the physical eeparation D of the magnet poles et r = R. |
| The rigorous trajectory eauation for particlee in the. plane 2z =0 ;
‘Ahaving tﬁ = 0 may be written in Cartesian eoordinetes_as . |
d-g; [y'/(l—t y?z)é } = -h(x, 5) ,
: f:ehere h(x,\y) = ﬁz(x, y)/Ho; ‘Now we assume that‘the fringihg may be
' characterized by a single function h(x) mﬁltiplied by the radial eha;aa' ,
':fector Q1-3y+ B yz), this eseumption contains two approximations which
._are believed to lead to negligible error but which could be corrected, if
fringing field measurements showed it to be necessary: the fectorization

approximation seems to describe the empirical variatlon with gap height to
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PetoaNo

XLk

,’within a few percent whi.le variations in the ori.entation of .the axes

within the small a.ngle b seem t.o lead to effects of higher or~der than

W

those considered here.

Under this assumption we integrat‘e once to obtain

ek -

YA

y./(1+ i3 - e{/{(l-r,(’)zf e-'zja":'-“(l ';'Ié»ﬂppz)_f(i) + ée' gx)

&

78 o 5

4 -where " - o ' S '

, £(x) = S h(x')dx! and . g(x) = S x'h(x!)dx'" .

0 : , . " In the’ tenﬁ‘ linear in y on the right 'sid‘e; we-havemapproxtimat'ed y(x)
L by e + e 'x, and y2 by e before integrating. In these and the'v
following eguations () and @ ars evaluated -at the matching lines
x. = 0 We near.t. solve this equation for ¥y by iﬁeration and expand in

powers of e and e ', obtaining

‘(x)- '(1-f+§>2)- (1—%@-}»@9 +ie )f—a—(?-e - 3pe' )f

L o '--‘i-ie'g-}fj.‘.v.'.. -

_Ix;‘t..‘e'gra*.ing once more, we have
y-(.x‘):' e+ e'(.;-f-f.(oz)x- (1-§Q~+F€2+ %eyz) S £ dx
+(2Q -3Qf)gfdx+ég« S '-'égfjdx-;s...

v ()'v :. 0.
Yoalxo) . and

‘H .

| The optic axis yOA(x) ie obtained by setting @ -
The para.xial focal point Xo 1is obtained by setting y(xy)

retaining only the terms linear in @ ; the field shape parameters t@ s
N s e may‘bé selected by requiring y(x@) yoﬁ(xo) to higher fsw

,orde_rs in e .
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Since h(x) is negligible at x s xo the integrals irrvolved

may be expressed as

: f-(x');}x'-:"cl ax 4 02 a2 ;. -

=3 YV

Paae?fx10@) 5wy

O N

x o
g g(x')dx' - 03 a2 x-+ & (8- )
o .

shape dependent o ' :
2. and 03' of order unity. Integration by parts

shows that Cyp = ~Cs; 'since in this paper we retain only terms of first -
_order in a N _62“ and 03' will not appear in the present -resulté for

- fg and X .

Theoretical studies5 for plane parallel poles and experimental

()
_m‘easurements on various magnets- have shown thgt the fringing field may be

' roughly described by a decreasing exponential

1 - o 4"sz_~b

e~y R
B ea;p[-(s-b)/a] - '~_s }-b R

The. approximate expression does not apply in a very small ‘region near

'8 = -b; where the sharp corner of the approximate fdrmula‘ﬁustnéqtuéily ‘

round off smoothly. For large distances, the already weak field actually

N. D. Coggeshall, J. App. Phya.,lB 855 (19h7)

6
_E.g., C. Mileikowsky, Arkiv f. Fys. 7, 33 (1953), I"ig. 2, and unpublished
measurements by C.. Dola at this laboratory.
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R fﬁecafs somewhat slower-than exponentiélly Here s is tho distance
measured outward from the pole edge, in our coordinate gystem 1t would be

3 replaced by X4 b While for orientation one could adopt this exponential x
-"‘Tdependence for the slanted poles, we have preferred to evaluate Gla by

' ¥_ numerical integration of a typical fringing field, ‘taking b.: 4D, and

.oobtaining Clg ~ (5/3)0 Careful measutements of the actual fringing

lﬂ;-field of a completed instrument could be used ‘to refine this value of Cl ,
to examine the validity of the fringing assumptions made above, and to
-detenmine‘ CBa:. This 1pformation cpuld then be used as a guide in making

S :miﬁQT pole tip charges in‘the~fringing region if necessary.

R LTt Cos

i,
RN

et

"”'%- “ds .-
: e R

Py

e
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V. EVALUATION OF g aw Y
Using the forms defined above for the fringing integrals, we may |

: 'wr_ite

y(xo) - yOA(xo) = et (-é f)+?f‘ + 29 )Gy a’

e €€'+ee"-<—ée+@e+3 SRR ~3ee>c1 5
+é€'c3a] +0’(a, ea, e)

Here 0 = fo+ 01+ F2 90 + el + (02 s (where ®,
is of order @ ., €, of order em ,‘ etc.) are obtained from the first v
trajectory solution given in Section III and its'_d'erivative,' and are

evaluated at 9 - ﬁ ]7 - b. Expanding in powers of (-"-n, we ,obtaijn first

Cozpu-dogad { € [ 1+3(c3 3 cy e’ ]"’ 26, c'l‘i’f# X =03
heﬁce | = : | | . |
xy = d [1+§Cida-£(6—d2),c12.32+ .'..J' N
whers ' ' o

-3/2

d = f-p'o/(’o' ;_-Vzé cot 2 (77’ 2b): | ’

‘ if the fringing 1ntegrals vanish
- 1s the distance from focal point to the joining line/ We next evaluate
' 'Vop.' at the focal point, obtaining .

'YOA(XO) = € axy+ 03‘ a? + _6,(&3) E

"which displays the additional bending of the optic axes due to fringing

Terms of the next order in e o’ when collect.ed, yield
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e & e, o [t et e a1 Lo

@; ' -eo_

. - The: terms in tﬁie equation which afe_indepepdent of a determine - ﬂ 0;

'ihose linear ih a fix . {31, etc. We have for ,@ 0 the equation

2
Pl-f' d f’l = 0 , where from Section 111

()0 (’m_cos (Il, | ~(’0 = ZEPmsintf,

(e /12) [B(l-hP)(l—cos ill)-}(l-l* h/@ )(COSZ@-‘U- cos(}i)} R

=
"

Ql -2 (e /12) [ 3(1 - LP) sin t}l 2(1+ ap)(sin 2 \y- sin'f)J

Substi‘tuting.and solving for P o e obtain

= 7,+”5 cos 2‘{1
p° 3 54 cos 2 Y

where Vzi (}l = 417 -0, ‘and would be - 4% 4in the absence of fringing.
CIf we repeat;,'z"et.aining terms ﬁnear in a , we obtain {3 = /304‘6111-‘» B)(az),
~ with | | | |

Plz '% 512222&2 (FO 3 tan y)c d .

. In a eimila.r manner one could evaluate 62 if desired.

In ‘collecting terms of third order in €m to evaluate X we will,

as explained earlier, retain on].y those independent of a, leadmg to an

, evaluation of \60 but neglecting \of This equation is

P +:d e? s "'2?0"(’1
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After aubstitut.ing, rearranging terms, and separating those

involving ., the equation is

.._\.gg_ (9 coslr-l- cos 3\P+ 6 \P/sinY)vi— (7 -3&{9-}- AD@ ) |

+ (- -]-_912“" 113 P %‘_ [3 )cos\Y + (53 P-}- épz).c(;s:é \P ;

o : 1 a2 ¥ | 502\ /e fos -
+.(- I%g+i,@+ % B )eos 3s;1’+ (- %g"f% - %.p. .)(y/smyo.; 0 .

Numerical values for po ﬁl’- and 7{0 will be presented in -
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VI. DISPERSION

. To determine t&e linear dispersion propert.ies of tbe field we
1neglect. fringing effects and examine those tenns of the solution found |
1in Section III for A #‘ o which are of order f’ A , and PA We
now regard 2§ ‘)Ui -”/2 a8 t.he point of entry into the magnet. and 2& 7]72 g
‘_as the- point of exit. If a point source is locat.ed on the optic axis a
'distance do from the magnet, the particles will travel in straight lines
~to the pole edga where their displacement and slope will be related by |
. Qi = do Pi . By inserting this-relation into the terms to be studied
. 'and their der‘ivatives we obtain tno displaComont and slope of a f.raje‘cibfy :
‘ at any angle inside the magnet. We'evaluat'e tnese ewcpx_'essions' at the point

of" wcit and, after some reduction, obtain

g
]

o ei<1+qlﬁ4/do_)'+qogx

0T e gans
" where | . ‘
. \qo - 2(1;0032?‘1, ,

é [ (2qlf fsin 2lyr)+ hp (sin 2\'»’1, - 2&Ff)}

"{ + (h/3)(1+ hﬁ)(l - cos 2%)/d

oA

B B!
- The trajeotories after leaving the magnet are straight lines whose equations
are y = eexaj-e or y-yo- ? (x-xo),where yo and x, are
the coordinates of the paraxial image, and depend linearly on A . An
elementary calculation yields |

. 2 S
: ol 4+ LAz sa
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:ﬁ~ or the linear dispersion Yo/ll ‘= 'k, as expected for any symmetrical
_§ " instrument. For finite A the image is also displaced in X, by the
i -'a.rilount. S ‘ v | : |

’ v:" . ' - - 2 -——

Lo o ’fo’do = (O{l"f’ é‘do‘ql)b .

- “The focal plane for paraxisl rays is obtained by eliminating A between -

; these two equations, and is not normal iq the optic axis, but is turned
¢ . _ .

. in the sense of increasing © through an angle # from this position;

- | 2 . :
wng s M Ae )
Aberrations due to terms of order ° 2 will not vanish for A 7& 0,
but wiil produce a cross-fire of tgajectories leading to imgges of finite
radial extent. These will not lie in the focal plane obtained above, but

.- in a curved focal surface tangent to this plane at the image point for

f' A = 0. Estimates, not to be presented here, indicate that for large
B _ ‘ . : _
. radial apertures the range of momenta in good focus is quite small,

1 i 1~ - . o "
e R R L
. . g

gyt
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VII. KUMERICAL RESULTS

The spectrometer of Asaro and Perlman at this laboratory has been

designed with R = 35 cm; the pole gap DR at this radius is 2. 51¢ cm, 80

that D - 0.0726. Having chosen. b = 4D, we use 2é Q‘I - %—‘NJ - 0.0363,

to ce_lculate ﬁo =-0,236, and ﬁla Z -0.032, ‘where we have inserted

© Cja = (4/3)D. We thus obtain B ~ 0.204 + & (a®). The actual value

‘ vchosen for this instrument was p = 0 209, ba’sed 'on estimates of the

neglected terms, although this difference amounts to a change in field

~ strength of only about 0.05% for : PI - as la.rge as 0.3, Using this

value of p but inserting %Ll | —3/ 2 ﬂ/ s We calculate XO = —0 15.
An uncertainty in 'X of 0.04 corresponds to a change in field strength
of 0.1% for [ e [ as large as 03,‘? just as ,Pla is an eighthof ﬁ 0, v

one might expect b’la to be an order of .megnitude smaller then _2/0,

so that the neglected terms correspond to higher'accura'cy than can be

attained in field shaping. Terms higher tha.n the third order have not been '

cons:Ldered their effects are difficult to predict and should oerhaps :

' already be con31dered for this large an aperture. no

The a.ngle of rotation g of the paraxial focal plane, calcula.ted
ueing the full sector angle, is found to be. tan-l 1.78 =2 60°.

The neglect of detailed calculations of motion in g requires
-justification here. The tems quadratic in Zy and asi given in

Section III have been eyaluated for z4 = do zi a.nd extrapolated into

the image space, where they produce a radial spread of the image. This

- - / 2 N .
spread 'is of order ['2 3/2 D sin (2 3/2'77' )]» » 1s extremely small for

-~ the small- D used here, and contributes a negligible amount to the ime,ge ‘
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¢ size. The,resqlution of the instrument will therefore be determined
primarily by the sdurce size and by residual magnetic field errors. The
;" 4image height can be'estiﬁated from the terms of order €2z 1inthe 2

equation of motion; and is of order 0.1 cm  for the parameters used above.

N2, P YO

e

The solid angle accepted by the magnét'is'approximately

MG

2 =372 ‘ ' . | - :
3 @, Dsin" 2 g/ » which is 0.017 sf.gradians for @ =0.3 and the

s, 7

- D used above.

P;eliminary measﬁremeﬁtsfon'this spectrometer have indicated a

- resglutiqn'of;O.l% in energy with a solid angle of aboutj0.009 steradians,
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and for his unpublished performance data, and to Mr. James Baker for
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