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ABSTRACT

A.double-focusing magnetic field for a spectrometer of the
flat ﬁype which gives radial focﬁsing tq roughly the sixth order,
and which utilizes azimuthal variation of the field coefficients, has
been devised. In the type of magnetic field assumed, the nénvanishingi

component 'Bz in the symmetry plane 2z =0 may'be written as

r - ro r - ro 2 .
B, = B, [l + al(ﬁ)p T, + a2(6) —_— e,

" where the coefficients . an(e) are assumed to be of the form »

L
EY

an(e) =D 4+ D, sing + D, cos® + D_. sin20 + Dhn cos28 + D

On in 2n 3n Sn

* . . N
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A computer and some basic analytic properties of the -
'aberration coefficients have been employed to arrive at appropriate
‘values of the field constapts Dmp « The focusinglangle is 6
radiaps, within which there is onevintermediate.axial fdcus. The
magnitude of the ratio of the momentum dispersion to the radial
magnificaﬁion is approximately 12; this means that tﬁe spectrometér;;';
for a given resolution, will accommodate a source that is.three tires
as broad as the source of the Qellnknown ﬁ\/g- type. For a poinﬁ
source and a solid angle of 0.97 of Ur , the momentum resolution
is 0,01% ; In the present field the total source heigﬁt is limited
to about three times the source width due to the presence ofva fairly
large second;order cross term between the source heighﬁyparameter and
the axial aperture parameter. It is found, ﬁowevér, that py a
slightly different choice of &, (8) - such & cross-term can be eliminaped.p )
The general possibil1ty of control of cross-terms, as indicated by this
result, could be of considerable value if a system ofvvery high luminosity fr
| should be attemptea,,for instapce by ﬁsing‘an azimuthally rgrying mage )
netic field in conjunction with a receptly developed.electrqstatic
method for reducing the influence of source width resolution., Some
comments are nade on the problem of realizing én azimuthally raryingv

field of the present type,

&

-
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S, . Introduction

>In attempting to find an efficient magnetic Beta-ray

-spectrometer design incorporating high resolution and high

* luminosity, one usually limits attention to the so-called "flat

r

lay-out," i.e., designs in which the momentun selecting dispersion-_

" is confined to one direction in space, The resolution is in this

" case, at least in first order, independent of the source height,

thus giving promise of a reasonably large luminosity (product of °

source area and aperture solid angle) at high resolution. 1In fiatﬁ 

spectrometers with simultaneous radial and axiel focusing and havibg ,

a rotationally symmefric ﬁagnetic field with d.circular central orbit,
the magnitudé of the aperture is in lowest order limited by‘the faét
that it is impossible to cancel simultaneously both the ¢r2 and
¢22 terms in @he resolution.determining-radiél aberration,

There.have been a number of ways devised to overcome this
difficulty. Daniell)departed from the condition of simultaneous
axial focusing at the radial focus, and in this way'provided degrees
of freedom for reducing the aberrationé. Lee-Whitinge)investigaﬁed..‘

the case where the magnetic field has mirror and rotational symmetry '

~ but where the central orbit is not cirqulaf, and achieved congidefable
'v;'progress in reducing the aperture aberrafions. Bergkvists)devised & g‘n-f"

-~ system involving in addition to the magnetic field two electrostatic

components which allowed considerable reduction both of the arperture

defect and of the influence on the resolution of a sourcé of finite -

size, Sessier )suggested that "strong-focusing," i.e., a departure

4



' UCRL-16802
=2 -
from the rotational symmetry of the magnetic field could reduce the
aperture defect and showed that, in crinciple, the simultaneous
" vanishing of both the ¢r and the ¢22l terms in the radial‘aber-
rations could be achieved | |
_ Detailed design considerations in Ref, &4 were limited to '_
.e rather unphysical field which was employed only because it allowed
- analytic treatment, The example did, houeﬁer, provide an explicit
. demonstration of the removal of second~order radial apefture‘aber- '1
- ration, éubsequently, the ﬁeidelberg groups)has presented a physicd‘
| ally accepteble field which has the same property. |
"The present work is an extension of the principlesosuggeeted.
~ in Ref, h: We exhibit a set of physically realizable fields resulting
.:in‘a spectrometer in which the radial aperture aberration uaa been
vremoved to high (roughl& sixth) order. In contrast to the methods
used in Ref. h we are forced to extensive computations coupled withe
vcertain basic analytic relations between the eberration coefficients
“and the fleld parameters, in order to‘achieve this end, |
Section 2 describes the magnetic,field-expansion which is
employed; Section 3 discusses some general considerations leedingltol‘
the design studied herein. Section 4 outlines the procedure for thél'
' determination of the field coefficients and gives some illustrationsl,'

of the effect of the strong focuszng or azimuthally varying field (AVF)77'

~ in different aberration orders, Seetion 5 gives the bvasic data_of'the.il'"

spectrometer field we have obtained; it ylelds an aperture solid angle ﬂv’t”'

=l

of 0.9% of ULm at e maximunm radial image width of 1,0 x 10” in




. UCRL=16802 -
-3 -
momenfum.' In Section 6, the behavior of the spectrometer with

reSpéct to sources of finite size is discussed.’ Section.T deals

‘with the problem of realizing the desired azimuthally varying fie;d;‘ I

and also contains a suggested alternative approach to spectrometer -

~design whiéh may have advantages over that employed in this pa@er.’

* 2. Magnetic Field Expansion
We employ cylindrical coordinates r,0,z and assume that

o

in the plane 2z = 0 the only nonvanishing field component, B, '

is expressed as b

3

Bz(x,O) = Bo(l +ax+a x2 +axT # eee) - (1)

1 2 3

, vhere x = (r - ro)/zjo is the relative.radialhdeparture from th¢§
central circle r = Ty e

The field coeffigients an(ejl are asSumed'to.haQe an azimuthal
dependence of the fofm | |

. an(e) = Dy, * D, sine‘+ D, cost + D3n sin2¢ + Dyn cos28

+ Dy sin3e + pén cos30 . o (2)
,_A computer-program6)employing the above field allows-the
' calculation, at any angle 6 , of the position of an orbit starting

at the point " x, , yo(= zolro) s 8 = 0 with the radial and axial



‘The computer program is accurate through sixth order,
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direction parameters ¢r and '¢z‘. The equations of motion and

the field components B » Bz » and B - are given in the Appendix.s-“"‘

It appears from (1) that the assumed field is constant along '

the central circle x =0 , Although, in principle, this lack of

.'generality of the azimuthal variation may exclude the discovery of.‘|>

- some physlcally favorable field structure, it adds vastly to the o

simplicity and straightforwardness of the analysis of the aberrations.

" In particular, if the momentum P is chosen in such a way that tne‘d

central circle is a possible orbit and the source is assumed to béjaf _

Xy = ¥ = 0 , it is then possible to dlvide the aperture aberretions

- into various orders such that an aberration feature of order n 7

remains unaffected when field coefficients of order larger than n -

. are varied, In contrast, in the more general case the various orders

of aberrations are coupled., (This coupling could be removed by choice

of a field expansion properly suited to the central ray, but the,'g

electromagnetic problem of finding the off-median-plane fields yould',_

become very much morevcomplicated.)

3. _Choice of the Basic Confipuration . . '%wji-r”a'

A

With an azimuthally varying field, simultaneous first-order f

radial and axial focusing can be obtained within a wide range of

solutions ﬁ‘e made unequal, With the magnetic field varying azi- R

muthally, there exists the possibility of independently varying fhe

s

azimuthal angles ¢ , Very generally, as was demonstrated 1n Ref. h.'ﬁn'

‘the possibility of reducing the higher order aberrations by-meansiof;hf.

_ AVF depends on the fact that the first-order radial end axial orbit et
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2 terms in the radial aberrations (and in & more compli-m

¢r2 and 4,
cated way, successively, the higher order aberrations) Although we
can not claim any general velidity to the observation, there had been -'
jndications that when the AVF coeffipients in first order were chosen
fairly large, the AVF coefficients of increasing order tended to grow
. when the higher order aberration coeffiéients were sucessively méde

' equal to zero. For this reason, we decided to study a case with

' . gimultaneous first-order radial and axial focusing, vhere a'consider-‘v

© . able unequality between the first-order radial and axial orbit

l
" solutions could be obtained with a very moderate degree of AVF in '

first order.

In the azimuthally symmetric case with simultaneous axial -
| and radial focusing at 6 = eF =1V5 , fhe axial orbit solutionli
oscillates twice as fast as the radial éolution. However, the |
H» focusing angle, being slightly largér than .Qn s 1s experimentally ii_
_inconvenient. By adding a relativély moderate degree of AVF, in ‘
first order, the focusing angle can be moved to an angle somewhat

F

‘experimental interest was BF = 6 , this was consequently chosen for

smaller than 27 » As the largest value of 6' considered to be of

further study,

4, Determination of the Field Coefficients.

When the source is a point on the central circle, enit inw
particles with direction parameters ¢r ’ ¢z and of such a momentum.:,

that r = r. 1is a possible orbit (having also ¢r = ¢z = 0),

o 0 0
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' R - o '
the radial coordinate x of the image point can be expressed as

. TRPRRY o ‘ .
Z RV A A | B
u,\’ . . . ’
wvhere for eymmetry reasons v must be even,

The main emphasis of the present.work has been on the

reduction of the radial aperture aberration coefficients A v

Provided reasonable radial disnersion is maintained, this vill ensure ‘

© . favorable performance for the case of a point source. When the para-

!

meters Xx differ from zero a variety of new terms enter in

0°* Y0

* ' : :
x , these terms will influence the performance with the use of an

extended source, The coefficients for these new terms are also, in

‘principle, adjustable by means of the AVF coefficients, Some comments

on this important point, and an example, may be found in Section 6,

Analytic determination of the functions: ai(e) that will

~ make the aberration coefficients Auv zero would be extremely tedious;"'

we have resorted to digital computation instead.
_From a consideration of the general structure of the solﬁtigns;

insofar as their dependence on the a, (8) 1is concerned' if follows

- that for u+v=n, Auv is a linear function of the -coefficients

Dmn in an(e) , and furthermore %uv is independent of a vy for

.n'>n,

These last observations allow, in principle, a straightforward ;
wey of deterﬁining the &, while meking the Auv of successively

increasing order zero., Assume that the A = of order n =1 are

\
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zZero, with the digital cémputer, th; x* _corresponding to a
suitable set of Qrbits is-determined for a'particular set of .Dmn
in &, Now, by graphical‘or algedbraic means, the coefficients

: Auv‘ of order n are evaluated, The procedure is then‘repeated,:‘
after making an increment in one of the Dm# « In this manner, the
. sensitivities aAuv/aDmn are all obtained, Now, due to the linear
dependence of Auv (of order n) on the Dmn s the apprépriate
changes ADmn in the Dmn coefficients, in order to mgke'the

Auv zero, are obtained by solving the linear equationsT)
i

H

A A ' ' ' ,
Awt 0 | M0 = 0 L w

In practice -~ because of various sources of numerical errors = we
were able to obtain about a factor of four reduction in the values
of the Auv’, for each‘cycle of the above process,

In Figs. 1 and 2, examples are given of the efficacy of
azimuthally varying fields in reducing the aberration coefficlents.
Auv . The figures are.explained in the figure captions,

It is evident from Eq. (2) that we have included seven free

" parameters in each of the field coefficients ai(e) « Even in sixth
- order, however, there are only four radial aberration coefficients
Auv » &and hence there are extra degrees of freedom available for the-
reduction of other types of aberration coefficients; In Section 6
we give an g;ample in which attention is also devoted to the créss

~term betweéﬁ%the axial aperture parameter 4¢z and the source height
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perameters 'yo'.. In the present case, with emphasis upon only the

A v ve have chosen to employ a minimum number. of D taken so -
Uy .

as to remove the aberrations with the smallest magnitudes_of AVF -, -

5. The Spectrometer: Specification and Characteristics

In Table I are given the values of the AVF coeffic;lents.'.an

- determined in the wéy described, Also included are the dispersion;’;

the radial and axial magnifications, and the solid angle et a poiht;l
source resolution of 1.0 x io'h in momentum,

The radial aberrations (for a point source) of éﬁerspectro-'
meter field are displayed in Fig., 3. The aperture'displayed in the
same figure contaics those‘aperture directions giving radiai aberra=

tions contained within a total radial image width of 10-3r Since

q L ]

- the momentum dispersion of the field is 10, this width corresponds to

& momentum resolution of 1,0 x lo-h'. At that resolution the solid

angle is approximately .- 0,9% of hn .
No particular attention was paid to the axial aberrations :
except in the choice of &) vhich was determined to give first-order.,'

focusing in both ¢ ' and‘ ¢ With the field given in Table I the-

. s8ize of the maximum axial aberration within the aperture amounts to

£ 0,02, and for most orbits is considerably smaller,

There are still some fifth and higher order aberrations

present in the aberration pattern shown in Fig. 3. By further

attention to 'as and 8¢ these aberrationsycouid be redﬁced;A o

. however, aberrations of higher than the sixth order are already

AL
IR
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fﬁbecoﬁing prominent; These higheorder aﬁerrations are not acceesible
_‘for free adjustment in the present program. Therefore, only a.minor R
g (and probably spurious) lmprovement in the solid angle of the spec-
ievtrqmeter of Table I can be obtained within the confines of the \f f_ ?T”
'present computer program.’ | | | .“
| ‘ We note in Table I that the magnitude of the AVF coefficients :
Ido not much exceed unity and do_not show any tendency to ;ncrease v;th

“order n ,

h"6. Luﬁinosity: Use of extended source

!
The choice of the fairly large focusing angle of 6 radians
" for the case described in Table I is compatlble with the desire of
obtaining'a high dispersion and hence the ability to accommodate
" relatively wide sources. As is seen below, the possible source o
ewidth is proportional to the magnitude of the ratio between the radialt.
dispersion and the radial magnification. In the field given in
" Table I the magnitude of this ratio is 12, i.e., 3 times that of the
well«known vW/;- spectrometer and hence vefy fayofable from the
'y point of view of high luﬁinosify.. Apert from this concern for é.

good luminosity, the,determination‘of appropriate structures fofvehe:¥f’
‘AVF cqeffieien#sA an(e) in Table I was‘geverned entirely'by the;
.::eqpirement that tpeeradial_apertﬁré aberration coeffieient Auv

’_gheuld vanish, imélying favorable gerformance in the case of ; point»f?‘

l “seurce; Aevwaé remerked earlier, with the ferm of an(é) used-ig:e

' the present %ork there are remaining degrees of freedom available to



; meter field. In this section, we shall make some comments related to

. resolution in momentum, and D the dispersion, one must choose x

- such that

. 4 o
To allow a wide ‘source one clearly wants the ratio |p/M|  as large .

AP as possible. “An analytic treatment reveals}that the ratio D/M'"can

. 'UCRL-16802
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satisfy additional reQuirements on the performance of the spectro=

v’

. the question of whether one can use such further degrees of freedom to

arrange particularly favorable performance when an extendedvsource is
used,

I ‘xo and 2yo are the radial and axial source dimensions,

:»‘respectively, the radial image width is in lowest order given by -

1,]M] Xq where M {s the radial magnification., If & is the desiredf_"

! °~f'

‘lMlxo

o

o]

.be expressed as

8 ,
D r . ’ . . .
T " -S x,(e8) a8 , : : (s) .
. o 4

where X (8) 1s a function such that ¢ ¢ x(8) 4s the first-order

:_,radial orbit solution for a particle leaving the source at x =4yo = 0

0
with the direction ¢ and with such a momentum that the central circle

Xwyo 0 becomel the orbit when ¢ = ¢z = 0. Inthe AVF case

- given in Table I, one has |[D/M| = 12 and 0p = 6 . The magnitude of

x,(8) 1s such that for @, = 0.1 the maximum rediel departure of the

e

-
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orbit ffom the central circle is approximately 0.5 . It is evident
that any dramatic increase in the ratio |D/M| will involve either

a focusing angle 6, >> 6 or such a magnitude of the function xl(e)

F
that a favorable radial aperture beeomes incompatible wvith a reasonably
_moderate radiel spread of the orbits. In these respects the AVF ~case -
. does not differ significantly from the rotationally symmetric case, and
- hence the source will normally have to be limited in width.in‘much_the
.8ame way. | _ |
When the source width is limited by.the condition tha@ the
,conﬁributien ‘lMl‘xo to the radial image width is te be ibierable,
. the possible source area will be determineé by the permissible source
heigbt 2yo o ThiepentersAin lowest order through terms of the type
yo2 and yo¢z in»the radial image width, Of these the y02 term
is easily cqmpensated‘by bending the source by an appropriate amount,
However, there is no similarly simple method of getting rid of a-
yoeﬁiﬁ term, In the spectrometer field given‘in Table I it turns out
that the magnitude of the'coefficient for the 'yoﬁz. term is fairly |

. large, of the order of unity. With an axial aperture of l¢ | <o, 3,

' this means that the contribution to the radial image width from the

yo¢ term equals that from the source ‘width for & total source. height

) equal to about three times the source width. Although these source \
proportions are perhaps not too different from these often chosen in . :
practice for varieus other reasons, it is evident that vhen highest
'possible luminosity 1s essential the magnitude of the y°¢ term'willb

" be & real limitation. For this reason we investigated whether the
f“ : , o :
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| further dégrees of freedom contained in the present choice of‘struétuiéf'ﬁ

for az(e). could be used to cancel thé coefficient for the 'ydﬂz—térm;

The procedure was similar to that used when setting the Aﬁv coeffi-'

cients equal to zero, i.e., observing the fact that the coefficient of"'

- the y0¢z term must depend linearly on the Dm2 in aé(e) . It

© turns out that simultaneous vanishing of the ¢r2 . ¢22 , &and- yo¢z

terms can be obtained, for instance, when.

ay(6) = 1.180556.- 0.12176k sing + 1.121828 coso .

- For this value of aa(e) the magnitudes of.thg’three aberration co=

efficients are all smaller than 0,005 . A comparison with 32(6) I

~ “in Table I shows that the cancelling of the y0¢z term has been-
arranged by only a very minor change in the "AVF structure in az(e)‘. .

We therefore believe that an extension to higher orders shbuld,pfésent _"

no divergence difficulties 6f the kind mentioned in Section 3.

The possibility of handling cross-terms beﬁween the‘apértﬁrev.
parameters ¢r R -¢z and the source parameters Xy s ¥q must be
considered an outstanding feature of the AVF approach to spectroﬁete*
design, If the electrostatic method of Ref. 3 for the reduction of s

the influence of the source width on the resolution is used in cone

3

~ Junction with an AVF spectrometer, one should have the possibility

of mastering in the radiel image width the (1) pure source parameter -
terms, (ii) the pure asperture terms, and (iii) the cross-terms. For -

réppreciablevqﬁurée width and source height, and appreciable aperture

L
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solid,ahgle one has then, in principle,fthe poseibility of achieving

an ardbitrarily good resolution,

7. Realization of the Spectrometer Field

(a). Stability requirements

When relatlvely large‘aperture anglee are combined with very
high resolution, 1t is to be expected that the field shape must be
realized and malntained at a very high precision in order not to
adversely affect the inherent performances of the system, This

precision, naturelly, refers both to the particﬁlar fieid‘eymmetries.
employed in the field expansion of Eq..(l) and to the realization of
the appropriate values of the AVF coefficients &, . Some quantie “
tative ideas about the‘sensitivity of the radial focusing with respect
to small departures from the proper fieid coefficiepts eEn_be obtained-
" by inspecting how rapidly an aberration coeffieient Auv of order n
varies for changes 1n.the'field constants Dmn in &, e For the ﬁr »
¢r3 , and ¢rs terms in the radial aberration the sensitivities to
changes in the respective constant term‘coefficiegts DOn and &,

are roughly: «

aAl" ' 3A | A,
3D01 S <5D03 > 5D05

The dependences on the azimuthally varylng parts in the respective’
& (8) are roughly the same, or smaller.

Withjaumximum'magnitude of Q " in the utilized aperture ‘
W0 ' !

a change in the first-order coefflcient A 'becomes

equal to Oi& 10 -

An
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most critical among the three aberration coefficients included above, .. .

. If the accompanying change in higher order aberrations is neglected,

a radial broadening of lO% of an 1mage width of 0,001 is obtained;;:‘a'l

5

for a relative departure of 3 parts in 10° from the proper value

DOl = - 1,11473 in 8y e
- terms may increase the sensitivity further., Clearly a preeision of
the order of 1 parf in 105 will be required at least in the firste

order field parameters,

(b) Iron magnet o o L . |

If iron of infinite permeability is assumed and the effect of<e'

“the fringzng field is neglected, the appropriate shape of the pole
surfaces is that of the equipotential surfaces corresponding to the
field of Eq. (1). Thus,.from Eq. (A2) of the Appendii, the pole

surface is‘specified by

oo

£ J+1
1,J=0

where aij(a) is obtained by comparing Eqs. (A.2) and (A.6), -
Although an iron magnet i{s attractive from the point of viewl
of simplicity, it seems improbeble that, for ihstance, the desired

precision-of 1072

B

1 ©an be obtained with iron, in view of

remnant field effects and the variation of iron permeability with

in =a

field'strength. Recent progress in the @esign of high-field irdn :

: magnets withhdigital computers might, however,'alter this'conelusioh.§>

Y

The accompanying influence on higher order 37“

?:E: aia(e) xJ TT = Conmstant , o o (6)

R
(’,’h"‘-‘.
s e E
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(¢) Air-core coil

The precision requirements en field shape can most readily
be satisfied by an iron-free coil system, Stimulated by the problem

encountered here, of finding a suitable coil configuration, Laslett |

has recently established the following result:g) Given a specified

" static magnetic field and a closed surface S , there exists a

current distribution on S -that will produce the specified field
within S , Furthermore, Laslett has given an explicit prescription
fortdetermining the current distribution. - Clearly this]theorem estab-'
lishes the existence of an adequate coil structure, but the_resulting'
current distribution wiil ~= in general -- be exceedingly complicated
and furthermore consist‘of large elmost.cancelling currents, One |
needs, in practice, to find a coil system not necessarily confined

to S but only exterior to S , 8and so chosen as to be convenient

with regard to mechanical construction and economical with regard to.

power consumption, Laslett's theorem allows a syétematic study of
the non-unique nature of the coil system, but such a study has not

yet been undertaken, .

(d) Alternative approach

The form of the spectfometer field which was adopted in this

work [namely Eq. (l)] was motivated by the desire to determine -

':'as easily as possible -- whether or not AVF could lead to an interest- o
eing snectrometer design. Prior to this investigation, we had only the

. suggestive wérk of Ref, b, and it was quite unclear whether or not

,‘,
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‘crogs-terms and highef ordef aberrations could be removed Qith
  réasonab1e fields. By_choosing a field as in Eq. (1) we could ,v.J_j;;ff
‘ circumvent the problem-bf relating'céil configuratioﬁ to fileld - | ‘ l
,.coefficients, and thus concentrate directly on vhether AV? weré;‘..l
advantageous. We haye nov demonstrated the advantages of AVF |
. with réspect to achieving certain desiréd imaging properties. Clegrlyv
the actual field which accomplishes such properties is not unique:
already within the restrictions imposed by the kind of field expansion
and field coefficients used in Eq. (1) we had different choices. The
field restrictions implied in, e.g., the cholce of the fiéid structure
given in Table I, may well be unsuitable with reépect to coil design,

{ In the over-all computational ;nd technical problem of realizing in
practice‘an AV? system, it might be more profitable to apply a |
criterion of simplicity not to the choice of field expansion and choicé -
of field coefficients; but rather to the choice of general coil struce :
ture, An approach along these lines may proceed by starting with varioué 2
technically feasible sets of ccil configurations (each specified by a
_number of adjustable’ parameters), One.would determine the fields
associated with each coil configuration, and then the associated
aberrations, Clearly, since irn general a particular coil will produce .';;-3:

fields of all orders, the process of removing aberrations will be much -

a

- more involved than that repbrted here. Of particular convenience would ‘..,

be some way of specifying "linearly independent" coil configurations-”

in the absenée of such insight the procedure would appear to be feasible, :

[ R
ae -

but exceedingiy time consuning.
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“written to solve the equations, may be found in Ref. 6.

-and primes denote derivatives with respect to 6 .
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APPENDIX

 This Appendix contains the mathematical specification of

'the eqnations of motion and field expansion, brierly described in

"Section 2. TFurther details of the computer program, which was

The equations of motion of a particle having momentum p

are
1/2 - 1 . _
" o Q " ' 1yt 2 X'" «-y'" +Q -
x" = :[Fl+x)y by + x'y'd_ - (Q-y )by * —T .
/2 ‘ : o, 1 oxty
y"_ = T T | -(l""X)vae - .xiyﬁ‘by + (Q-XO )br -+ —1-4%- » - (A.l)

wherev
X = (rv-,ro)/go 0 y‘ = z/;o . '1', :.  , .

r 1is the particle radius, z is the axial displacemeﬁt; r. . 1is

o ¢
'thebcentral circle,' bz',> br ; and be -are the normalized components
S . . P~-P
of the magnetic field as specified below, ¢ = 3 2 ’
' 0
er.B .
00 2 2 2
Py T o—e— s Q= xTeyte (),

. .
L f R

The magnetic field components may be expanded in power series

about the cgnﬁral clircle r = »
\ 4

o 2° 0:-
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. B =) ' o
2 1.
b, = g - Y, ag (o) <ty (n2)
' 1,J=0
. B . ol o ' ‘
- r oo 1J Lo
b, = 5 T Z pij(e) xyY o (A3) |
iy«j=0 . o ) .
, B o ) ' c
0 i3 . 4 _ D :
b, = 5. Z cij(q) xy oL T (A)
' i1,3=0 ‘ s
. Fields symmetric about the median plane, and satisfying Maxwell's
equations for a source-free region, namely
geB = 0 ,
N 4]
yxB = 0 , | o o (A.5)

B may be expressed in terms of a, = am(e) » In particular, through

sixth order:

bz = ao+ax+.e.2x- +9.3x +a.hx +8.SJ.( _+a6x

[

l 2 ,l l ") 2
- ('é"al*aay +(§'al B R Bl i

1 -3 : w 1 w22
#(a-éna.l+e.2-2a3»6ah+a.l -3 a, |xy

-1 1 'l 1 " l. n ’i
";(_‘2’5‘31"'1'2"&2*'2'&3”"1‘ Y€ 1T )y ~



L (L 1 9 5 N : T 7
*(F“l‘z"‘e*B'a'B“2“h+555‘“15&6*&3'1?“3*3'&2"6“1
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1. 3. 1 w_3 .32
+‘{2 &, =8, +3 aq -.Eah - loa.5 -8y -a, -Faxy

1 3 1 n.'5 1 ()
+(—-8-&1*-5-&2-1;'&34-2&!‘+5as+-é-ag-§-a'+-l—2'va"+2 al xy

aly | | | o L
- = + M4 (ag + %‘- agh)) - -—L——g (8&3 + Sa.éh) + %’-aés) . (A.6)

2 | | A
=ay+ 2a.2xy + 3a.3x y + hahx3y + Sasx y + 6a6x5y

Lo -la e ianl3all, .2 Lan e 2an)y3
| + (E'al ~Fey, -ag-gally + (- 3 a; + T8 -8y - hah 3 a2 + T e xy_
*lagka +uka éa *ga +ag+ g S 1&"4--—-5(1‘)

WM T20% "0 T et TEe3 " To % YT 8 12013’

1 13 ' Low,.n_3 u4l.23
+(2 a) = a8, * > 83 = 2a) - lOa.S ~7e3ta, -Sa|xy

i
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.' 2a2 M A

a" 3

'3(l+x)3 15(1+x)5

T I

"Y* —

+ 8! L
" (l+x7 6(l+x)3

)A 5 e ‘6}’ : ‘ ‘v ‘aov ¥

al . -u’aé 4; 8! = &'

3778075

{f+ ¥ 2a..‘
50(l+x)5

The azimuthel dependence of a  was teken as indicated in Eq.(2).
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~vTable 1. Data f°r an &Zimuthally varying magnetic field 8iving 3§71"

_»simultaneous radial and axial focusing.  ’1'"'

:{Focusing angle: 6 radians
ilﬁfSolid Angle at 0,01% point source resolution'l 0.9%1 Ofi_hF¥ Hfﬁ:¥
" Dpispersion (Ar/r:Ap/p): 10.0 IR
;ELRadial magnification° -fo 81
.3 5&5 Axial'magnification' 0 90 |
v?&&iField coefficients' ]_

a, = -1, 11h73 - 0. 659 cos’

o
1]

1, 223 _+ 1.1837 casffi

,,—.1,1335’if“

I
| o
-
W
W
(1

’cos

.
n

| ’-9}8865*;4 l.é??w;cqs e - o 0066 sin 2 e

2
u

P
il

J 0}69 ,fﬁ+ 05Oh'7 coa 8 + 0 sha cos 2 e

-0z
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FIGURE CAPTIONS

The coefficient 'al(e) has been determined to give firste-

order radial and axial focusing at 0 = 6 . If the radial
aberration term ¢22 is made zero ,(A02 = 0) without
introducing AVF in aa(e) (sz =0 for m # 0), one
inevitably obtains a large ¢r2 term (broken lines) in the
radial aberration, When AVF 1is introduced in &, it is
possible to simultaneously cancel both the ¢22 gnd ¢r2
term, This is illustrated by the solid line w?ich has been
obtained by taking éa = 1,223 + 1,1837 cos 0 .

This figure shows radial aberration patterns at two inter-

. mediate stages of the determination of the field coefficients

given in Table I, The field coefficients through third

order have essentiﬁlly already been established, However, -
there is some third-order contribution of the type. ¢r¢z?
presént in the pattern of Fiz. 2(a), giving the slope of

the ¢z = 0,15 curve at ¢r = 0 . The finite aberration |
magnitude at this point is esséntially due to & ¢zh term,
There are also proninent contribﬁtions of the types ¢r2¢z2.:
and ¢r3¢22 present in the pattern, The mentionéd eberration
types have all been much reduced in Fig. 2(b): the third and

fourth order terms by means of appropriate changes in a3 and

'ah and the fifth order ¢r3¢22 as a happy consequence of

theBe changes. The dominant aberration type left 1s of the

type 8> .
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fBehavior;’ffthe redialwaberrations of ‘the spectrometer field,

”having>the parameters presented 1n Table Ir ‘as: functions of :
2,

;included is the shape of an entrance aperture conteining

for three different values of ¢ (0 0 15, 0 30). Also_

iorbits which form an image with a. radial width not exceeding jf}
ro=j i.e., giving a point source resolution of 1,0 x 10
pin momentum. At this resolution the solid angle of the_j>f:ﬁ:p!

fentrance eperture is O, o7 of hn .
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or ¢ontractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of>such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








