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In mid .. i963 a new separated K- beam was brought Into operation at 

the Lawrence Radiation Laboratory. 'and for the past year a 7Z-inch hydrogen 

bubble-chamber run. deaignated "K-63. It has been carried out attbeam 
-:;~'. 

momenta of l.S. Z.6, Z.7, andl.S GeV/c with an exp08ure of about SOp 000 

pictures. (Concurrently an exposure of about 7 SO 000 pictures was made 

with '11'- beams at various momenta from Z to 4 GeV / c. using the same beam 

'apparatus. ) 

In overall configuration the beam" is a conventional two-stage .ystem, 

but the optical design is unique in that a new method was used to eliminate 
. 

chromatic aberration which does not require the use of magnets with sextupole 

field components. The ma.s slits, usually perpendicular to the beam direction, 

are tilted severely '0 that a line along the apex of the .Uts makes an angle 

in the horizontal plane of only a few degree a with respect to the beam dir_ction. .. 
With this arrangement it was pos.ible to design the beam optic. so that ' , 

stigmatic foci are formed nearly independent of momentur:o at the mae. aUta 

of both the first and second stages. The result i. virtual elimination of 

chromatic aberration over a momentum interval of 4%. Primarlly the purpose 

of this paper will be to elucidate the foregoing technique of achromatization. 

For this purpose it ie unnece •• ary to delve into all the detailed deeian of the 
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beam and sufficient to consider only the optics in the vicinity of the mass-

, r' re.olving sUta. 

\ A coordinate system wil1 be used in whlch the Z axie i. along tht: 

beam direction and the X and Y axes are vertical and horizontal, respectively. 

Angles in the XZ (vertical), YZ, (horlzontal)~ and XY (tran.ver.e) plane will 

be denoted by~, 9, and "', respectively. In this discussion finite eource 

eize and the correapondins finite eeparatJon of the ma.e aUt jaws will be ignored 

and the 8qriacee of the sUt jaws will be represented simply as two intersecting 

planes, viz.: 

or 

II: X cot ~ + Teot e - Z 1II 0, 
S ' • 

tan \fI= - tan + /tan 8 , ,.8. 
(t) 

where ~a and 9s al'e angle. between the Z axle and the li,nes of intereection 

of the planes of the slit jaw with the XZ and YZ p1a.nes, and "'a 18 the 

corresponding angle with respect to the Yaxil in the XT or tranever8e plane. 

The + or - sign distingulohea the upper and lower .urfaees of the sUt Jaws. 

Suppose the origin of the coordinate .ystem 18 at the eente'r' of th~ 

mass aUt and let the optical matriees connectins the target and the point Z in, 

the vertical and horizontal planes be given by, 

[
t zl ra. ~1 [Q,+Z6' ~+ZYl '. 
o tJ 16 y = 6 · Y .j - vertle~l , 

[
t Z 01 [a b g] t'+ Ze o 1 0 c d h =. c 

00 too t 0 

b+ Zcl 

d 

o 

where the corre.ponding ray vector. are 

gh+Z"Jh" ' ... 
- horizontal, 

t ' 

(2) 

" 

.. 
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[ ~i] . vccrticat" ;'nd 
. ... '. :' 

horizontal, ." ..' '.~ 
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. ". ".~ and·A is the fractional de~iation of momentum from the central momentum. : .•.. :.... 
. , 

Chromatic aberration can. be considered in terms of the momentum dependence '.,:'.~ 

of the matrix elements. These are complicated dependences related in .... 
.,/ "::-. ~ , 

.: .... general to detaihl of the entire beam •. In the subsequent analysts the. matrix :,. , .. 
, elements will be expanded in power series in.6. e. g., 13 t: ~O + ~1 A ...... 

but the only terms retained will be those leading to flnal expressions linear .in •. 

both A and Z. An expression for the soUd angle ·accepted by the mass slit 

will now be obtained from which the conditions for achromatlzation or 

momentum independence of the" accePtance will be deduced. 

The displacements of rays. in the' vicinity of the mass slit which 

originate trom a point source (Xi = Yi = 0) with angles ~i and 81 at the source. 

are. from Eq. (2). 

x :: (13 + Z y) +i' 

Y = (b + Z d)8. '+ (g + Zh) A. 
l· 

(3) 

It will be assumed that for Z = A = 0 there is eo stigmatic foc~s .0., that 

, , 

appropriate loweet-order expansions of the relevant matrix elements will be 

(13 0 = b O := 0 gives a stigmatic focus at Z :: A := 0), 

y :: YO :: i./Mv ' .. d :: dO :: i./MH• 

: ~. 

,', wher~ MV and MH are·the vertical and horizontal m~gnifioatlon •• respectively.'" ',' 

The ray displacements i~ the vicinity of the mass slit are bounded by the. 

plane surfaces of the slit jaws. The combination of (i) and (3) and use of 

the foregoing expansions or the' matrix elements yields the followin8. relation

ship between +i and 8t', which defines the boundaries o£ the region in 

. .. ~ . 
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4>\, 91 8~ce accepted by the mas" alit: 

:I: (~1. A + ~/MV) cot ~ s +1 

+ (bt A + Z/MH) cot 8. 8{. 

+ go cot 88 A - Z 

Achromatization results in general when 

1111 O. 

~t MV :: hi MH == -'0 cot 8~. 

that is, when the vertical and horizontal/ocl are stigmatic for all . . . 

(4) 

(5) 

A and 

when the apex of the slit jaws or intersection of the plane·surfaces of the 

slit jaws lies along the locus of the stigmatic focus. In this caae (4) reduces 

to 

(Z - 80'A cot 8 .. ) (*+1 cot~&/M~ + 81 cot9./MH - t) == 0, 

or, in terma of final angles + =' ct>lMv and 8 :: 8lMH, 

:I: ." cot 4> .f- 8 cot 8 - t == o. " . (6) 

An exceptional caee occurs when fS t 1111 cot 8
8

, = O. Then b i - and in fact bO";' 
, 

can have any values. This is the aituation achieved when magnets with 

sextupole field components are included in the beam optical system in such 
/ 

a way that ~t can be forced to equal zero. Equation (6) then becomes 

:I: + cot + 8 - t = 0 and the region of achromatic acceptance is simply a 

strip parallel to the (J axis bounded by + 1111 :I: tan' 4t s. A chromatization by 

the sextupole technique ts not always convenient and involvea incidental 

optical aberrations which can limit ita usefulne.s. 

'. The achromatic acce~anc'e region defined by Eq. (6) when 

cot 8 s f Ot8 illustrated in Fig •. i.. Typically the aC,ceptance of a separated' 

beam exclusive of the ~as. sUt will be almost rectangular.' Such a region 

ia shown aa a dashed rectangle in Fig. t fitted into the acceptance region 

presented by the mass slit and bounded by +m and 8m , the half angles of 

. acceptance determined by apertures other than the masa slit. BY'inspection' 

01 Fig. t the following relationships are obtained which. together with 

/. 
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the condition for achromatization, . Eq. (5). define the geometry of the slit .. , 

r 

.~ ..... 
• ~~ j 

. " 

. t ~ , 

".4 jaws:, 

, '. 

.,' '" .,:'. . .... 

, ' t&n "'. . ::: + . / ( tan 8. '. 6 ),' . s . m. . m 
'-:~ . 

(7) 
tan.' = -f [tan 8 / (tan 8 .8 )]. " .. .' 

8 m S8 m 
.. -~- . 

. From the last one. of the above equatio~s one can see the pri~cipal drawback' I ", . , 

in the use of the tilted-slit method of achromatization: namely. the effective 

vertical divergence of the slit is incre~.ed by the factor tan 8s /(tan 8.- 8m ) 

compared to the divergence r'equired for a slit with its apex perpendicular .to 

the beam direction. Hence the effective thickness of the sUt Jaw is 

correspondingly reduced. For small separations inevitably encountered 

when a aeparated beam is push~d to its limit. the reduction in slit-jaw 

thickne.s can be the limiting factor. In general 8 must be much larger " . 
than 8m • 

Values of parameters relevant to the foregoing discussion which' 
I • ... • 

I 

were determined in the de"ign of the K-63 beam are listed in Table I. 

The sUts are severely tilted (small 8,,) and elongated in the' beam 

direction as indicated by the large values of go cot 8 s. Measured in a direction 

perpendicula.r to the apex.' the slit jaws were t in. thick - ample'to realize. 

ma~imum e£iectlve .rejection for partic:les incident in the beam direction. 

When ae in the preaent instance 8 is small. '" is approximately equal to s •. 

the divergence angle of the slit jaw in a plane perpendicular t.o the apex of 

the slit. ~hich is the angle most convenient for specifying the construction 

(:. :"'; '.;; .... of the slit Jaw. ' ....... :;.~ 
, .. ' To illustrate the overal1 beam configuration. a schematic of the .. ' '" 

.; .. 
layout of beam apparatus is shown in Fig. 2. The only feature of the 

configuration dictated solely by the requirements of tilted-aUt achromatlzation 

S.S the inclusion of a singlet quadrupole element just ahead of each mass alit. 

t' " 

" . 
, " 
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For reasons probably"obVtous'.the; degree of fr~edom provided by this 
, , r;:' . . 
..' 0. 

°magnet is essential in order.t,oenaure etigrtlatisrri of the vertical and., 

'horizontal image' •• ~ th~tis.to satisfy the; achromatic condition 

: : ~ , 

The overall optical features of the beam are indicated by the ray':trace. 

diagrams shown in Figs'" 3 and 4. which were obtained by analog computat~o~. ~; 

" . '.' . . .... - ~--,~-~ ~~~~~-".~:""'-'c;:.,.;.:.~ 

.. ' vertical plane with {ocallengths of about 350 in. and target height and slit 

widths all equalto i/t6 inch. The separators are equipped with glaas cathodes, 

and are operated at about 500 kV ~ith Z-in. gaps. 
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FOOTNOTE AND REFERENCE 

o 
Work spon.ored by the U.- 5." Atomic Energy Commission. 

i. For detail. of optical design and magnet .tudie". reference may be made 

to Alvarez Physics Memos No. 519. July t 964. and No. SiS. July t 964 

(Lawrence Radiation Laboratory. unpubliahed). 

. . 

.. " 
"" \ 

\ 

-' 

" .' 

• 



'.::" 

" ,-. ~ 

. r,' 

I 
I 
" il 

',.' .. 

'; •• oo!', 

UCRL-tt426,' 
, .. , 

'Table I. Values of variousparameterapertinent to the "tilted mass slit"< 
, . .,' ~ .' '" 

'~ethod of achromatization used in the K~63 separated K- beam. -
Para.meter 

-. ",. 

~ ... 

4lm 

9 m 

, ' 

: ~ 

First stage 
-3 " 

2.7 X 10, 'rad 

-3 X 10 rad 

;'0.9 

", -t.1 , ,.' 

0.5 in./o/a 

to in. /% '.,': 

" 50 

',3.~ 

-3 ' 
X ,to, rad 

, .. 3 ' 
X to ,rad 

• 

',;" 

Second Btase 

3 X to- 3 rad 

~ 
" 

-0.9 

-t.t, 

:~ 
"0.5 In. /% 

I': ZO in~ /"10 
; 

" 

25 X to- 3 rad 

-3 4.4X 10 rad 

-3 t76 X to ' rad 

'.'. 

" 

" 

-'.'., , 

"':.'" 
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FIGURE CAPTIONS 

Fig. 1. Acceptance diagram in the "pace of the vertical and horizontal 

ray angle" at the mass slit for a separated beam achromath:ed by 
'" 

tilting the apex of the mas. "Ut. 

Fig. Z. Schematic layout of K-63 beam appa.ratu ••. 

Fig. 3. Ray trace diagram. for fir.t stage of K .. 63 beam. ' 
• 

Fig. 4. Ray trace diasramo for second stage of K-63 beam. 
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" '] , This report was prepared as an account of Government 

~ponsored 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 resulti~g 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 contractor 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. 
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