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OPTICS OF HIGH-ENERGY BEAMS'?
BY OwWEN CHAMBERLAIN
Phycies Deparlent University of Califoinia, Berkeley, California

Farronrerion

Many of the experiments vow being conducted on higheenersy ace
velersors voquire the use of heams of charged secondiry particles. It s
worth while av this Gme (o attempt o sunimarize inforsmaton about sone
of the most useful methods of setiing ap such bheams,

We ioe not concerned here with the primary heam of the accelerator,
Rather, wo assame that a targen is stroek by the primary beam and chat it
P chesived to farnna bewm e the sceandary chureed particles that emerga
fram eollisions within the target,

The shiuplest system of Torming this heam of seeondary particles tnvolves
the nee of magnetie Telds onles Tnomsost ciewes it is desirable to obtainca beam
of paaticles of Eoown wmageetic vividicy, or momentnm, Phe balk of this
artiche is addressed to this problem, Some coniments are also made about the
use ol cfecteie ficlds in conjunction with magnetic ficlds, The inclusion of
electvie fields allows the separation of a beam of koown mowentum oto its
various components aceording to the velocities of the particles, henee ae-
cording to the masses of the partieles, These arve veferred to as “separated
heams" o '

Uhe curvatare i of a chapged particle moving in @ maguetic field is given
iy

N o= (eBB) /(o)

where ¢is the charge o electrostatic units, B s the magnetils induclnc)n in

witss, fois the momentum in egs units, and ¢ is the velocity of light fy

cngsee, The eurvature K s given in e, and s the reciprocal of the radiys

of curvature. In the above expression, it has been assumed that the particle

moves in a direction perpendicular to the divection of the field 8. If the

veloeity and ficld are nol p( rpendicular, the curvature vector may hL given as
= (dp/dsy/p = (ev X B)/(prc)

where #1s the particle \'c-lm‘il_\' in e /sec. and ds is an increment of distance
aloug the trajectory of the pacticle. The curvatare is perpendigilar to the
field B (and by debnition perpendicular (o the velocity ). The magnitude of
the cuevature clearly depends apon the component of B perpendicilar to s,

ln most cases the momentam of beam particles is given  justhe unit
Mev/eo (Momentum in Mev/e is numerically equal to pe in \fh'v) If we
r(-\mvl our attention to particles of single charge (4.8 X107 “’) esu; Aml meas- .
re the momentun in Mev/e, then our expression for the (lll\’ﬂllll(‘ m ag-
netic field reduces to o : : SR

K== 300 X W01 B/, B, = [plln M(-’\’/C)I/[Z.GO X 1]

p being the radivs of ¢urvature in field B This form i the most. cmwenmntL
for our discussion. Tt resembles Llosuls the well-known foxm .

ﬁ((n ev/e )/3(7()

Nearly all the nrmngcmcuts i’n use for forming bons of :‘-i’\(*(}f(lﬁtfiy yarli-
cles have B Geld patterns sith a plane of symaicetey. We z?,ur‘ mu rostmt’

1 .. .
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B = pilin ev/c} /300

Necarfy bl the arvangements in use for Torming heams af secondinty parti-
shes Banve  ield patrerss with a plaoe of symometryv, We therefore restrict
g wttepfilod tosvsboms with such synimetry, and tor convenienee tnex-
plasation we speads ax thongh this plane s alwava @ horvizontal plane. \With
gecnga £ pes Uhis plane of sypnmetey, which we call the Peentrad plane,” the

s4 fean »heuhl ave the following characteristics,

i b e pnigietie Beld o the centeal pline ds perpendienlar to the central plane,
i Baery senth nnagnetio pole above the central plane is accompanied by a south
jiefer o4 eagresd aavetande wt the nriveor point below the central pline,

oo wvary carrent elisent abhove the plane there is o corresponding current
efoarrnt of e nienitnde whosc position and direction are obtained by microy
fa bl i ite Hhee Central phioe,

s L\ dlransing of the magnetic feld Hoes will exhibit reflection sypmnetry with
tepest to the central plane; however, the direction of the smagnetic field below the
pelesie se mppeesitee to that wiven by shaple vetlection,

Thi= svmpwerry should be obvions fo all the svstems (o be disuessed,
O comzise, we swatil ta niake oeeisional wse of Turther symmetry properties
g il Enes,

Hecapse of the vetleetion symmetes assumed, the field in the central
jrlane b perpendicula o the central phimes We choose this upward direction
as e s diveetian, <o that we have Boas the only field component in the cens
vial pdaties Inoprinciple the dickd = everywhere known once i, is known
theoashict the centeal phioe hecanse the conditions

KB )
sitdsl
B =

allosv all derivatives of the held componests with respect (o z 1o be ecomputed
i teris of devivatives of B0 the centeal plane, Tnopractice this usually
picats the tiddd Bs completely known onle ey close 1o the central plane,
siev i b it feasible to obtain sneh aceurate datacin the central plane that
Ligh order devivatives can be evaluated with goml accuracy.

Baste CoMproNenTs 0oF PURELY MAGNETIC SYSTEMS

For experiments conducted in connection with magnetic acecelerators
such as evelotrons and synchrotrons, the first magnetic component is fre-
quvullv the held of the aceeterator itself. The magnetic field of the aceelera-
tor i~ ustadly available in the form of o plan view showing contours of equal
B.in the central planc.

For most applications it is essential to pezioomn 4 momentum analysis o
the process of forming a charged-particie beam. This is frequentdy ac-
complishied v the use of deflecting magnets such as that shown in Figure 1,
This magnet has been designed o approximate a uniform fickd within a
rectangular region in the central plime. However, other field distributions
are frequently used and can be made by using tapered pole picces,

For the formation of the most useful beams some focusing properties are
cssential. Most deflecting magnets have some focusing action, but it is
usually too weak 1o cl((()ll]])llSll the desired effect. An »mpm\dnl «md valu:
able component is a magoetic lens made of quadeupole magnets. The fie ld:
pattern of a quadrupole magnetis shown in Froure 2, Quadripole maguets
were introduced in 1932 hy Courant, Livingston & Snyder (1) along with the
strony-focusing synchrotron, A single quadrupole magnet bas o focusing
action for motion in one plane (either horizontal or vertical) and a ’(k*fo(rus;ing
wetian dn tha athoe nlaoe Hawever, 1wo or maore auadranole nl}'n"r!f(fts mav



AP hodng! Bheg apeitig ot s BireslVessi, OV spnple gt pode THARNeT ds d rocusing
s Baeviss faet faeerbpore thp soibe ke Gelther bonizontal or vertical) and a defocusing
s Biene die Rfer wthier pebesee Hlowever, twvo or more gquadrapole negnets may
Bras sesund Go0 g e et fooising et i hoth plaies aad, in fact, to produce
X ki o dhal elosely approvimates o -impde thin lens of the type
oapetie s B agsilede Bight Natioe that quadrapole maenets, if oriented

Cwan sheewe an Prsire X boove tlecodesired svimmetey property with
B =heol Banodoae stval dhartaaitals irhun*.
Ehn i seseno v iy o o Do fomy iy roe Cesrran PLaNg
gr ;’,_@a.,_

B siaa fardd

erveteriry, o of the Biea stops s Lo determine ane

g h the svstenn, s bich oy invalve the niaguetic tield of an
farase 8% snan calb o tgectoe sy thie contral tav o central orbit, On

raads od g enstan s o] B the contral plane, 10 o sinple matrer w
sk dEspes bopdes as ity o the cepteal phane for particles of given
fretmanaeiinn. Cac sl st e o spectiied potnts which may be the
Tovaiioean eof ga Bar e b, s commpuites an ar bt foraoparticle that Teaves the .

cotowie cokes gzt direcenion Mcenanivdv s one may trace the orbic o
wo s ewngeiry bonk from o Koo pomt toward which the desired

Bae v st G evmple, ane iy compute backward from an esist-
deiy il ges foosfeteriepee where oo oeer shoald be placed,

Yoasepoters stay be derermined Dy nomeieal integration, perhiaps with

nhoc Botponed s e teande s omptter, sl thie ase of womechanical orhit plotter
ks e that descritasl By Raokio o2 oe o g vraphical method, An example
sof el prapbaead taeing of a4 trajectory toshown in Figure 3, forachypothedead
wase Fhe oriat s approsimated piceewise by eivcular arces, Tnoche figuve the
st are extends from the target center on the contour of 12,000 gauss to the

cadtbeatif of SO00 goauss, being deawn with the radius of curvature appropriate

U he suey ey of liwrature pertining to this chapter was concluded in May, 1960,
# Nuttsig the abibreviations used in this review is: el (radio frequencey), '




‘4,5.é!ﬁtsiié?ngé"{féhﬁz“ = ey Babasf Torid, oV SEORIC qpuctat b pode g hey tas s J0CUSRE
genbhuen fer gaseefinagd 1ag ot plane Geither horizontal or vertical) and a defoe using
i da 8w mther plase. However, two or more quadrupole magnets may
i sesesl fie give a aer fsousing action in both planes and, in fact, ta; produce
@ wesgaesie beos b closely approvimates @ simple thin lens of the type
agesal 80 eegatiis for visilibe Hght, Notive that quadrapole magnets, if oriented
pe als say sheswn fn Fleare 2, have the desived synnnetey praperty with
i :eﬂanﬁ Gor @ v stral forizontal) plane,

Dheveasis st oF & TrajErpmy s e Cenrran P -x\'r-?'

=3

v ket the svstem, whivh may involve the magnetic fiekd of an
et We way vl this sm;ulul\ the central vav or central orhit. Qo
¢ Bpeiz of s eosttotr miapoof B in the conteal plane, it is simple ndatier o
safpaaed Bastive Roafies Gobifis) in the conteal phime for particlos of given
‘ ey g Chsie eanddly starts from =pumm| point, whieh mdv he the
Bocaiion o o argeet, amd Gaputes an orhit for aparticle that leaves the tar.
PRI R 111 elas!ﬂh G direetion, Mreraatively, ope may tace the orhit in
vevetse, veimpesiing back from o known point oward which the desired

o pe bl o ennmpde, voe neny compute backward Trom an ¢ NSt
snatest B dheperpne where a target shonkl be placed, ‘ ,
feeterr sty be dicermined Ly monetieal integration, perhaps \\'ilh
«f aqny ol w*n‘smic vepEILer, W illi the nse of @ mechanical orbit plotter
ik e thit diwribal By Ramkin (23, or by acgraphival method, An‘example
of glee g,g‘gaggi;m;i pracing ofa trajectory s shownin Figure 3, for ahypothetical
cazse, Thie wrbit i approsimated piccewise by eireular ares. In the figure the
gigst are extends from the arget conter on the contour of 12,000 gauss to the -

s fm sasqssﬁ i) sYALEENE, ope of the Bt steps is to (Il'ii‘l Hllllt' “'H". -

- @uasamur of 8000 s, being deawn with the ridius of curvature dppmprmtc

ke survey of literatore nm.mnng to this (lhlplol Was Ccone lnded i Muy 1960
-t \m@mg the nhhw\l.ulmh used in this vev u'w jus o, (mdm l'mqm HL)‘) "
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o Bt’!ﬁ,ﬁﬁi?ﬂa watiss, Pheosgh the end-point of the first are and through the
enigbed £ § el ahe Brst are, the vadins line can be extended o the new ecenter
€72 whviese gaesirien 5 sueh as o give aonew sadins appropriace (o the averige
frbl sver dbwe st clrcabar are, in this example 0000 gauss, The second are
gy Rhees B edravn about O 2 Jo center and extending 1o the 3000 gauss

3 Bl whsiead re o5 diown stmibarly, extending to the 2000 gauss con-
el E=sea;aﬁﬁz\nna -az.m»iu Hue Gt vight aoetes ve the line through the cad of the
Bast g pond € 80§ geed Gy the e bit fnto the wealsdield vegion with a
ebo 8w Biniy ok gm%m £ abe aevonnt of the wotal ticld heyond the 2000 gauss
eosatoogr, §he asgle sl deflecrion i nelinns) at D s (pifBils) '(l?p) The
possiiearis oo thee oiind 2 nnan B fived s 0T BN (S B i), The integrals are
wapgsesh sahising thie approsiate orbi fmm the end of the Listare, T should be
ceppaasized thiot the example shown in Fipure 3 is done in exceptionally

v ser shegrs foa minike the duieram lh'.!h ln practice, itappears that eich ave ™
sheandsd cover vy alwt 4 20 per cent vange of tield values i the Goal orbie
s ten easgmesgaad o the proper momentan t within about 1 per cent. (11 the
Bkl oot b5 o diawn o actaal siee, the vadii of curvature must obviously
b scated 1o vorsesponed 1o the seade of the drowing.) : ,
Clearhy, anher magaiets, such as dellecting magnets, may he lw.\tcd in tlic
sagiie Wiy b0 eitain erbits, However, df the deflecting magnets are con-
stesetead like that shown in Figure 1 ihe field contours are very: iearly
srgigh lwes and W0 asnadly satisfaetory to make the sunphl\mu,nsumm»
ggond thest he regtan of beld s rectngadar, heing full Hebkd within diar rec
fiamaghe el figo s, The e aeth of the rectangle is the so-caldled cll( CLve
ragth ob the fickd detined by

f. < lffx)/lf,,u

Hers Bois the wnsinmm leliband the integral is to Le taken over astraight
B shaaeneh the magner aperture perpendicular o the entrance edge of (he
pacde face. The etfective length vsuadly exceeds the phivsical Tength of thie iron
pasdee Laee by abisunn ane g width (being one-half gap width atcach. cnd).
The advantage of the praposed simplification is that it allows the (sdjectory
within the detleeting e to lw constincted as one eircular ave. B

\ﬁglﬁf.llllh[mlc' agnet has zero leld along its center line so that th- ¢ en(ml'!-?

crbiit Be it in the vicinity of the quadreapole, aosteaight line cotneident
with thee gquapdvapole axiss Fhe focusing propeetivs are dm ussed DCanother
sCCHIe, ‘ '

Focrsiso PROVERFIES 01 M AGNERIC TE)Lns

It is usually quite important to know the focusing properties of a-miag-
netie fiekd and wo adjust the focusing properties to achieve. thc'r](sir sult,
We consider separately the foe umu, in the lmnmnml planc ancl m
el phne, 7 LT S

In the horizontal plam we' may l'n'sl study (.\\'o”o_rhitss"Lhzil ¢
Sargeet conter incsliphtly ditferent divections, p(‘rhnmE(rm‘in‘d the [
by othe g ||phn.xi method mentioned in connection with Figure 3, Aie
is shown in Figuve 4 of a target \\lllnn the magnetic field-of an i
and with one detlection magnet in the systen. T is usually dsaumc
sestent is lincar enough for two adjacent orbils that mtmm] Vi

waed 1o de (unnnv positions .nul (luoumm of mlc ) nmch m o lnt‘




s shown in Fig we b ol o Larget: \\ltlnn the nmuu e fiold nf an négdlerator
and with ane detleciion et in llw system, TCis usually assume thal llz("-"v S
Csysienr s linear cnough for two adjacent orbits that incerpol Lo iy be

LESI Wetermine |.u-=|lum- and directions of inter mmh(m\ orbits Sgure 47 '
- shesws dieapparent target positions, as viewed from urlam [mmls dong the
Beamt for particlis of the particolar momentum for which the orbits have
Bees cadenbated, The lipure shows as dashed Tines the steaightClines extended
Dacckwards o their intersection (o determine the apparent target [‘__)‘,i)é;it‘ijmm.'g el
s adso vahsable o know (he apparent magnitication of the: ""rgjt':"( as-
viewisd theougl the stens This may be acconiplished by tracing a
- vl siarts o one edpe, rther than (Iu center, of the tareet. One sue ;1 arhit” .
s shesun as o serivs of dots in Figure 4 Again dashed lines are usetl o show
\Eﬂdig!ll Hoies extended buckward o (h termine thesize of the appare RUtarget,
Cainddly s aoecabistically hoge trget mast be assumod :;n,th.xb3;1.—,1phu.¢11"
ervors may be minimized, o
Pheere boan alternative method for llmlmv the be \1 avior of or lntr close (o
lin‘ ventral orbit, Onee o centeal orbic has been (I('lmnnnul ey )hi'.l”\, a
simpde ditterential equation may be solved numerically (o find the locusing
popaertios, The theory given here is a dinear theory, adequate providing the -
orbits ander consideration do not deviate o much from the ceateal orbit -
Figure 3 iHustrates the werminology used here, The deviation {in (lt{"_u niril
phaned of some arbit from the conteal orbit is called 5 and is nuul[_‘u'.d per-
Spendiewlar o the central orbit Figure 5 s drawn for g ;msm\ cly charged
particle moving tu o Geld divected ouc of the plane of the figure avith g .
takinge a positive vadue, The differental cquation Tor g as a function of s, the
distanee whmyg the central orbit, s o » :
™y 5 c b B, "=
e | B - \(]v',»':‘).&, .

Hoeve, B the neenetie flux density alooyg the central orbie, and ?1’3“«,,1'77 is the -
spave tate of change of B, along a line perpendicnbin to the orbit (andiin the
divevtion of positive y as indicated in Figo 8) evaluated atthe wnlml mlm
The differentiad equation can be used (o determiine the same prope
for which we have used the constraction shown in mlno»-‘l.‘(m( YO0y

central arbit has been determined. To determine the apparent’ mm
tions we would use starting values af the target of perhe aps =),
Then, (o tlvlumm( the apparent source sizes we would use as nm,n il .
N A0 dy ds =0, o cach case the (hthlvnlm] equation: would he fnfegrated
numericaltly ulmm the trajectory from the target point. ]_}’l‘(.fllt;hlll,th-f '
interpreted as suggested by Figure 4 o (ILUnmmv t.‘nc;.(lmri_;:bu'n ,
apparent arget position and size. © 0 L TR

The same theory may also be L()I)HU ucted fora dn\mlmu orbitof o
cle that differs slightly in momentuni- from the mome ntun (‘ml(‘spomlmw ln" e
l)w central orbit, There is then an additional term., S

dy | {",1 (m RV R H b

o= SN -|

B /f/r 117) (li/nb I',‘ [>/) p

d\-

H( re op/p is (hv fm( lional (lmnw in monwntum \\Mh re \pL({ tc) th
momentu, llw.(~r|u.mon "b i th( author's (\p(‘lunu,r a»(u
Fermi (3). Here Bias to he ul\(n s mml,u i he luld s du(\i’
~the plane of the figures The qus umt\' DBp is to; be giv en (1 puxm\
.[)nwnlul) charged ])rllll(lU and-a 1105,(1“\(»3*1911 for anegative pe
S The lnvzmm, pmpm (i Tor mlnl thay l](\lllL ver '7
Carbitvan also be handled fn siniitar ways” Because o

ntral -




_mMuva chavged pacticle and o negative xmn for a e mitive pm ticle

- SR REER R M RELAR BTy R ART RN ||Ihlll “@n })U\Hl\( o thibe [Hlll 1o (HH((
- flhv plmw af the h;,uw llu- qummtv Bp i is Lo Iw piven a positive

The foeusing properties for orbits that (lc viare ver tienlly lmln tl
:ealinl s also e Bndled fnoacsimilar way! Beeanse: of the zero di
il zero curdof the flux density B the vertical focusing nay he relage
Combme portnal derivative 4B /dy thad Tas lu ‘en used {orthe lmn‘mnml,
CPhe diderential equation is | S

Ay n AB.

'ntml B
wi SECE
othe
j;’i}\“ing.»

(l\" /)p :l:;

' ch'{ el vertieal displeement ol the de viating arbil s mc'.mmc' lmm-f
sthe centeal plane or from the conival orbit Again, the ¢ expression is hmuu e
ﬂw disphicentent, The sivn conventions are the same as those giverr mvmw
Phis ditTerentiaol cquiation can be used Toe all cases {m which h(
ovbin dies i the centead plane. ‘ ,
CForletieetimg manets with uniforw field By {or that cin lw‘ap] STNE
mated by a vegien ol uniform fickd), some siviple expressions are asefuly \u(x ,
cith Tueusing necurconly where the central orbit enters arfeaves thesy .fg,m e '
teld vegion, aod then only when tho orbic is other tlmn noftial to tlw )rmml
ary liec ol the iddd region, The vertical foc using actslike a (hin lons ;
entrianee point and another thin teas at the (\l( poin, th fm l Icmr(h /=',__-.
being in cither case given by

comtral

l-‘l=' = () tan 0 Lentranee ov exit of deil cmm: nmpnu mth nmturm fiele

where pis the radius nf CUFVALUre in llu (i hl or (/5/)) ]3‘). .mcl () is th g».ngi,.:-“} SO
between the centead orhit aopd the normal o the Imlllnlan e ol h{""l‘i('ld
region, Figure 0 shows ) at entrance and Oy at exit, for positive 0, .nul U»g For

the horizontal focusing it is convenient to measure the object dist ,nw /) [T
from the entrance botndary and thie himage distance ¢’y Tromm lhe o‘q Dound-

ary. The expression relating (II)JL‘(I and image distances s o

arctan [{p/p7) - tan /),I :u(;l;m [ (/") »k tan 0-_;.’[» =y

Lo h(n"iv'l,o.(\ml: {(,i(iiliﬁih;5;---1}11i



| :‘,;fl‘!\(z \nn l\'-v \'«u-f,'.} Si:i.. I3 !. D Hl i, “«

o for lu‘vm)nml focusing, nniform iwld \th- a i (hv lwmlmo, an;
c"m.cl ullnl m Illt‘ Y n;,uv \()(lw /) - mncl (/ " ‘n(‘ |m «11(11(‘(1 hm;

'm\, uml l’\- Bucehner (60). Jud(l (1) .1m| “‘!lllllll“ll\(l (&) h.w
g?mamunnuh fvalving non-aniform helds, ‘ R
S e metheds discussed above shoald he ade cpigid fcn .mn(m allir ipn<=(u"f
Cepmponents exeepl qu Wrupole magnets (or strong-focusing g
Cypical gquadrupole magoel is showit in end view in Figure 7. }fw , -
side and tap views in eross scetion, with typical deviating orbits, The contr al
arhit i assumed to lie on the conger Hne, Notice that a single qd
foensing for devintions in e plane mul defocusing fcn (]( \lmtmns i
plane, ‘ - : ,
The field within the poles of the quadyypole is m(c e fo conform o Lho' »
following expressions, We take the caxis o bealong the arbit in: the forward -
divection, (e o axis ta be vertieally: n[n\aul out of the central: { mm)nml){
phane, and the yvaxis to be fived o nmlw a right-handed co- cmlm m\ L-\alun.

[i: H_}'

] e
})!, oy

,hupc)io is
'/:_t he ot h‘e‘_

The simplest treatment of quadrupole focusing involves ;qul'n'x%'n{i" Ahat the o
magnene Qux deosity is given by (hese cspressions (luuu'*lmut lr(- lc’mrth' L
of the pole picees and a short distance hevond at each end. Tl Tull. leogtho-
cver which the Geld is assamed (o beof the given form s l)'c:n alted (lw o
”1\’( i I\} B

elficetive tength £ To fair approximation the eifective Teugtheis)

~where I[) is the length of 1h(* iron poles ‘m(i fois li\c npm ture M(im‘f aine e
Figure 7. The field is then (wnmul Lo be Zero. hevond (he ;"%a‘mn ﬂf the
it l“l‘Lll\(‘lUl}“(l]. lmfmtunahlv his ficld, as giveny -does not satis ‘1\I<l,\\\0”’ O, .
o - equations because the ewrbof the he Jd does not vanish near nds of the =
© quadrupole. Nevertheless, very aseful calentations of orbits can he made with
This assumed hc]d. noglutmg !lw cf!cch uf tho funfrm\r nld ‘ t,zl't"';rxiiilt‘ls,["f'_i“n'_»"‘.;-
L evitably hie present. : , R
AV ithin the qtuuhn;u)lo'hcld e (m\lmm\ cat 1110 mhlt 111(,1
s thv Y ull(‘L(lnn fmm the (onlml mln( 'llcmg lhc wntm Inw is

‘I?\'*
 (/} »

e
_ il . v
‘ 'H\ i Jaummg,n \'/(/\w I \\(* l e ;u\,tm mp!u t u! (h({
.j»ln «1\*~(1\ aml Lm B : o T :

feviates in

”H:' “”;,r,w‘“‘ ‘

1},7 T

coond:




1/1/ sin (/ml

: T e gl”"!t]ul‘ p!‘uw from \\lmh the i wo (ll)'cllltl’ xu 1. hc
;E;u alnl s e the o !'lucnvc m.n(lnupol(".\ dist m(u" e

[n - CO4 (/J\l l/ sin (ml z =T ; (mw'"

n

' ”-] g %m .lm'iu'\lm Ation P8 sonew ]m( more mm}u llmn n(-
lat ih:* r’shu oy pl e th(- corresponding U\])I()ml(nh

are

l[".fi (R . - PR ' ) k_ )
w o ogow b (dulmtnsm;: plqmc}“;

lf\“' . 13,)

S, M s before, The foeal lenggth s

S 1A ‘1;1\ (H)! h!ucuwnqphnd

%ff‘_—-.xm! llu prine l[hil plane is insidle thee (llhlf]l upolea <ll'nmuc o
2 v, e feosh iy 1/ i/\ sinh i) (tlcfu( us‘m;r pl-'

' J{At-hz?r:? st picisured from the l”((ll\( cad of !]w mmlr\u

ot his s theory is extremely wse Jub and is fov nany porpo

A vagnpmtationadly convenient form of this theory, u\( n I;
."mnhilf‘“hkn .

We e £ o fndiente the effective Tength ol a quadiupele.
SHanve, neasured fram the entrance effective end af 1pe
designated 7 The fimage distance ¢f s measured from (he exil o , ,
CPhe stmitarity toa simple fens ix los( hiere beeause the oh)n and image dis- -

‘ lum < are not measured from cither the magnet center or pnmxpal planu e
haweser, the method |m~,mlul here is very useful in ,)(mu 5)- Tho (‘\pw» :
~ton Tor the image distance ¢ and magrdcation e are m(n by ‘

g [h’ cor (A -+ l/A)sm /l)] [/)/mm (/\1) - w\( 1:},:«
m o - I/[/:'/. sin (M) - cos Mf]

'r"gulw;u e,
(() ; h f\

vh(‘ th( v { (Iiw

H'vc *wo end, v

[acusing plane). © -

in the focusing plane, By oxpressing lengthsin ter s nl xlm ‘
of Lln (|l!.u|l!||)i)|l' we may ‘HHM fy lmllm \\u use -

. / /[ Q (} 11 f m‘k{
' _()' = !/" COS Lk-‘}; (.l;,-?’k'.v/,) ssin'/,]/'{v/" ﬁm L - (m
s l';‘-,l Plosin £ (.:u_s,/.] ‘ fm Uomf,’ phn‘
S | L L

[l" tan /,l/[/"/ tan [ 11‘ (!uc ;x‘

(l/[

= - [/”' {lflbtnnh/] {/"1 tmin

‘,'J (dc(c
i ‘-~ 11 /”/ smh/ -! cosh 7.} R

7 llmwl ttmm above are. «u!hcwnl W (imuxh(-nn\,.
B mde Ium v, For. CONVe m(‘nw incuses these relation
‘ dpEu ally i fighires 9 10 and: 1_1;[ sually Hw.“rnp‘hx
« ',zp;nmmnlc "‘nuv* of L lh\'m(\ ap pm{.mtu to argiven,
hndl c't{f nl wuns dl(‘ purfm ined num( rl(ng' thmu h Lh




c%x\fg’ei‘s-‘«i:’éicnh .nlm\c» ('Ih«- Nicessary hul(l e mnnm('nt Y
Corntaning-coil gay gamieter sueh as the Rawson Model /JU
CEeo or three mmchupnlm—nmx frequenty be mml)ln(-,cl B
isare 12000 \lih\\ s two quadrupoles of cqupd e m-lh (and ()[l[)()slt("pul(nxl\ )‘7
weseaededed to form g Ydoublet™ tons, I'u:m(- 12(h) shows Ay h'i( i l\nmxu 8.1
,egu.-:ehul“ﬂ.- “triplet,” each qui uhupulv hnnq of uplm"'.
LISCd BT R Hl"(”ml( N : ' : ‘
~Whether a lens should lw i tlunl;l('( or atripler isaoque mn .1l)->u| w lm o
there dias been soane difference of apinion. Each b |s‘,u|\(ml ages and dnui
Cdantages, Doublens qre less expens sive for ngiven lens sirength ata give o

Do made withge o %

orrake aclens

9 pul‘m(},»(o the

partivie nwonentu, Doublets have somes hat pecaliac focusing proper ties, . '

et even df they are adjusted o be without .1~.tw,nmlmn they give
L agiiesiions fo the horizontat and vertieal planes. In ‘v(xml"[)l{l[)‘( s thisis
o eread wlvaniage for doublers, buCicmakes them somew Hat harder (o think
abent. Priplers. cn the other hapd, behave rather ike 511\1;)h (hin lens
eatedd it the center of the tripletaad, therefore, ave veliatively casy (o deal”
vitle CEriplers ave also the adviage that thely focal h*nyth ({ocal Teng rlhrrb.
a e eombined ens) chanpes somewlint lews rapidly with beam pardcle

mermen i, Pralabiv the noviee is hetter off wsing (H;\l((« lm. the hest
devien frogoenthy invalves osing some doublet fenses, ' :
The esprossions given above for thehmage distanee 7' mr'.wmctl from thc
edectivee end of the quadrupole, cangvery veadily be dp[)llk’(l (wice Lo give
the anet result of the two quadrnpoles of a doublet lens. T hi object distance:
fmus the vitective entrance end of the lirst mmdxupnh waild be indieated by

The neee dictooee from the efferty e Gtend of the frst <|u(u11u wileg't o,

*mmhl e relied to the object distance p'y for the wunu{ quardrpotle by

g b ple =g
where ¢ is the cifective gap between q n(hnpnhx as indy
Uraally the two quadrupeles of a doublet e of the 4
1. s that it is convenient o use the normalized fmms it

mtsured moterns nf/ \With the detinition
(f = LJ',/[

1ted in Figure 12,
¢C ﬂm tive le nglhf

\ln(h dlaldn((s .u(-'; B
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: jg\v Wave, for the p\.mv in \\ hich the hlst qumh upolo is tocnw"
s fh [sensing, Sl
v 1 u//..n.mu /,,I/[l ;lxt.mh /,, -~ 1]
iy s .-=Ifi/’;/,|:a|n L - cos 5{ ] -
R e ' ' B
. {.11" (/L) tanh L)/ |/)' o tanh £y 1]
o I/ll’ Lasinh Ly - cosh Ls] 3 e .
Oy = e l/([l’ WLy sinfi Ly~ (05}1 L.H[' osmh [ 'msh L ]

and ( e wr nnd

R -
RS TS
R )
FOH

-
=

=

Ct
2

For l,h‘L':(»ih('!' Jane (lol which the first qumhupulc is (!(f(‘i)i.ll"st‘llg) wo hd\'(’
s (22 (L) b L 2L Lo £ 1] R
'Ih‘l #= 1/ I/'u/l‘alnll/l “}-caosh £, l '
Py s (5 () .
e 1 1 1, ul.ml JA P Latan Ly ~ 1]

wiy w7 D P adoysin Ly < cos Ll , S
gy l‘/([/’-’l/.._aiuh 1. -1 eosh /,,'_HI-”.;:/A-. sin [g-"-.-w cos, /.,.|)»
"\fnti!‘t‘ "lh‘tl i the above expressions L= bd s asu |Hv, thﬁumu feom

Los bl corresponding o différent magnet }”m(ms of the vyl_'.\o qu,uhu;uw
\nllu- also that the same nelation h nsed for the reducec i ()1)]C(t and image
(ll'wl imees, such as %, whether they refer to focal properties in the horizontal

“vertical plane, even though the distances involved may bv (hHu« ot for ho'
twa planes,

\We have here a preseription for determining the. I()( 11 ]7H)p(111(“~ (>f h
given combination of gquadenpoles. The experimenter is ns llcl”) faced with the
apipoxite problem, how to hud the quadropole strengths l}ldt will accomplish
aopiven focusing. In peactice this is usually ace (\ll)[)ll'-.h(‘(l w a pmu.ss ol trial
and errors The graphs s howo in Figures 9,10, and T may lw used for rapid
rough caleulaGions for both planes of Tocusing. To doougl)u the methaod of
reaching the desired values of 2 and Ly for specified ob; ot and image dis-
tances in cach pliane, we call plane | llu' plane in \\hl(h quadlupnh‘ s
focusing and plane U that in which quadrupole 2 is focusing. IFor planc l
avalueol Ly is assumed (usaadly about0.8) and the ”mph;.

\l(’ used to caleu. _
fate hackward (lnmmh quadrupoie 2 from the desived image distanceso (hat

Ly may be chosen forthe desived ohject distasice. In plane’ 11 dhie caleulation

is cacried farward through the ~\Hl<'m Keeping Ly as pre idusly determined
hut adjusting lo to give the desired imagd distance, T hm.m ul: wion is then
again carried. backward in pliane Ioda l)tlnr*_MIJt ated o

_ (ll\ld(\((‘, and the ¢ cyvele carried” ou unul a(l(qu.m‘ accura
Crecotumended-order of ml( ulations is chosen to mkc d(l\{
that in a given pl.mulhv focusing Tens has a mu(h Mol
than the defocusing tens, Thus, the suvmwtad order
vergence (o the desived conditions. T'he use of the umpl '
F((umm' Land ¢ L to within less llum 10 pe cent. Aciual aot » e
by rial, H]l()llld allow alc‘u v munm; (lw «m uhupolc vlmm(' ‘xst_.ik:é’_fgr a giv‘mj?{
- ;pmhl(m to Lpercente o0 0 S Rl :
; JLotqus ul.upolc Ulpl( ta-the: pmu('uu‘ 18 nut mm h o
”_:_H it le :c; convenient (o uw rho reduced ohjf' -_.md imag
» hv(du«(' thn on nv(‘ Je ng ha / ui Lho quadr upnle (‘ompun

Lh(: proper abject
ig-achieved. The
tage ‘n'firyh'é facy o [
}»()l')'_l.}l»lill.ﬂ: effect o 0

A rapid con
*\llrl“\’ ame ol»-'f.__*. s

{1

.f.uc nnt usmH\
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For qu uliu;mlc triplets the pmwrlmo is not mmh d(f‘ ‘z"'c»n‘t “exeept (hat.
it s dess mn\vun b o ase the redue e abjeet dncl mmgb hs!(m((* Plrapd (-
beeanse the effective lengths | of ihe quadrupole cmnponvnh are notusually 07
Ceequal for all elements of the luplu Thu expressions involving /> “and glare Lo
s convenient, The first and last quadrupoles of a Ufpl 't axv qum mtly
dederitival and e O wated atthe same moagnetization, B : -

Aland & l'.nmlnl\\ (1) have deyeloped a recrangulad cmuhupnl(v on t)w
Frasie o o supgestion by O, Piecioni. The field pattecn is e same as hat of
Cthe conventional guadrupales already discussed, hut ifds dvailablé in rec-.
pangibae, vathir tian siie o round, cross seetion, Therectangular (1uni1' .
sugade is suggested beeanse conventional quadrupoles cannot usually be uwd‘ e
e fal) apsertnre exeept in the focusing. plane. By using a rectangular quad-
m‘mhe. with Larger apertare in the focusing plane, one .mmlb producing somne e
st region of Gield, Whether rectangular qu(\(lxupulw have economie -
advantges over comventonal gquadeupoles iy chﬂuult m (iotumlnc al this
TN L . o
Stepahcimer (1D bas made extensive calenlation: i‘f(}ill'""i‘l",‘(‘l()Lil)]U.-f()l.‘.l.l?ii»llj.’{ -
maencel svstem that combined, in the same compone ll(u. the functions of
detleciing magnet and quadrupoles. Non-uniform - felds ‘are used, Instru-
meits of this Gy pe may be expected (0 be extremely gseful in the future,
eapreciadly for shortdived particles; however, they are somewhat less dexible
than fnstraments in which the detlecting ,xml fo(.using-‘Tl"’m‘u,:tim;\s';u‘c 50 -
rased, ' o

Marris Mutnon ror C mmx\'«.\'c. ¢ mwom .\n

Mitrices may also be used to advantage, uwp@(mlly i llu- mmpnl.ntmn s
to b adapted toadigital computer, The yand 5 co- m(lumt(‘s of ait orbit with
the vespeet to the Tens axis (v axis) may be treated sep arately. "‘.alclna, for =7
exansple, the v co-ordinates, one can l(‘])l("~('l\t Um e 'u'dn md slope of an =7 -
orbit ax a column symbol ‘ CE .

£y

' 1/\'!
l(:'\._, 6

at i given paint in the system, here taken as v=0,

fengrh £ is vepresented by (he matrix '

(o o
<(') IJ) (held-free length 0) -

field -free vegion ofo- 7

that the new v co-ordinate and slope dy/daave: given by the matrix
L equation ’ ' R T

(v cLo
ll ; ) I s '{\E

Vi SRR NIAY
P L0 2 il
Wy ‘M‘,‘ { ‘ I ([h I

th(‘ & \i( (‘Hvt Uw"
at t;ll_,',.:mmns ¢e

Similarly, the matrix giving (he valies. nl y aml (K\' ({
end of o quadrupole 1 ter ms of the mnonpundnm
Ceflective e n(i is, ful thr‘ {vcusing |;Lmo ] SR
( cos (kD) (1//v ) sin (/\1))[

-k 'sln (/x{ L (,QS kkl} .

values

(o u,\n (M) (/R sinh (i) )
. CT e AR KIS RN

1 s

ulld !«n 1)10 dvfu(‘u&xm, plmx('
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I\'

‘1\ ' ',n wd

4

1

I A
| dw.

L . -
bils]

'mslsui\. th(- N u\nn‘ (he values (;f v, and z/v e at th(“"\ll ‘““ tive

i gli a (Illei(ll“l“”" i Hlll\‘! of the (()]](‘H[)L)H‘hnt’ \,ulh](\, d[ lh(‘ (H(l*t!ll L‘ E

"';._sfﬂm‘nw eud s Tor the forusing plane, L e
: ( cos (k1) (1/k) sin (‘A'Mi)
=k sin (k1) cos (R}

aul {orr [lw li( foeusing plane,
( uhh(/J) (lMMmht/J))-'
b wllll] (4) cosh (/'l)

i -?"‘l.;\w e lmplv of the use of these nmm« 6, W “l\-",, th

._f_"m !imiulln\\uw sttuation: {rom the starting pmnt (hera’ .

S pegion of length b o the entrimeee Hective end of a (r)? nsing qu:uh u{m,_ s
effective length Fand stre ueth paramerer by, followed byt effeet tive gap g, andi
inally by adefoeusing quadrupole of the same ol*uct:l gt th [ ancl ‘mcnglh L
}m.unle*!ua ks, e comhined nmln\ is S SRR

: ( tmh ikl (LAY sinh (haf) < ,n:)( cos (a0 (t*’ﬁ\ sin (4 l ( l b)
\J sinh LL;.!) cosly (k) ) 01 bsin (M/) Sergos (K- ) () I e

i},i(h -

» I (o BVt e [(/]/.‘7/(1):7,/'15[1““""‘ 7
“The mateix above will be taken to have the fori

<(ll’ (‘Iu) )

ty dy/

Howe assume the object is at the m.un.ll star Un;r poml, Hll% nmtn\ hx‘x Ll
(m WA (e('/"m))-
. =N (l/m)
w hmc weis the n \mnll( ation of the fmage, for mcd

: tm e, and f s the focal l(‘noth of the (()mhnwcl k'nf
q {rom from lh(' c\ll Ltl'(‘( tive (‘nd (o the | mm;‘v xs

Aorm

r/ gs e rll"tlx)
< and the magnification is E o
: . L U/u\)

; llw lm i of (lw e llll\ wl mng) tlw mlumn svm
thf u:lumn h\lll})()l it ohjut [nmmm mu st he

b

' ( .1’”_.,', 0
- \ean am
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' Iu wmml when quadrupoles are (o hc' mlms(ul Lo perforin i (lmnwl fu( 1 m;{-
segvn'ws-n i hoth the v eo ordinate and the 2 co- \mlnmlv, a mclhml of sue.
eesHve approNinitions st he wsed, '

s o Wik Orirts 1o Tyt CoMproNeNTs

A emrrentcreving wire that is under 1ension takes up aposition colici=
eent with the orbic of w charged pacticls ina magouetc field, provided the
cavrent anil teasion of the wireare adjusted o correspond to LIE mamen
ssf the particle in question, The current 1 (amps) in the wire Lmd uuswn r

Rretiss of Joree) must sitisfy the condition :

Hinamp)/ T g = 294/ plin Mev/c)

m un.w\"
.mlmv ST

gl thee cureent 1 must flow in the divection Opposite Lo the b
fopresented by the charged parde lm moving :tlon;; Hw m bit. The
byl (e divation follows, : B o
Using Cuissian cus units, one finds the force dF on a w[llu“ length (15 ui""
i owire careving aarrent [ in magnede flux rlumh s ' : )

dF = - Jds X B

The miinus sty o the expression above refleets the apposite w‘nsn ot l i u{ 5t
Fsing Casoa unit vector tongent to the wire, we readily ob lm :

diids = {1/TexX B

A sl couation may be derived for (he orhil of- el m,((l |n11 Liclv s
nesws used to represent the unit vector tangent 1o the orbit, Agait
units, the force I on a particle with (h.nm e and-ve Inul\ v n T

((/()!) X B o= tf[‘//(l'/

‘("fmnw.m” L

Hu- l’nllm\nw (\l)n(wsmn« nuthn(' tlw stepss, v
[), = /> const, mU'nlludcufmmn(‘nlunl
dy == :1/ : ' '
, { = p//; =y /g LA
(e/vu X B = (er/o)t ‘X B rz.vd{) iy s '-"/»(.Nf,/-
dtidy == (1‘//)( 1! ((nmwmn umt &)
The equitions f('ﬂ?\\'il'(} and orhitare Hi( wtical prov l(](‘d we lm\ B
' ' // P == ef pe (ln (“uwxl.,n umL,) »

lmsmmg wire umont { m,;mu")( s, (mmnu T m 'Tl«lms ui o
(.ln.;se:t'.'.'),, dl\m;, £ as one (I)Lmln\o) x]m tron: rh 11(- e, .nnl ‘e
Moy e give the express SHon at th(' l)( unmnq of lhl n((lluli ‘
\\m- s ncpl((lv(l heveo S S

The: (lnl(nt (.m\lng, \Slt(fillu\\a sy \mulh/.!(t
|()llL‘H thmugh W maouu' syslent. \\lth mc mum\g-’
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iqht ()! Hl(“fji'iiu :

Cowire s mfglc-ch:il_lueru 7 _ _ o . |
T e vurrentecareyiing wire :Illll\\"i v:M- \fi»;u'l'liy;ilinn of pm' 37‘(‘rnjc’('-_!'-.
s thronele o magnetie system, With measuring e oscopes '.i(;(,:’nvn'a—']('e'g,*-’f
ifermation abom focusing properties mmay he obtaiped, Iunw A <~:xr('i‘nll$'
Fasbitneed palley w heel docated ac the sonree or apparent SOUren i particles,
with weighs o give the desired wire tension, one may use the unc fo fined
avinrate dita on the foeal feogth of & magnet system. Tt is noifea sible to L
extend the wive wlbthe wiy 1o the focus point becanse the wire: !hm hecomes:
"In staddee, The wire is hebd fixed acsome movable support shoriof the foc s
erint, and wive positions are recorded at (wo points along the \\m' in the
Gebd-free vegion ontside the magnet system, A nunher of e |)n\|imu‘«
st b gised bo determine the foeus point (o which the orbits cun\um' '
Figuwre 13 shows the arramgenient for measuring the focal pmpm ties ol ‘
i ol guadrapoles, showing two positions of the curre (- Careying wire, o
D3t sombe cases TWo Wires earr v m}{ the some current o the same dir :

clion ay.
b et advantage. The focos point is determined by .s;(r.qi;_;h1:.,}}"{;;;{@-‘\;“-;,;,;,”.‘.
Latdosa ool the vabit in the held - free region. _' ol |
Careful measuroments with wire orbics can give valiable fnformation .
alant ahiereanions, cspectdly in arrangements such as those in\.-f'(‘.)l_\b'ring clec.

Ctnre ddefbecdion o separate porticles of differing mass. A suitalile current
seeihitor b bheen derertbed Dy Luce & Pike (£2). o '

Frasmpenes oF PUrRELY MAGNETIC SYSUIMs

A simple svstem for abitaining o uegative pion beam ar l;.‘_'f}f:"lh v/ has
bovn waedd by Chiretien. Leitner, Samios, Schwartz & Ste mlwzgvr (13). Their
feewsingg and imomentum selection were provided by the magne lw fie dd of the '
Comamietren, Where an tmape of the target was lormed they inse u(*(l a callis
peter b provide momentom selection. No preat infensity wag needed for,
their Lubble chamber; bot they requiced, and ohtained, momentum selection
within about b per cont acenracy. The aorangement is shownsn Figuee 14,

A sinsle spectrograph magnet of very considorable nsefubies s heen
nade by Crewe (BN T uses acuniform field, and can be usedap _1lu about.
FO000 pauss, with focusing provided purely by ,lnpm\( and ¢ m\"n‘u the. pole
vdge atenteamee and exit Teprovides o focus only in the centeal plane (w lm h
we refer taas horizontal even though it is not horizonial i in the Cy ’cdc»x;\n)
fu the vertical plane it does nal focus, hut becanse of some ver tical l’m usln;,
at the entrance to the magnet it preserves a good effcetive
particles leaving the trget, The magnet l'll\()l\l"s hending h\\
Referenee (1) gives a worthwhile discussion of the desigy ¢
Similar principles have heen us(-d by \lmu i l(,(_(.hb(,,n,-;.\\;15:;,;;1111\1
»rb) !lﬁ) k L

(‘(ill\lllltll_(l h}, l,mdt_l g\ l_\l(.‘ll (_I()).
planes.

:‘l hu; m‘\,,(,r,uum,n( ‘_},mq lm

l»\ Foge (Ih). n \\Imh HE slng\lv qu uhulmlu b mtluduurl ‘
inereased effective sulul fmgl(* o

A series of impor(ant expe mnvnl 3 h 1\ ln it dmw hy “(/fw adt
with amagne t \{wclmuaph l)d sed on - non-inifar m lield: @
Chending, A brief deseription” of one. model “has heen “piven l)‘
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’ma w,mrcl tlim tive -rulul ,lnul( ‘ S
N series of important experiments has been (l(m( !)\ llotat.ulu

mch a naknelie spec nuumph based ona now-uniform field aig

Lending. A briel deseription of one model hag heen given

Feeliter & Melnoyre (193, A more complete description of this getieral type

of muiegnet way be seen in the article of Snvder, Rubin, Fowler, é\\'x,a..<'1"'.f;,:.turi:tjfat.-’n '

Nodanble speetrograph, essentially one |n(luml iph !ullu\w(l b\' a

*eumsd spectrograph, has been used in the antiproton work of Ch: nnln rlain,.

CSepre, Wiepand & Ypsilaetis (20 and has been discassed pre viously i this

l\& view E1200 N Bter version atilizing the same principles has hea'deseribed

by Eliaii, Nenew, Chambertain, Steiner & Ypsitantis (23) and s;'\,lmwn in

il dive 180 The magnetic analysis is provided by the de Hu(mu magnets

M1 and M2 and the focusing by quadrupole ciplet lenses Ot (U,.and 03,

The rarget 7 is tiegt focuzed at the position of the seintillation counter St,

where there i considerable dispersion, so that the counter acts (o select a

warrosw momertum band about the central momentum near 1. ‘7'1 (‘\,/l The

seceaad speetrograph, involving (2 and 32, forms asecond- fodus at the

comaters S PSCTL and O The momentum dispersion of the fipst speciro.

vl e conmpensated by that of the second spretrogroph sathiag ul[ partic l« 5

aevepted by the fiest specivograph Tidbinte a resonably small znr:{w{m 52

The momentum wis detined to 53 per cent, and the inage s S \mv-' T

4.3 enn hieh by 7 emn wide, The dinal lens 3 irmhml the liea m mtn the

experimental weea L Helinm-filled plastic bags were tserted | in H CBpectto.

getph sover ot of s length, o reduce the multiple scattering ‘ilmt \\ou'(l, S

otherwise b conpsed by aivs Antiprotons were selected (lrom g | ..‘a_m that
U\* (r)unt( [

wais pnethy composed of mesons and clecteons) by bhoth a (f‘l:'ruh'
aned tme-od el measuroment. _ ' , L -
Owing to finite size of target and deviation of lh(‘ Mmonie ntum Imm thc B
central momenum, there iz loss of particles U fail to enier lu aputlut '
ol the second spectvogeaph in e artangement of Figure 18, <\w1i “patticles
swithin the desired bandd of momenta. Piccioni (24) has [‘)mntvul;'u( that the
foss may be reduced by installing acGeld lens clnscirrtf.r}jl."S,u{?l_t[l:.;n',n;«_:\\ ould
b avvangad o foeus the apertere of O onto the aperture of Q2,15 the app:
vatus of Figure 13 there was so much maltiple scatteving by -S 1t ihe
feeus that the field Tens would not be expecied to help the 1
the svatem nuterially, However, the concept of lh|‘ el lz s i
to great advantage in other arrangemin s, o
The use of Held Tenses can be extended (o give }I serics ul len
cessively Jocus and refocns the berun even i the be W ety
bread band of momenta. Such a systein, uwd in mnnm,hon with
experiments, js shown in lx;ruu- 16, l S Mwn Imm tl\c;w
Lambertson, Piccioni & W enzel (28),w ho lm\ ¢ m\ en HE u‘ u] zh
of their, arrangement of m.zgm‘ls,,f\nllpmlrm\ \\u(v
hasis of time-of- Hight mcumm ments

_ _H’l\’_‘";f_‘lxrlh,lf{ )
Nission of
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" bending angleat theanalyzing tiagic Loand AO;“

Ihe typical magnollc' system we are climwwéing is mtcmhd (o .orm A
‘ avt*untl.ir\' heam of pavticles from the particles emerging. from a: target. The - o
e of particles in the secondary heam is usnally propor tional tow lmt \\L.—::,vt; o
- owill eall dhe acceptance A, which way be written as the pmdml of a acm(l__ St
angle @, veferring o the solid angle in which particles may veothe target
Cand A0l be contained incthe secondary I)( . ,md A mome ntum .\p lnmvl)
citlled “momentum hite' S

A QAP

I most cases the aceeptance A is not annplv (he pmducr Ko lw nu mnmmj R R
Csaliel angle and the momeatm spread of the resultant lwmi- Rathor-the =
salid angle in which pacticles may besece ptad isa fung tmn O "’h@zlxm,mﬂr:;x,i,_i.x_xn“i =

poof the particles, and the aceeptanog ls (1(‘[111('(1 s ' S

--_

) I!III{IK .
r( Tum J S’(/}\[{ l)
- ‘+ I:l'ill"

ll is frequently unuceessary (o measure oy calenlate the g6lid f\’i!ﬂli't‘?‘f\TY".‘{f" ,
tion Q(p) but it is mportant (o know the acceptanee A2 One example s
the early antipraton experiment, in which it was desiced o Imw some esti- B
mate of the absolute antiproton yield, This involved knowinig “the acceptane (?'_ I
nl’ !lw system un(l lhu numl)m of .mtllnumnc pdﬁ’%ln;f "hmuvh_. Lho ,3 stenn, zm'ﬁ o

_lt is \s-mumul llml lho tnul I(‘))H“)(Htw TR hltt' g
bhand of momenta is emitted by the t nqcl into. a snud f\n;,,h'
o the solid angle subtended by he le g apert ure. Eht-,
pm‘lu,lw* pass theough the qyatom () e tho mnn mng muf
Ctheaceeptance of the system. By te mpcmml\ lllbf’l“lI)L a
.lud Q@ umm\ sln (cn narmw muntc‘ )» <1t or- n(m th(, {n

e ’/‘1 _~~ wn.\/) E

mator (*vntct) I'(u thv e\(nnpiv in l igure. l/ wln ze thc a
used near nnmmum dvy alwn mw'md} uu- Hw_o 3

W hm(- /) s th(- mm(lv mmnontmn fm \\lm h [hv'




@ eay that s inilially a central ray (passing throy PN L REL L G tan rins we
omator center), Far llw v\dmplo in Figare 17, wl.( e the mmly/m;., mdg,lwl xs o
: lmd wedr ninhmum (Immlum OnE May use the (‘\[)lehsl()l R R

A s pla0/0)

where pi= the particle momentum for which the systeny is ?‘s,(ljusted 0is the
Anending angde an the anadyzing nugned, and Al s the m(('r'~ al of 0 deter nnnmf ,'

by the edges of the vertieal shitat the focus point,

Onie llw counting rivie has been determined for mmhtmm of Lm\\nfﬂ "
acceptance (Lo, with collimator anid shit, ws discussed above), the acce pmnm?"
of the system with collimator and shit removed may be. inm\n C;mplx by
measuving the counting rate, for the acceptance is duu ti}, pmpmwnml to
the counting rate of particles through the system, \ : :

Mase complicated systems are Trequently used, in \\hu h the \(mnd(u) S
L ntay he foensed and refocused at several points aicmg the system. Usue
allv the aeceptance is a {unction of how well the Varipus components are”
patched to one another. In measuring the over-all acee
pravtice to compare the counting rate through the mmph te systen with the
Fate at which particles reach the first foeds when the eollimator and slicare
in place as deseribed above, This simple procedare ..,huu_ld,l,n: adequale even
for complicited systems with apertare stops al many point salong the systen,

\When a monochromatic inttial beam is o be used mntltmunw the ac-
veptanee of aomagnetic system, aribbed absorber mn lwquvn(lv be used at
l!u pmmnn psualhy occupied by the target to give a white” spectrum and
ta give sufficient multiple scattering to cause the mmfmcc to the mm.,nc\tu
system to be rather uniformly iluminated. One form ol 'flhbui 'nbsmlu\ \
shown in Figure 18, The ribs must be deep uum;,h Lo give a momentum
spread o the cmerging particles that iy guaranteed {o-t "‘m( ater than the -
momentum spread of the beam that noraadly would pass thmugh the k\s».fi'*
tem, Lach rvib should be quite narrow mmpmod with Hu- \vul(h m th(‘ incts
dent beaom, -’

Splaniee gt is goud

ABERRATIONS

Chromatic aberration tends (o be prescut in any sstem of quadrupole”
fensges, For a single lens, @ given fractional change ol movientunvis usually
reflectied in a fl'm‘lionz\l change of effeetive focal le;')'»__i.h oo 4 times as .
great, e 812135 to D(Ap/p). OF course, chivomatic ah(nalums can be
calealated by I]w l)m(mhn(-s previously described,. pmvuhnq A particle
momentum slightly different from the central 11;():110&""(11;;1 is Lmud i t’_he'“ -
calculation, ~ L

Cweometrical aberrations are fnhuvs of focus 1(1 1o llnlltV ohjut.' B
size and finite anguiar upmttno For b mhmf n\a;.nb f.lhut.umm m(\."',” :
appear in second order, while for a pure qmuhulmlt ";U,m lh(‘ hird- mclc St
abivrritions should be the lowest order to appear.. - T :

For bending maguets the sccond-order :nphvncal

Celiminated for the horizoatal plane (7'i),~ and, in-fact,
be achivved in the horizontal plane-—as was pointe
 Ierwin (28) and by Kerwin & Geollrion (29). Howey
“eliminate all s second- o:(lm dl)(-natmns \Hl]llltﬂll(‘()ll\]\- g
ver u( al plam‘ ' '

w”

C

hm‘r 'L'ti(m (\m e

fuct foc usmg nuw}f_”ﬂﬁ__‘
otit for uamplv bysoo
itis nc)l |)mall)lv “,
mhng Hl()b(_‘ in Llu,w

Coe ﬁlcl('nts.

S e
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Kerwin (28) and by Kerwin & Geoffrion (29). FIOWENVG
climinate all second- m(lm dhon'\llons smmltauum.;ly,
vertical planes o o e ‘
CFor purely qu uhupnl(- mmpmwma, h(,(()(l(,i arder “Ix mmm slmuld h’- S
: nlm-nl to the extent that quadrupiole sy minetry . is mau'nt ained. Ilw‘tlm( L
iﬂl(‘(‘l aherrations are: c\ucmvl\ uunphu(ul inv ul\mg wmo )() Hmdﬂl :
cochiicients, : '

[ RS P2 | 1(” [)U‘)'u Arre LRF
lu(hn" tlmsc m tht,f“

Sk 1‘\RAII p H:‘ AMS

Given a magnetic system thi provides a chi ug:wl -.;'uutu b hc 1 uf \\LHF
dvlllwd optenLum, one may separate out narticles o A par ticular nmw by
sarting the particles on the hasis of their velocitics. A number ‘of methods
have been supgested. We deseribe here ane of the mobt wcccw;ful forms.of "
apparatus for achie ving the separation, the ;mmllel plate clec tmbt‘mv.
separator, U was first used for particles of high cnerg “hy C ()()ml)(s, (. mlh
Gatbraith, Lambertson, & W enzel (30)0 Whereas de thi(‘tmn inanu wnetic
field depends on pacticle monmentum, being ]nopnlluuiﬂ to 1/py de Mection
in an electrie field depends upon momentum mnu u lvut\'.ﬂtml i pmpm ; 
tiand 1o e . L IR -

The magnetic selection of momenta involves def im tmn in (e i‘xorizohi‘:ll:
p\um‘. as in the svstems deseribe «l previously. The eleatric deflection dceurs o
i the vertical plane, with a vertical electric field obtained by applying high o
valtage to clectrodes abave (md helow the lu-am of w(un(lmx p(nmlh In
pts simplest form such a systom is shown i Figure 19. Figure 192 shows the
plan view, Figure 101 shows the focal propertics o of Hj\”"
in the horizontal plane and for the centr Wl momentum’
separator has no effect, Figure 19¢ shows the foe fsing 'pmp( rlies.in the. Vet L
tical plane, ‘The vertical clee teic field between theparatlel plates of the sepa-
rator causes a deflection, usw iy very small, in th(‘ \c r(uul phmfr “The € ur \m-:"ﬁ. S
tire (in em. 7Y of the trajectory in the {ransve n(" dle
the expression

Y steny {or devis Ations .
ml\' ln thi A plane thc _

i

ctrie field is ;)1\'('11 ])y

/<(m /(m)
['(Hl \l(v/()/

1()6'

As it result of the dw!n( hvh], pmtulus of (hfi(’lmb wlmxl\ h 1\0(!12101(111;
vertical focus positions at the final shit, and aonErrow. sht nm\ [)(_ mm! t(’f
exclude all esce m the pfnml(s of a (h(mvn w!um TP R A




l‘lﬂ \nu. Rm. .\m !(‘dl‘ Seil 154, ‘p Hfl") ’) e -~«+~« ,~~ et AV LE G

“‘u Lu. we have deseribe d the se pdmm! hmm unlx i ,if-(ii[i'('no'n(,a'ry s

i«nrm. A pumberof refinements are necessary if oneis o, fu‘hm ve the begt
ei\uululmtl‘wI'm HELNee: TR

. I

{ar Stave iU 5 important o get consiilerable wpu‘u;un of p.nn
gesea ot Uhe basds of asnaldl electrie deflection, the t ma,v\ i mml
el vestical dingenadon, perhaps 2 mm, ' "
i3 Faovavabd teemultiple scativeriog involved in passing thie b il thmuuh vicum
\ﬁm!mw the whole wystem may he made with a vacaum systony umnn(m RO tho
~l~u£il (LTI y 7
et The Toacusing propertios are chosen (o (Hmin.llv, as mmh ,h \(Nllrk Lhe
gim,: bes that have weattered from the walls of the vacuum syster: -
Bdd I the peeon of the se pn.nttn {(where there §s a verticad L[((UU fieldd, a
sstall herieontal magnetic feld s also appled. This makes the arrangement into a
Wit filter In the readting svstem there is 10’ deflection due to e separator Tor
pantisles of the desived velority, but faster or slower particles are deflected upward-
eir dowsward, This choice allows all the magnet components e \upl (hv Sep luztnn 2
hw el before the separador bs tarned on, : _
Cer Cape s given Lo the shuping and spaciog of the ”p'n*tll(l r)hh‘ “"ﬂlw'lt‘(x‘l('; o
give sty uniform vertical compouent of clecteie fekd, at least to i few per cont,
{£F thie of the magnets, wsnally the deflecting aaguet, s (*.udull\ shinvmed Tor
the purpeee of making the vertical Tocas as good as possible, partic wlirly with respect ‘
to chyonniti aberrations, This process usually involves great core x_n_t._hu use of wire
ailats to weasure the aberrations, The vertical Tocusing prun(rtiv% are improved .nt:'
the swritve of the properties in the horizontal [)Lm( whuh nual nul e nearly o
gamui : . : .
Car A smal) series of counters s locnted close to the slit bat r.»mr;;w ur l)oio\\" the -
desinad bewnt W show the spatical shape and position of the Tocustol one of the un-
shesinesd (it capinus) camponents of the bean, This series of countera allows constant™
vhecks an the adjustment of (he separator and on the focusing )mpvm( § nf llw ng-
WELE svsbeny, e Ll
(e Frequently two or more stages of sepx wation are used-to nlmnn 1)« teer overs \1!1 k
separition and o prevent the system’s being “foaled" l)) p\m‘ es timt 'nu[(c_ A
teeay process while passing through the system, ' 3

os of -differing -
\;trqnicly spial]

An extraordinacily good separated beam with paraliclsplate separators
has been set up by Bherhard, Good & Ticho (313 It was.designed to givea
separated hewn of A7 mesons of momentum 1.2 Bev/e for

@ ]tqmd Bydr u;,(‘n L
bubble ehamber. Two huuownw stiges of separation. wersused Lo reject -
negative pions by a factor of 102 The vertical dime naion.af e arge w d}),;‘ o
3w The spacing between pant 1|lw1 pl,nvwlcumdm was 0,8 emand | he
potential difference between clee trodues was 380 kv, Referen (€15} de scribes 5.
many of their design considerations; some olwhich have Beett omlm( d abu\’ca
The quality of the beam may b ssunimarized ‘)v Mdum, it
of Ny, and g oas 1-.0.()(_).1, \\'h(,lt‘f_lb at _Lluj. du:ct
Kimof 11140, ’ . v -
A coaxial Wien-filter svmmtm h 1 hee 0 us(‘(l h\’ Hmwx
& Tripp (32). The separator has lu c,n deserily (‘di.'m.,in';um
Murrity (33). At preseut, it Appears that th(\ }mmllv[ 1’1‘.,
he more useful than the (()d\ldl Ht‘[mmlul simply

p!‘l(('(nll‘x(lllt mm ig smmlt b, e ,
AT e it e e e Lo -nHmI noseniim senaralor




A!thl\ L I I L O B R A e R o
S b wwe uselud than the coasial w‘mmtm(‘ .snnph ln vmxs(g’“thc:?p‘;iu':':\lblcfl_!*-;-_-v
_;pl.u- uuhtlmlmnlwunplu , ‘ S
A pew for ol sepavator, called o se p(llln M‘pll‘l(()l hbﬁ _
v Murreay (30 1 involves many plane eloe tm(lcs spaced ve rg closelyin vacs
’bmmi, with alternare eleerrades connec ted v high l)omwv and negative
voltage supplies, As with the other wpu(liun, A transverse magnetic field
wanld e applivd o ke a Wien lilter, Unwanted particles would he 'alnm)( (]
by absarprion in the plates of the separator, The adv(mtdu(‘ of the sepiam:
Cosepatitor ix that high clectrie Gelds (200 kv, fomsover 0.16. CH. gap) can-be
Asach, making shorier separators |'1()'»‘-I[J|l" The disady antag '15 its inhereatly
pone geometrieal transmission., 1is not yver fully evaluated v,.,mnwn(allv ,
Preliminary work by Murray (33) shows thal higher iwl(la ean he ny ain.
aained inoa parallel plate separator if the negative clulrmlv 38 coated \mh“ '
Calipludy condueting glass, The glass serves o quench 51).11}\ lu(dH\ hefore
strany di=zcharge can develop, The vlass surfacc lms not yet hm ' u»:.m] in a
fallsize seprator, ‘ e s
Radie- fnaqueney fields ean be ueed, in:~~»(r;ulvn('t!.(‘.“jif{f?h»i-' ia “achivye
'mu e of

heen 1)'{‘(1’1)6?50(!"

separation of partcle of diderent mass N samber of

operation have been proposed. One method involy esonsigeas pring uv beant,
fram an aeeclerator, that s modubared apidle and p‘x,.;rln ally in l-cm
such s the beam frontan eleetion aveclerg tor that waes miceniy ave aeector

!Nitl “\ psm!ll“ H., feipine ltt 'H‘ HMHE \/((l RGN xf!.xH )H'.HH !)Hnl” h PREPERED B

chrontzed vadiodronseney 0r ) fiekd, one donay delieve iosepars veionyof the

ceomponesits of the Loam of didierent velacities becanse thie differ N speed
comtiponents of the secondany heaus Tuive ditferent times of .lu he b t\vm 1w ihe

Greget and the et feld cegion, Such g svstem has bee h :.’i-nm"'hul by Panofs fakyv

(303, Lo the same paper the focusing pmpu(lm ol it Festing &pmir e
graph are ilustrated, R ,
Anether made of operation of an .. se pn.mn mvn!\m U\HH’ a Hong
cavity, The tedd in the cavity is visualized in terms of 1r(1\(11n<’ WONUE TCE
flecting fram the ends of the cavity, The phase \(lu(:tv of ll\(* cavity is
.ul)in(l to mateh the velocity of some unws mlui Compo i i the lwdm :
snffer a deflection'
jf‘lhb'l‘l t"])("‘(" 1"»:’ h("} o A
nety by arranging oo
_.xhc'cul of) the rf.
during the lldll,‘.ﬁll,ji BEE
v_ﬁjm:lf.i"l_)_\{‘l%\m\*{zti" L

suech as the proas tnoan antiproton bean, The piong shvn’;'
due to the ef, lield, The fength of the cavity is chosen
net deflection of the desired (antiproton) beam compi
the tenpeth o thut the destred component (ull~ Dehind (u
traveling wave by an integral number of full wavelength
through the cavity. A recent proposad of this l}’]“’l hag l}m
(471, \ R : ol
The simplestuse “l an e foeavity would wom m bedjn g lﬁ!:md& W zth e o
eleeric field transverse to the heam diree o, Hm ever, o xlt)is‘\‘r & \\(n/vl;»f o

:(ih) have puinted out that in c,u(h ! mml( the i ague: fichd umuh \w“a
(It-ilmlmn lhl(‘ to llw le (ric mld [,nhu ~\I mur{( » f__;h(\ used,; m_

IIN-u fore, o (mnph (e an: mw\ is. .mvm )tc(i luw

.,\ll\l \n Ly CORANLY. Cov I l\l\ll‘l) Bl;.

ln sunwk.\p( I‘HH(’H[‘» 1L nt NG wnn(*quvn(‘u xl ‘4
fraction of the bean spread rather widely in space,;. but i
it is quite crucial that the heam hesvery well cont mvd'"
7 gmwml ﬂtmnu ID( Usms, h N hx vn Q L,imt holp lu\\'(n‘ﬁ rl(1 1

A ln t spe(‘
'(‘d lm:\ ms,.




“Vpc-nvr Wy stroug focusing has heen a great e lp coward cl

\Il\I \nn KS 11 \M\ (mmmnn Blf

In me u\pumwn(x |l nf nu mmmlutnvv*ll tht’
s qml(' uucml l\mi lh(‘ heam I)n \'vl) W ('ll con nwd

" Dre @‘.mlmna are :»UH nee vwm in Hp('( fal um-n; nu(l 1 as s

',t-t‘h‘;ill‘liw‘r while feaving most of the chamber frec from um{
~ these papers give some (hs( ription of design methods. : > o
o No attempt iy made in this articte (o ogive a mnmletv (lvvcup mn of
miethods of pln(luuny very clean heams, However, o few camme nls can he
s, Tis very helplul (o be able to use a geometric 111\ small target, amu\_.f '
Ahe desived Deam can then e passed, with caveful Tocusing, lhmusxh zcll-“
vivelv maovow slicss Te pays to place the fmportant mllmmlur Tairly earfy in

the svstemn Pacticles that have been degarded fn energy i pas ssing through ™
e walls of o collimator can he clfcetively rejected i one ut the dast comy
poncuts of the bean-fovming syaten is a deflecting magne with farge pole
w;mmnnn [t is frequently important to use collimator: lmt are | ’.uh(r tlun_“'f’,{.
in the hoan dircetion to reduce the aumber of lmt ticles Ilms scatier lmm ihe
Anside collinucor wall, callimatar need not he very U!Irh, it H is follow od l)\ff],;
eonsiderable magnetic hending, (o reject-par ‘ticles that !mw fost gu.mu\.ml)llc_
energy in the collimator macerial, e

7 (d U H l»x H()th.g . 7
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