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This raper discussas the usesc and limitations of velocity selector

syctams for tardem Yan de Graaff accolerators used with lLcavy iors, In thn
ustal "tardem" zeeclerator, whieh is 2aeserilted below, it is often not
possilt:le to seleet a given final mass and enerpy from several that moy -wist,

or to scparate a deslired beam from contamination whiclh may be present, L=
will be showm, lthese protllams can be termed snergy resolution, mass rancgla-

tlon, and centarminatlon removal, It will also be showrn that a veloeity

celector ean be usaful when placed cithor Lelsre or alter thio 2ececleratcr,

The trajectery e=quations for the beam line elements are precsnted in the

Penner formulism, Tha trajectory equations for the velocity selector cheu

that the element dces not effect the primary beam desiresd by the experimentalist,
There are no known commercial venders for a velocity selector, However, the
design neod not %o elaborate, and a suitable device could he ceonstructed

by the persomnsl) al ¥Yansas State University,

Fde

Tirst it is neccessary to deserihe the cperaticn cf a tandem Van de

Craaff accelerator, DMate T shows a schematic diagram of the usual thzndenm
o

Van de Graaff system, Tegative ions are produced in the icn source, Theocs

~epr

ions leave the lon source with energies usually of fifty to one hundrsd 227,

keV, Due to the techuigques involved, cloctrons are alse emitiod, Ths bous

is pasced throuzh an inflectbion maznct so that the Leam is duflected by 30-

_/‘.n
The cleetrons are btent much more sharply than the desired ions ard are =13 4=
nated from the voam as they collide with the vwalls of the Leam tuhe, Tha
negative ions arn aecceclerated to the positively charged terminal, They zeyuirs

an energy of g7V where g~ is the value of the charge on the ion and V is Lha

potential of the torminal above groun?, Cnee inside the slripping canal, a



Plate I
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A schematic drawing shoving the major eleme:

a tandem Van de Graaff accelerator systiem,
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gasT (oxyzen or seme other arpropriats gas) is introduced here to serve as

a medinm cf elsctron exchange ome of the negative iens lose electrors as

[

they pzes throuzh thz stripnirs caral and become positively charged icnc,

. o T

1.

Thesa positive ionz are thzn accelerated avay from the pesitive termina

- )
-

Thay aecquire an additiornal erergy of gt+V. The total encrcy of the partieles
te durins 'Le hizh enercy aeccel-

than is (g9~ + g*)¥, where gt is the charge sta

. 2 g s A
stien,* Plate 77 chows the relstion of the final charge ztate to the total

o
enerzy cduring accelrration for the uswval ecase of g~ = -1,
e bean is next focused by a magnetic lens which concists of a
magnetic guadrupols deublat, Following the lens the beam is deflected 1
the aralyzing magnet, The magnstie field and the radius of curvature of *the
ion in the fiecld (as set by entrance and cxit slits) detewmine the retio cf
the momentun Lo the charge of the ior, Thus, for onec particular charge state
the aralyzing magnet deteirmines the enersy of the bean. [inally, the beam
sces throuzh a switehing magnet which selects the experimental beam tute,
The "tardom” system has been used principally *to aceclerate pro-
tons to energies of ten to fifteen MeV, Interezt is developing in aceszlera-
tion of heavier lons using tardem techniquas, Initizl attention has been
directed to the development of ion sources for producing neeative ions of
heavy atons,

Cnece the negative ion is produced, one must consiier various as-

peets of erergy and mass seleetion, “ten the ncgative ilon rrmaches the cirip-
ping canal and Is changed te a pesitive lon, many 2iffercn® charge stales are

produced, depending upon kiow many electronz are remeved. {The distirilebics

~y on sone sysbews a4 thin foil i nzed instedd of a zas.

2. The energy mzy be Xoown under normal cosditions to about 10 beV,
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ate IT  Tnergy vs, DNistance in the tandem Van A= Graaflfl
for several exiiins charge states, The plate

thows a terminal veolteze of 5 ¥V arnd an ineci-

dent charge state of -1,
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of charge states that results is discussed in the next chapter,) Thus
differcnt final cnergiss are obtained, as can be szen in Plate II, However,

orly cne enercy passes through the analyzins magnet, Thz magnet sclects

e
rse

IR » . . }
(203 = vfq= (*he momentum~to-charze ratio sguared) where I is the maecne! iz
\ rl - & o

£i21d, r the radius, II the mass of the ion, T the energy, and g the charge,

3

& & = . ¥ = 7]
The energy = is given by T = (g + 1)V so that the nagnet selects IV(g + 1)/g~

which ean be satislied by only one charge state,
Dowever, the phenomeron of “eontinious stripping,” in which the

charge of the ion is changed in collisions with residual gas atoms during
acceleration in the high energy accelerating tube, leads to a range of ener;ies
for each final charge state, Thus several energies are passed by the analyz-
ing magnet,

Further, if one is accelerating a beam of some element, in vhic!
there are ssveral naturally occurring isotopes, the difference in (Zr)z may
he very small and not differentiated by the analyzing magnét. For example,
isotopes of nickel -58 ard nickel -60 at charge states of 19 and 20 yield
(Br)? = 3.21 and 3,15,

Another consideration is that the output of an ion source is often
a Tunetion of its history, and different species of ions may Le added to the
energy spectrum to give another dimension to the problem of mass resolutior,

All of these prublens ean be eliminated or reduced by the uss of a2
veloeity selecter, TFnergy selection problems from continucus stripping cin
be solved by placing a velocity selector al some point after the aceelerator,
either belore or after the analyzing magnet, Yass resolution and removal of

contaminants ean be improved by placing a ve2loeity celector cithor bafores or

wm

after the accelerator, Thi: thesis discuss«: these casers and the design of a
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Since onn is eoncerned with caleulations of dicn orbits in the tanden

s

accelerator system in order to optimine focucing conditions, it is relevant

-

to eensider the lon trajsetory in a veloceily selector, A chapter has becn

included which discusses the ion trajectories in a veloeity selector,

3. L. Zahlin, uucl, Instr, ard Yeth,, 27(106")55



ENERGY RTSOLUTICY AND CHARGE ZXCHAXGE

Vhen fast lons are passed through matter the process of elcetron

loss ard eapture causes the charge on the ion to fuctvate, If the material

suitably thick, a dynamieally stablszs charge distributiosn will be esiab-

i . s . . .
lished. This 15 the mechanism uvsed to change the negative lons to p

C
._..

tive in the stripping canal, and it is the desired effect, However, the

3
[
['1
f‘)
;_:.

n the high encrcy acceleration tulies causes continuous
stripping, an effect which is usually urdesirable, Tt iz termed contimiour
stripping because the charge state can change from stripping at any point
during acesleration after the stripping canal and give a conlinuous snergy
spectrw

The averaze charge on stripped heavy ions can be calculated with

good results, Cne theory due to Betz5 presents the empirical formula

E/z = | -C exp (-§ B/x)

where £ 1is the atomic rumber, C and étare parameters devived from measure-

nent, Bé& 1is called the specific velocity., ( B = V/e, & =Tire strus-

—

ture constant,) The average charze § is dependent upon which ion 1is used

'3

as a projectile and its veloeity, bult not the initial or incident charge

state,

2

is empirical formula deseribes the averaze charge state for a

beanm whiech has traversed snough material sco that the beam is in a dynamie

¥

b, T. S, Dmitriev, and V, 5, hikolaev, Soviet Mhys, JETP 20, (1965):09
5. B, =D, DBetz, G, Hortig, =, Leischner, Ch, Schmelzer, B, Stadler, and

J. Veihrauch, Thysles Letters zh,\I”JG)(UB



10
equilibriwn, The formula is also valid for projectiles in a Tield free

reglon, The charge exchange procosses in continucus stripping oceur dur-
ing the zceeleration process where the specific velocitly ﬁ%éé is not

Plate TIT chows an experimental nonequilibrium charge distribu-
. £ i £ ; ; - : :
tion for the sulfur ion, The intensity of a given charge stats is
highly dependent upon the amcunt of material the beam has passed through,

R :
Then the beam has passed 101° atoms /c the intensity of each of the charze

states has stabilized, and the beam has passed through the egquilibrium
thickness,

The distribution of residual particles in the acceleration tubes
is difficult to measure, However, some data are available, There is a
pressure gradient in the acceleration tubes with the highest pressure at
the terminal, This occurs since in normal operation the vacuum is achioeved
in the acceleration tubes by crerating diffusion pumps at the high and low
energy ends of the accelerator.7 There is a natural outgassing of the

aecelerater from the electrodes, the insulation, and the sealing matcri=zl,

v . P i
This outzassing has been measured, and it is approximately 2 ¥ 107" torr 1/sec

for a typical accelerator tube.8
This volune of material is in addition to that which may Le
introduced at the stripping canal, Under maximum gas fleow the pressurc in

>

. . = s 5 4 ~f
the terninal can be as hizh as 10 Feorr but more typically it iz 5 Y 107 torr,

P

I.<N, Botz et al,, op. clt,

7. T, Chmqra, . Byding and J, Shaw, "4 Stuly of Vacuum Reguirements for
the Aceeleralion of Heavy Tors in an ¥ Tandem Van de Graaff,' Iigh

Voltage ﬁnglneerlng Corporaticu, Surlingteon, lsssachusctbs

0

. d,-T, Detz et al,, op, cil,



Flate IIT

EZFLANATICON CF TIATT TIIT

"Experimental. nonequilibrium charge distribution
for 5-ions, stripped in air at AEVQL = 6,2,"7 The
intensities of the diffesrent charge states vary
considerably until an equilibrium distribution is

preduced,

Rl

11
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swoacsure ab the base of the high energy tubes is usually noor

The ¢pzrabin: | atl
g K4
a9 % 107" bore,
Matez TV = VIT shew the ealeulated cross ceclticons vs incident
. . - : . i S
velogity for sullur, srscnie, lodine, and uranium ions, These eross
sections are czleulated assuming sinzle cleetron locs or caplure and theatb

the eguilibrium charge distributicn is zaussian, These graphs show Lhat
the olzetron Zoss cross scetions decrease rapidly with increased enerzy.
Tne mean ok:argc is also shown on the abseclcra showling the rolationshiipy of

mean charge Lo veloeity, The msan charge of the equililrium d;qt ~ibutdon

increases +7ith Increasing veloeclitles, Alsc, the uraniur ions have hisher
mean charge values than sulfur at cuomparatle veloeities, The widths of the
charge distribuliions will also he different, with more charge states avail:-
ble to ths heavler ion, In the region .24 £ § £.9% ine yidth of the
charge distribution [1 has been experimentally found %o be [M= Ai
where 4&-‘: - LEE 0'0'1.12

The charge distributions depend on the lon used as the projcetils,
the velceity of the projectile, and the thickness of the target., The eguilib-
rium charge distribution does not deperd on the initial charge state, Ir
eontimious stripping, the veloeity of the projectile is not constant, and

the amount of resiiual gas in the accesleratlon tubes is not constant alcns

the lengih of the tubes, Conseguently, charge distributions for continuonzly

92}

tripped heavy lons are not yet predicted,

11, K, -DI. Letz, Ch, Schmelzor, UNILAC-Dericht 11, 6-66
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Caleulated electron loss and capture cross sections

for sulfur,
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Plate V

EXPIANATIOR CF PIATE V

Calculated electron loss and caplure cross

sections for arsenie,

16
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Plate VI

FXPIARATICK O PLATE VI

Calculated electron loss and capture cross

sections for iodine,

18
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Plate VIT

BXPLARATICON CFF TLATE VII

Calculated electron loss and eapture cross

section for uranium,

20
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tThen ions sulfer charge exchange reacticns during acceleration,
the final charge distribution is affected. More importantly the cnergy
spectrum is affected, Instead of a unigue encrgy ccrresponding to cach
exiting charge state, there is an entire range of energles emerging from
the Van de Graaff for each charge =tate, The analyzing magnet selectls

2 i
(B") = M E/Z . It is possible for ions with many different energies,
and corresponding charge states, to satisfy this censtraint, Flate VIIZI
shews the relation of /y7£;//82 to the final charge state when the
ensrgy 1s given by E = (g + l) V The arrcws show the range of the mass
enerzy products that are available vhen only one charge exchange occurs
during acceleration,

It may te secn by examinirg these curves that the loss or capture
of one electron effeects a spread in the mass energy product; however, the
maés energy products for adjacent charge states of normally accelerated
ions do not overlap, The analyzing magnet could be expected to resolve the
various charge components, Plate IX shows a similar display of the maximunm
ard minimum values of loss and capture of up to five electrons, It is seen
that at least two charge exchange reactions are required to produce equal
rass energy products for different exiting charge states., The analyzing
magnet passes all components of the beam that have the same mass energy
product, Corseguently, more than one charge state and energy is a2llowed
to eontinue on toward the experimental site,

This poor definition of energy can be eliminated by placing a velocity
selector in the beam line after acceleration. The velocity sclector, con-
sisting of perpenlicular electric and magnetiec fields, passes or rejects
partieles indeperdlently of their charge. Consequently, the undesired com-

ponents of the team may Le rejected prior te reaching the experimental site,

A



Plate VIIT

23

EXPLAYATICN CF PLATE VIII

The mass energy product or momentun to charge ratic vs
the exiting charge state is plotted., The arrows indi-
cate the range of the momentum to charge ratio when

charge exchange of +1 is considered during acceleration,
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EXPIAFATICK COF PIATE IX

Plate IX l}ass Dnergy Product vs Final Charge State is plotted
for several charge exchanges. The values of g are

diserete, The lines are drawm for identification,



26

30}~
9]

.01 1 1
o o ~ ©

) I - Q m o o mw. M. m
{ST10A x SsPW 1O S11UM 1 MINMA LS TIN 3T QUYIAL

oz

12 16 20 24
FINAL CHARGE STATE q

8



The position of the velocilty selector in the beam line is still
open for discussion, Calculations have been made which show that to first
order the desired keam component is unaffected by the passage through the
veloeity selector, That is, no focusing or defocusing cccurs, This was
done for nonrelativistic uncoupled fields, In addition, the fields were
assumed to be uniform and fringing fields were neglected,

Cne prime position for the velocity selector is prier to the
analyzing magret but after the quadrupole lenses. In this positien the
slits of the bending magnet can be used to discard the unwanted tLeam; rno
additional slits zre needed in the system., In this position ary unpredicted
defocusing of the beam could be corrscted by adjusting the quadrupole lenses
on down the beam line,

The velocilty selector could be positioned directly after the Lend-
ing magnet prior to the switching magnet, or just prior to ths ecxperimental
site, In the latter position, defocusing eff=cts would be small and only
the experimentalist desiring its use would need to be familiar with its
operation,

7 selector is only to select

T

However, if the purpese of a velocit
a single charge state out of several, then this can be accomplished by an

diy

glectrostatic deflection in front of a slit at the cxperimental apparatus,
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MASS REZCOLUTICH

It

b

5 not always economical to buy commereially prepared material
econsisting of only a single isoteope, Cften it is impossible, In many casecs

it is not necessary to use isotopically pure source material since the
analyzing magnet can usually rssolve the components of an accelerated beam,
Fowsver, a complication may arise from the method presently employed in
regulatinzg the Leam, Regulation to maintain constant beam cenergy is carrjﬁd
out by measuring the amount of charge intercspted by the slits fellowing

the bending magnet, Since the enercy distribution is appreximately symmetric
around a ziven central energy E, egual amounts of charge discarded onto

sach side of the slit indicates that the central trajectory contains the

mean energy., This may nobt be the case when the source material contains twe or
more isotorszs, The undesired isotops will be rejected onto one or the other
s1lit making a nonbalance, The regulation system will attempt to correct
the situation by altering the terminal energy slightly until equal amounts
of charge are discarded on each side of the slit, Consequently the desired
heam will not pass throuzh the center of the slits,

A velocity selector in the bsam line ahead of the regulating
system would be useful in minimizing the difficulty just described, This
is done by rejecting ths undesired compouent, or componeants onto a slit at
the velocity selector, Then only the desired component is passed through
the analyzinz magnet,

yahlinl? has described a mass spectrometer which uces erossed

electric and magnetic fields which has been used to separate low energy ion

13, I, ahlin, op. eit,
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beams {up to 2 hundred ke e calenlates the dispersion for the deviee

and finds that
D= b £a € [/ -11/V

ok taf A

whers 1 is5 the distance from the centsr of the veloeily selector to the
vy
et; & iz the langth of the devicc; and E ic the magritude of the elac-

m. 8

trie field betusen the electreostatic wlates, Thils formulaticn 1o valid Tor

‘the case of an aceeleration through a potential difference v when no charge
exchange occurs, In the case of the tandem Van de Graaff, thers is the strip-
ping process at the terminal, In the ncrrmal case where the energy after
acceleration is given by (g + 1)V, the ahlin expression must be multiplied

by the factor gt/ to account for the extra energy provided by the ellect,

Tor the tandem Van de Graaff the dispersion is given by

L o 8E A1
Drﬁ’,fj(gfl)v M

The geometry of the system can be adjustsd to accomodate any particular Vv
shether it is on the order of 10° &V i the case described by Wahlin, or
10 m%7, the order of maznitude of tandem Ltsrmrinal voltagesz, Cnce the

zeometry is defined, the dispersion D or DT' ig
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to AM/M ths nass resolution of the desvice,

Rearranging the ewpressicn, the mass resolution becomes

s

oM ~» 4DV
M Jal




for the case deseribed by Wahlin, or

aM . s+l 4DV
M 8 Lo

for the extension to the tandem system,

It is instructive to obtain the order of magnitudes cof the mass
resolution for the two cases, For the low energy case %Wahlin's geometry is
appropriate,

Let A 2 HO e
£ = 350 cm
D = arTes

E & 10" Viem
v = 10’ v

Then

4 x .1 x/a"

alM

M 350 x gox 10°
alM

M

-3
= 3x /O

for the low energy design, For the high energy desicn take

1

a = [0 o~
'2 =1 Y00 oo
D 1 e

(0" Ve
Ve Sxio‘V

(o
R

Then

AM . gel yx.lx §xpt
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2 5 etl 070
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Tor heavy liens, chlorine for cxample, charge states of -7 ars
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ICN SCURCE CONTAMVIIATICH

There is very little specific information available concerning ion
source contamination, However, if there is residual material remaining in
the source from a previous run, it is likely that the resulting beam will
contain some of that material, For example, the diasde source at the
Kansas State University tandem is not a widely used instrument at this time,
co there is littlec sxperience concerning contamination, It is known that
hydride and flouride ions are easily formed in this device, If these are
accelerated they would certainly contaminate the beam,

Cnece contamination is in the beam, from any contributing condi-
tion, the problem reduces to the one described under the section concerned
with mass resolution., The analyzing magnet measures Br , the magnetie
rigidity, and the particle is rejected or accepted by the system only on
the basis of whether Bris within given bourds,

Since doubly charged negative ions are unlikely to occur, the

mass energy product is given by,
ME - amvV.
81

The magnitude of g is one so the magnstic rigidity is only a function of

mass and ion source extraction voltage, Since the latter is fixed, the
magnetic field in the inflection magnet is just proportioral to the square
root of the mass passing through

B « /M.
The mass resolution of these magnests is typically E% , but it is hoped that
this resolution can be doubled upon the introduction of slits preceding and
following the magnet, UYven so, elements having isotopes with closely spaced

atomic weights will be a problem, A velocity selector placed after the



inflection magret, Lefors the accelerator, can be used to improve the mass
resolution,

The formation of negative hydride lons 1s an even more formidable
rroblem, Tor example, consider two isotopes HX® ard Y™}, 1f (5¢™)” s
formed in the ion source it will be extracted with the same ensrgy, momentum,
charge state and velocity as (¥ 17 The two iors will be irdietinsuishable
for analysis, A velocity seleetor prior to injection would not be at ail

useful in the last case, since the two speecies have the same velocity,
' 3
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TRAJECTCRY CALCULATTCHS

!
e PenncrlL

has outlined a methed of ecalculating the trajectory of
an ion beam through a magnetie beam hwandlirz system, This method relies on
the well known matrix techniques used in opties and electron optics, The
method is applicable to first order caleulations assuming small angle approxi-
mations, Under this condition the equations of the trajectories are linear,
The validity of the solutions are of course dependent upon the

. e . " 15
validity of the small angle approximations, ™~ Also, the operator of an sctual
machinz has control over additional parameters for which provisions are aot
made when a caleulation is made, However, the first order caleulations are
useful for making initial judgments concerning the placement of the magnctice

elements,

The linear equations may be placed in the following form,
X = ay X, + 0, 6 t &y Af/f.’,
Gz ayXe *2u & + L Afp

Ayg= d,’ X, + ajzﬁ: + 433 ‘er/g

Y= bk o+ by foc by apg
ﬂ’ bz:.)'- r b;.,ﬂ rnbu Af/p

‘f/ﬂ: by, * b.u% r bys "‘f//:

whers

& is the angular divergence in the horizontal plane

W, 2, Tenner, Dav, fei,, Instr, 32,(1261)150

15. As an indication of the validity of the iall angle approximation the
usnal divergence at the exit of a tandoem Van de Craaff is alout ,002
radianz, The small angle approximation schould he valid to at least ,1
radian,



Y is the vertical displacument
@ is the angular divergence in the vertical planc
4&@ is the momentum spread,

In matrix notation

&y A 243
Mu = ayu 43 au
G [- Qa3
bu bﬂ. bﬂ
Mo 0 b
by, bn L ’

TThen there is more than one element to be considered, which is the usual
casz, the order of the matrix multiplieation is important since

AB ¢ B-A
for many matrix products, If the first three elemenis of a system could
be rerresented ty the matricics fﬂu:, M and rﬂa:respectively‘for the

horizontal component, then the final horizortal co-ordirates are found ty

Mu = Mus * Mn. 'MNJ

and
X Xs
& M L
o %,

The simplest beam line element to consider is the drift length. The linesar
equations for this case may be found by inspection,

X= X, + L&

35
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6 - s,
y = % L#
g = pe
% %

[

The corresponding matricies are

/ L o
th: o ! g

0 0 I

l L 0
Myp = 0 | 0

o 0 /.

there L is the length of the drift space.

The development of the linear eguations for the magnetie quadrupole
and the bending magnet are derived by Penner, és well as in many ion optics
references, Penner is able to derive the equations of the trajectory of a
charged particle from the geometry of the fields, and this leads to satisfoctory
solutions, The derivations of the linear equations are not presented here
since they are readily accessible in the literature,

The banding magnet is a dispersive clement and consequently the
position co-ordinates of a partiele is deperdent upon its momentum, In
particular the dependence is on the deviation away from the momentum which
the instrument is supposed to pass in the ceontral trajectory, For this
roasen the paramater %% vas chosen as a co-ordinate, Tortunately theres

are few clenentz whieh are dispersive, The bending magnet with normal pole



faces offects only the herizontal component of the beam, The matrix is

oS oA T Singt '-(I-—Cos‘)
Mu® Sind coso Sin &
o o ]
! o

qus & o |
O 0o )

where of 15 the angle that the central irajscltory is bent and v is the radius
of curvature in the magnet, Then «¥ 1is the effective length of the element,
The vertical component is given by a drift length since there is no focusing
of the beam, TFlate ¥ chows how the angle of a pole face rotation is defined,

The appropriate matrix fcrm to provide for a pole face rotation is

o o

O

Mg = [ —Tanp
-
o o) 1/ .

Plate XTI shouws the geometry of the quadrupole magnetic lens, The element is

not mementum dispersive sc there is no deperdence upon the momentum spread,

The nature of the fields in the quadrupolse are such thatl they foens cne com-

ponent, Consegqueontly, it is necessary to uce two or mere guadrupoles (a

+

beth conpenents of the beam, The quadrupele dowblat is an astigmatic Ceviee

k1
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Plate ¥  The gecmetry of a bending magnet with pole

face rotations ofﬁ, and ﬂ,_ .
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EXPLANATICR CF FLATE XI

Flate ¥I A cross section of a gquadrupole magnet showing

hyperbolie gole faces,
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Lo

since a parallel incident beam is focused at two differcnt locetions corre-
sponding to a horizontal focus and vertical fecus, This follows since the

centers of the lenses are physically displaced, The matrices describing
P J g

the trajeetories in a gquadrupole magnetic lens are

cas kL K sindl @
M. = ~Asin bkl casd L o
o o ¢

Cosh 41 4 sinh AL O
M, = Asind L cosh 4L o
O o |

The matrix Pﬁ;is the matrix which deseribes a diverging beanm, and Me deserives
the converging beam, Theese matrices are used as the vertical or horizontal
matrix when the corresponding element is horizontally or vertically con-

verging or diverging. The parameter £ is given by

N

of the magnet.l6

“hen an electric field is set perpendicular to 2 magnetic field the
polarities nay be set so that the fields exert forces in opposite directions
on a moving charge, A deviee ulilizing this prirciple may Le used ito selnct
particles of a given velocity since the magnetie foree is velocity deperdent,

wien17 first deseribed and used such a system and the velocity selector or

16, is the length of an ideal magrst with no fringe field,

17, U, Wien, Ann, Thysik 65, (1P98M1h0;8, (1002)260

N
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"ler. filter has bteen used (by Cliphant et al.}1 as
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separater,
The first order eguations decceribing the Lrajectoriess in the
veloelty selector are casily developed, Conzider an eleetrie field in the

The forces on the particle dus to the electric field and magnetic fields are

‘% = gC Eq:: 2T )
There are no forces in the X direction so the horizeontal co-ordirates are

simply

b X, * L &

& = -

Tr the verticsl direction

2
Y= v. + . 4 +}iaf
Y=Y + Lo + F t*
amM
The time that the forces are acting ic r= 545 where v ls the eomponent of

the velocity dovmn the team line, Then gubstituting

z
Y=dov L FE
2 v V3
or )
Y=y + [ﬁ,l- ,Fl'-"
¥ E
8. ¥, T, Elizkant, B, 3, Lhire and B, &, rither, Froe, Roy, Joe, (Lorrlui)

AC(103) oz,
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where £ is the kinetic energy of the particles, The force F is tho sum of the
electric and magnetie ficlds,

It i5 convenient to have the desired particles pass threough the ve-
locity selector without any defleection, This will oceur when the sum of the

forees on the partieles in the heam is zero., Then

where ¥ 1s the vsloecity of the undeflected particles, The vertical displace-

ment may be written
L

Y: v vl e [+ R]
1 Y

= - £

Y=kt Lp e b [sfr2v ]

e ¢ L2E . -

yrhot L BCE (o]
or in Penner's notation

y:
The # co-ordinate is fourd to first order by

~ 2 of
p= Tanp - ££

‘e
y‘-fLﬂo-&-é‘FAﬁ/z,

Tdentifying # with L
i, - 3L€ ap
VAN AR

Then the matrix representing a velceity selector is

-5
, a 4E

I
o
o

Mvn
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DZCRIPTICH CF A VELOCITY STLECTCR

The "lien filter concists of an electriec field and a magnetic ficld
set perpendiecular to each cther and perperdicular to th2 direction of the ion
transmission, The magnetic ields already exist in the usual beam handling
system, The infleetion magnst, analyzing magnet or the switching magnot
could he usad, with the addition of an electric field, to make a Wien filtar,
swever, thic 1s Impractiecal, The addition of the electric ficld preduces an
extra bend in the system which requires the relcocation of most of thes aguip-

ment that compriscs the system, This Impracticality lics primarily with a

"ahlin'S has designed ard built a practical velocity selector which
would be aprropriate for the energies used for injeetion into ihe tandom Van
de Craaff, Flate ¥II shows an asseﬁPly drawing of the veloeity selector
Priefly, *Tahlin's design consists of an iron core magnet with a moximun
magnetice field of 12,000 gauss, The magnet pole faces ard electrostztic
deflecticn plates are of the same area, Tha pole facas are insulated fro-
the electreatatic plates by a set of guard rings, The potential of the
usted to provide the optinmum bcam, Ilagnetic shorte are
placed belore and after the element to insure syrmetric fields and also Lc
termicate the lields at the entrance and oxit of the sclecher,

An lon travellng at a velocity 3 :i11 not bhe deflucted from e

rn

gnhetie aid eleet rst; ic forces arc equal in magnitude, 'Then

e

beam if the o

this dis the case,

19, L1, “Taulin, op, eit,



Plate XIT

EYPIANMATICN CF FLATE XIT

Assembly drawing of the Yahlin isotope separator,
J & I
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The velocity may herused to find the magnitude of the fields used in the

“ien filter, Cince the deflection of the undesired component is dircetly
proportional to the electrie field and consequently proportional to v 3 ,
these fields should be as large as practical, hen the eleetric field is

set by the veloeity of

4]
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ct
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e
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i
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om
5
]
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]
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the desired projectiles, To find the extremes for the magnetic fisld, theo

veloeities are shown for representative energies for protons and uranium,

energy 100 reV S melV /12 meV r00 meV
. é ? 2
proton velocity 9.5 %10 mpac 3.2X /0" Mifoae 4.9 % 10 myqe.
uranium veloeity 2:8 % 105 mfser 2.0% 10% mpee 9.1 x 108" fac

The corresponding mabnmlc fields are shown for the electric field set at a

i

reasonable valus, 10 XV/em,

energy 100 kel 5 me V 72 meV /00 me V
B for protons 2.2x M";.ws 3.1 X 10 gevss 2.0y 103acss
B for uranium . 2
3.4 X [0 geves 5-0% /0 garss 0.7%10° gauss

The mass separator designed by Wahlin 1s certainly adequate for injection
energies, although for very heavy ions clther the magnetic field or the extrac-
tion voltagze will have to be inereased, For post acesleration veloeitics, the
*lahlin design is adequate for the very heavy icns; however, the weal magnetice
fields reguired by fast light ions may be difficult to control with an iron
eore magnet, TFor lighlter ions, it might be convenient to have the iron core

magnet designed so that it ean Lo removed and replaced by an air core magneat,
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CCNETUETICH

The tandem Van de Graaff accelerator has been used for many years
to accelerate protons and helium nuelel, FHowever, more recently there has
been evtensive interest in much heavier ion beams, The technigues of
acceleration znd enersy selection usezd for proton and helium lLieams are not
adequate to provide heavy ilon beams of a single energy at the experimental

he mechanism of continuvous stripping in the high

cite, Thiz iz dus te the
ener—-y acceleration tubes,

It has teen showm in this paper that the multiple beam resuliing
from continuous stiripping can be eliminated by the use of a velocity selecctor,
The velocity seleetor, or Wien filter, consists of croszed electrie ard
magnetic fields, It has maximum effectiveness vhen placed hetweesn the
accelerator and the object slits for the 90° analyzing magnet,

Further, the use of a velocily selector between the ion source
and the accelerator can serve to minimive difficulties in separating small

mass differenees which might not be resolved by the inflection magret,
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After many years of usinz tandem Van de Graalf accelerators for
producing teams primarily of protons and alpha particles, interest is shift-
inz toward acceleratinz heavy ions, Several problems arise in obtairing
beams of a single energy and of a single ionie species, This thesis dis-
cusses the use of a veloeity selector, consisting of crossed electrie and

magnetic fields, to eliminate some of these problems,



