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Preface

The work described in this report was performed by the Space Sciences Division
of the Jet Propulsion Laboratory.
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Abstract

A comparison is made of double focused and quadrupole mass spectrometers by
analytical means. The analysis considers size, weight, and power for both types of
instruments at identical resolutions and sensitivity for the same mass number, In
the analysis, both instruments are used with equivalent ion sources having a 10-V
voltage spread. It is shown that with weight and power the bases for comparison,
the double-focused mass spectrometer is the better.
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Comparative Performance of Double Focused and
Quadrupole Mass Spectrometers

I. Introduction

This analysis is for the purpose of comparing the performance of the double focused quadrupole models of flight-
type mass spectrometers. They are compared in size, weight, and power for the same resolution at the same mass num-
ber. In addition, the voltage, mechanical stability, and the effects of space charge are compared.

The size, weight, and power comparison is based on the conditions of equal source area and sensitivity variations of

not more thar 40% over the mass range.

Il. Basic Relationships

A. Double-Focused Spectrometer

The basic transfer function for the double focused mass spectrometer, using linear analysis, is given by

X1 I3 0 0] [costy —bysingy 0] ([ 1 0 0] [cos246, —2%4,sin2%0, 0
. sin fy Lo sin2"% 0, .
L - el = ,ﬁ
Xan -y 1 0 T Cos Ay 1 -9 1 0 W cos 2" 0, 1
L o] Lo o o] o 0 of{Lo o o)L o 0 0]
{ U sin a 1 ] O- [ OT

34 Xn + p( tan a + 7 ﬂr -1 + Tm Bm -1

0 1 i3
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lme = distance from the magnetic sector tc vie
collector slit

l... = distance between the electrie sector to the
magnetic sector

I, = distance between the object slic and the electric
sector

fy — angle of rotation for the ions while they are in
the magnetic field

f, = angle of rotation in the electric sector

B. = velocity dispersion in the eleciric sccior

B.. = velocity dispersion in the magnet sector
X,. = the transverse velocity at the collector slit

X... = displacement from the optic axis at the
collector slit

v, = velocity of the ions which travel along the
optic ~ ais

a = the imtial angle between the paths of an ion and
the optic axis

r. = radius of the optic axis in the electric sector

= radius of the optic axis in the magnetic sector

Each sector has an object and image distance. The image
distance is related to the object distance by the following:

Electric Sector

cos2'%h, —2%4,sin2% 0.] Um

(lei/om 13| sin2ws,

_— cos 2% 4, J | b
h ke
tan 2% 6, = ;‘ . v 1
re 2%
It
les =1,
then
.:_:. = ?1%- { ::;;2;: . (symmetric case)
2

Magnetic Sector

i O
cos 9, . sin 6, O
['nc//v- l] = ()
Tw
—=sinf,, cos#,, l,
line -
e o c—
tan ¢ i i
" “l"l"”“
— ]
i
lf 'lm - ln«‘
. . 1+ cosd,, ( tri )
Y symmetric case)
where
[, = object distance for the electric sector

l,, = image distance for the electric sector

lim = object distance for the magnetic sector

e = image distance for the magnetic sector

'rm o 0¢s + ’uu
The magnification is give 1 by
G=G,CG,

Electric Sector

cos 244, —2"'-213in2'40,-' 0

. Te
0 [L 1]
v" r'
_‘éﬁ?: sin 2% 4, cos 224, I 1 J

—2% 0,
= ——in 2% 0, + cos 2% 40,

L

= — 1 (symmetric case)

’c" COSs 2‘6 0¢ - G.
% 2% sin 2'4 4,

p' 0032% 0. . ]/Ct
T, 2%sin2%4,
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X —1 +1’..B.. 1

1

1

xnu- = BeGmfe (\1 = Ge) + pmrm (1 . Gm)
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- 1
Magnetic Sector 08 b~ -
- - fim _ o
- Om 1 : T sin #,,
| cos ,, . sin 6,
Gn=|=2 1
- [ U ] £ $i0 O The conditions for a velocity focus are
L—-— = COSs 7, | L l-
— x.t = 0
= — " 5in 6,y + c0s 0, ikas
Be = Bu#0
= — 1 (symmetric case)
Y =0
b cOS B G
T sin #,, a=0
— - - 1 o a
" ':-h" " i 02
cos 0, =" 5ind,, 0 1 0 o] cos2vs, —= ”r .
] - e
X,,,, = [# 1 0] 'm . ppm Te sin 2“3 i, %
O 5y sind,, cos 0, 1 ~ 1 0 o, cos 2'4 4,
L 0 0 0J\L O 0 04 L 0 0
0 0
A 'm Bm
1 P B + 1
L l -‘ = l -
[ cos 0, — Uy, §in 0, 07 "0 0 07 cos 2% 4, — 2% %’- sin2%4,
Pme 'm fei '
,_§ (e —of om b l)m e 2
['J.,.- b 0] B e . Um . ’ -2,:;Tsm %4, cos 20,
| 0 0 0J\LO 0 0 | 0 0
0 0

e Be

re -



If The displacement in the clectric sector is given by
Be = Bu v _ [resin2%i,
X =0 - 2“‘0-. = 0’.)52“‘0. l]
CGute(l1 = G,) +1rm(l —Gun) =0 0
[ v, $in a J [
Te 1 —1/Ga + Pefie ] ~1
— T e—— x., + 0' 'anﬂ
tm (LG, | 1
If
( re . '
C. = —1 = _Esm'a+(xu+htana~ r,p)'-’)
e \
re 1-1/Gn X sin2'% (0 + ) + 1P
fm 2
where
If X, + 1
otk T Te
G tan 21,“*‘ e 21‘1( - t:i:ﬂ r ﬂ)
== - e @
‘ symmetric, electric,
B and magnetic sectors
G,,, = _l re 14
Ix‘ln.. = (E‘ Sin’a (X() + 0( tan a — DB)") i p'(
then
fo = m The displacement in the magnetic sector is given by
1 0 0] cos 2% 6, 2%0m ing%o, 0
fm ﬂem ‘
xm = | — six "m m el 0 ¢
[v,,. s é o 1] v : E;:v— sin2% 0, cos2' 4, !
0 0 0
- L 0 0 0‘_
Uy, SIN @ 0 0
x Xo + pg tana + 'QBQ _1 +' f’..ﬂ.. —1
0 1 1
/ . r — % 9
0 0o 0 cos 240, O lim 2% 0, 0 0
T'm f!i ‘
m == | —sin 0, Om 1 — 0 e . o |+ TeBe
[v... s B ] o o sin2%, cos 24 0, 11 Rk Biies
- 0
0 0 0
- o 0 0 0
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L Py i

0 0 1
X 1 1 fim
+ ToBm 1 o
| | 0
U SIN @ 0
X X, + b tana | +r.pBe| - 1
0 1

17
cos 244, 2' O sin 224, 0
fe . 1
o sin 2'24, cos 2% 4,
1 1] 0 0

pim
X, = sin (Om + ¢.,.){(—2%xo — tmSina + B2%r, sin2'%4,)" + [ﬂimsina + X, (r—2"‘lsin2""0. -1

."Q 14

+ 3(rm + lim 2% sin 2" 0._.)] f + w3

where

Dimsina + Xo (lim 2%5in 240, -- 1) + B (rm + lim 2" sin 2% 0,)

tan ¢, =

—2% X, — rpsina + B2%r, sin2% 0,

voim
| Xom | max = ((—2%X0 — twsina + B2%r,sin2%4,)* + [ﬂ‘.,.sina + X,.( 2%sin 2% 0, — 1)

4 B (rm + lim 2% 01 2 0,)]2)"' + Brm

The ionic path length along the optic axis is given by

Electric Sector

2:-'— =0+ (lg + o) /Te

(-& -G+ 2euhe.)

e

=0.+

2%sin2% 0,
For the symmetric case
G.=—1
L=0 2% (1 + cos 2% 0,)
Te 4 sin2%40,
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m

Magnetic Sector

1
0 +

sin O
For the symmetric case
Gn=-—1
Ym - b + 2(1 -f-coso..)
m sin 0,,

The total ionic path length is given by

Y'=Y¢+Ym



For the symmetric sectors

Ot 0t T 24 sin 24 6,
The mass dispersion is given by
COS O -'o.. $in O, 0 0
xﬂl' - '.(‘
D"——f;— —B...[v‘ . 0] {,lsino. cos f,, 1| ] -1
0 0 04 L 1]
b o | 2 sin b
- ﬁm [T 1 OJ »
ch
= B,..[ " sinf,, +1— cosO...]
Av
=N
= _1am
2 m
1 am
|Du| =5 (1= G.)
For the symmetric case 1
E (1 - Gm) T'm
|Dp| = 22 X, + X,G
m
1 ‘
The dispersion that would allow a mass range Am to be m o= Gu)rn

transmitted through the exit slit is given by
Durm = X, + X,G

where X, is the exit slit width

m

am R
1
_2-(1_Gm)

am X, + X,G.Gn

If
X, =X,
and
G.= -1
a.lm
am 2 X,
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B. Quadrupole Spectrometer
The force equations for the quadrupole mass spectrom-

eter are:
my¥ + %(V.cos«t +Vo)X=0

mij — % (Vocosat + Vp)y =0

These equations can be transformed to give

*X
G5+ (a+2qc0s20) X =0
% ~(a + 2qcos2r) X =0
A
where
8eV,
a H— s -~
roMme-
~ 4eV,
T Fimat
_ ot
T2

The first stability zone for the quadrupole is given by

0<qg<092
0<y<0.166

The resolution is given by the following:

m 0.75

Am
1— Y

Y max

The ions must be in the dynamic field for a number of
cycles n before they can be resolved

~ _m \*
n__3.5(Am)
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The maximum entry radius for parailel rays that would
allow transmission is given by

r,
m \'¢

b} el

27 (_\m )

The maximum entry angle, at r; = 0, which would allov:
transinission is given by
Vo \
(v

tand, - -—-—-r;
()
Am

V. = Axial energy of the ions

C. Focused-Beam Transmission Through ¢n Aperture

When a beam of charged particles is demagnified and
focused on an aperture the thermal energies of the par-
ticles establish a limit to the amount of current that is
transmitted. The current density at the image plane is
given by

Jo=1,[1-(1- p*)exp —p*®/(1 — p°)]/G*
where

J. = current density at the ionization plane
B = Gsinf
G = magnification

f# = maximum angle that the ions can have with
respect to the optic axis at the image plane

eV

©= 5T

V = potential at the image plane
¢ = electronic charge
k = Boltzmann’s constant

T = absolute temperature

The limit of this expression, as G — 0, is given by

Jo=1J:(1 + ®)sin? 6

ﬁ,;



q»

i

Sy . :

PR e - S

ot

The magnification factor producing a current density
that is 63.3% of the maximum is given by

1

eV a .
(k-l) sin ¢

(&

If
Gésin* e << ]

The demagnification factor is given by
A \"
G —
(%)

A, = area of the objective uperture

where

A, = cross sectional area of the ion beam at the
ionization plane

i in:f = A,
(kT)sm “ A

The current density for an aperture that is a rectangular
slit is given by

Jo=1, erf(B*¢/(1 — %)%
+ Be® [1—erf(2/(1— p%))%]]/G

where erf x is e jual to

2 r
—,Q/ exp —u*du
e 0

The limit for this expression, for G — 0 is given by

2 eV\"% |
Jo=1. pr (k_T) sin #

since
2
erf x ~ X
when
s<<]
If
X =
erff X = 0.84

Gsinf < < |

1
sin f @'t

J. = 1,(0.84) (Z—‘;) S

This value of current density is 74.5% of the maximum
value. The magnification factor for this case is given by

AA” l
A, sinf o'

Therefore,
i
(kT sinf = yn

D. Field-Free Transmission Through a Channel

The thermal distribution is given by

I =) /KT d
dn = (27rkT) exp —muv:/2kT dv.

v, = U, tan a.

Be
m

Om = 'm (magnetic sector)

dn — rmBe
"= @=mkT)% P

m\'"
«=(3r) v

= rnBe tan a,/(mkT)%

(—r‘,‘,.e*B'-’ tan a. dia
OmkT i

1 s
n= W/.: exp —u/2du

where n is the particle density which is assumed to be uni-
form over the object slit.

The relative transmission is given by

ndz
T,—/ 2

where /, is the length of the object slit.
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tan LE] =

tan Xy 2 =

m \"
u] = (-k—T—‘) U,n tan ay

m \"
U, = <ﬁ> o tan a;

The transmission efficiency is more than 84% when
u/2% =1
since

-%/lexp —x*dx = 0.8427

0

I
2
0

il B

B 2% [ kT \%
= Itanaz'1|—>——(—“
U\ M

‘?i . Un m
90 = 4Z,

Since the same criteria can be used for a point source with
0, = 0 so that

A A\
N\ eVa
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E. Statically-Focused Beam Transmission
Through a Channel

When z-axis focusing is used, 74.5% trunsmission is
possible when

eVm
2 eind — ,_;:.'2:
G*sin’ a. KT 1 — G*sin® a
B 22,’
G= I
0,/2
tana. =

. 1 [ kT \%
G (?w.)

L f, kT \%
%= Jsina, (eV,,,

kT \'%
A p; ('—evm)

F. Magnet Size

It is assumed that the cross-sectional area of the mag-
net is equal to the cross-sectional area of the magnetic
analyzer.

L.Hw=f:i1,B
A,B, = f.A,B
An= A,
B
Ln _ fi Bm
0, f. Hn

where

L,, = length of the magnet
A,, = area of the magnet
0, = length of the air gap
A, = area of the air gap
f, = mmF leakage factor
f» = flux leakage factor
H,, = field intensity of the magnet
B,, = flux density of the magnet



G. Width of the Sectors
g, = spacing between parallel boundaries
W, = width of the boundaries

W,
&

=6

This limit is necessary to prevent excessive fringing and
to provide a homogenous magnetic and/or electric field.

= N
9

H. Rod Capacitance
The static potential between the rod pairs is given by

€ /Eds
C =
/E-dﬂ
V., ..
E= —,3—(“"111)
2V,
|E| =0 (x* + y*)¥
0
2\ %%
Sl Y,
r3 x
ds = L (idx + jdy)

_ dy\*
—L(1+ dx) dx

L = length of the rods

10

Integrating along the line x = y,

ds = L2%dx
/’QE"”=V.,
C=i

j "L 2% x 2% dx

r
- 4€uL
€, = permittivity of free space

I. Power Consumption in a Dynamic Field

The average energy that is stored in an electric field is
given by

l Ao
‘Vx = ? C Vnuu
oW,
Q o Pd
P, = average dissipated power
1
P, ¢ = 'é‘ wC V,z,,/ Q

J. Number of Dynamic Cycles an lon Experiences
The number of cycles of the dynamic potential that an
ion sees is given by

_ Le
. 27:'0;

n

where

v, = axial velocity

Lo

n=""7ov \i
27l’<2eV,)
m

lll. Size and Weight

A. Double-Focused Spectrometer

The z-axis transmission determines the length of the
magnet air gap. The smallest angle exist for the exit side
of the magnetic analyzer.

JPL TECHNICAL MEMORANDUM 33-456



I, = 22,

"=p'+ p!i +f¢0.+"n+'n0m

1 1
—— —-G,+2cos:?."—'0,) (———+cos€..)

=r.| 0 »t( = + | Om + G 1

'[ ‘ 2'%sin2" 46, - "
kT \':
p‘(evm)

(~ : — Ge + 200s2': 6 ) ( : + cos 0 )
e e 1 p ra m %
=r,[a,+ = (KT>'4r,n Om + G ](kT)

2'%sin 2" 4, ev,, sin #,,

1 1 '
(l B (;,.,>[0,+ ( “Ea wsz&o’)] (

n
s
I

1-G,) 2%sin 20,

kT \%
evy, )

1
- (— G, +cosé',,.)
u sin #,,

m m

e \"
(vm)"‘" - f",B (m)

! 2kT—>% | ‘
2 (1 Y% g, 08 O,
. e {0'+ 2% ( +cos2¢0)+0m (l+ws€);

e B sin 244, sin 0,

Um = ('2£Vm)a: ruB .

where G. =G,, = —1.

The symmetric cases are used since they provide the shortest ionic path lengths. The second order alpha correction

can be made by curved entrance and exit boundaries at the magnetic sector.

2(2)%f, 2% (1 + cos2%6,) (1 + cosfy)
~ 1% 14
Ig= e B, (KT ) (Mimax) [0° +lut sin 2% ¢, + sin 0y :I
Let
o = 4. + 2% (1 + cos 2% 6,)
o sin2% 4,

1+ cosf,,

Oy = O + ————

sinf,,

my, = mass of the hydrogen atom

Ig = ?f)T‘:fz (kTmy)"% (M max)” Prme
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The weight of the magnet is given by

We = d s,

where

d,, = density of the magnet material

U,, = volume of the magnet

Um = ’4,,, [(r,,, + X~)2 o= (rm o x~)2] _021
Ly
=3 Ou (4X,) 1
= 2L 0mX

Um = 2L,,(30,) Oy,

gfL B

020 m
fz T

gl Bm
_6f2 Hm 0,,0”2X« Mmax

=

ﬂ 0" Mmu XO

Va\*" .
) sina=(ek—T> sin a X/,

_er,BusinaXl,-
) fz (kTmh)“ (Mmu)%

I
[a—y
(3]

*'\

e By, sin aloXo (2XoM mas)
T T fa (KTmy) % (M a2

€ B,, sin a 1,X3 (M max)"

= 2 KTy

by =42, =21,

B A, fz (kTml)% %
Ko (2% ¢Bnsinal, (M...,)%)

4@ (KT fy Mife, e
" eB,

12

W =0.d l2f| - lmu

II m

X A, fi (KTmy)% - :
2VJeB. sinaZI, (Almnl)%) g

f, o (At KT\ %
= Oudn®p ..M'"“(zwes sina) iy 2

f1 g1 Bu (Asf: (KTmy)'s
= 60yd, f2 H ( e B,, sin a )

M?..’.‘.“( - ) 32 (KTmy) /s M8,

m 1 Al ‘%
W, = 24 0yd, 1.f, (H,,,), 2"(sina>

3/2

X (%,L) KTmy M2,

If z-axis focusing is used, the following conditions are

valid:

1,21,

The magnet weight becomes

Let

(W), = 48(2)"+dy, 12 (3—)

f'—' m .
X 8 A2 for: M;l/:' (mykT)*'* B},
" (sin a)'/? pl/n Bs"{z e%/2
(W..), _ 2 (2)1/4 q,x/z ’1/1 M:“/:l (mhkT)‘/‘
W, 12 B:”/z e'/?

b
E =38
Wn)y _ 1
W 8':
() = =
T 8%
Xo)y _ 1
2 M
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3 e, B

ol WL TC A

1 Af. \"
( f ) M- /4 (kTm,.) 1/4 Q1/2

X, = 24/ \ eB,, sin « max
' 4 (2)% ,2 14 14 %
(_é'i;— (kka) ‘(Mmu) °lw
i 2% A, \* 1/2 M-1/2
[70 - 2: (Sinﬂ) pmr A’mll
o = 2XoM s
- 1 A\ “1/2 M1/2
m = 2 (sinn) 4’mr Almu
f, 4 sinakTm;.)“* .
';u — eB," ( An ,‘-' q’mr

The half width of the electric plates z, must be large
enough to prevent ion capture; therefore,

[ pu
'2&—2. _2—"'zm

=
'l ﬂe + pri . rpor . 'hu +* 'mem

ly le 1
e —2'[1 T, A e 10 + lim + r...0..._|

o= Zmle
pe + p(i + r¢0' + p'm + fggam

4

pe + pe‘ + f¢0, + l‘m + r",a.

lo = 42,

Ze = Zm (ﬂe + pe‘ } f.o. + l‘m + fmol)

. —1 + fei + refe + bim + rmfu

= Z : 0o + Lo + 1l + lim + TmOx

E Le.40 ]
g™ """
Ze = Zm .-1 4 Dpe
e = 2o (T (M [ e + 5 00+ 0
” eBm h max me 2 e m
% f, 3

0 = L (KTma) (M) [5 B “""]
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The radial extent of the electric sector Ar is given by

Ar = 2X, = ?;-z,
Ul % f,
llAr = iBl (kT'my,)" (M ,...)" [% @, + d’..]

(f z-axis focusing is 1:ed

The ion path length is given by
Y=Y,+ Ya

= (B + 2®,,) T

_ L (AN (@ 200)
2% \ sin a s (q’me)%

B. Quadrupole Spectrometer

For the quadrupole, the size and weight are influenced
by the power consumption. Typically, instruments on a
space flight mission are given a weight penalty that is
related to the power consumption, For a given weight-to-
power penalty, an optimumized design can be made. It is
for this reason that the power equations must be estab-
lished before the weight can be computed.

l E“_l: qz Uw‘ 2
2°C “(@pe "
_ COL qzrawbmﬁ Mlzlllx

8Qe*

13

upu Mgt



with

am = |

. 3.5(2.-.'_2 2e "i)"
L m

€ Lqgr'mi M, (3.5)° (2_rr_,° (2eV,/my)**
8Q e*l.’

- 2.2“‘6 (';T) : ('_) (3.5) Vu/'M"n.'
h >

P¢=

From the expression for the limiting current density, the
radius can be obtained.

A, = nri

A,eV.sin“ 0
kT

_ =i ¢V sin*

kT

. o1 V.,., ¢
T (27)%(2.5)* Mi kT

_mqrim, M, . o’e
T (27)%(2.5)* Mi4e kT

™ qr,‘,m;.m'-'
1(27) (25)° My kT

o mqrim, (3.5)* (27)* 2V,
T 4(2.7)%(2.5)* M o KT L*m,,

__meqr; (3.5)* =*V o
T (2.7)2(2.5)* M,uux kT L?

(27 (25) Muas KT L
¢ 2q (3.5 =V, .
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The power can be related to the length by

e\"
22k, (_) .
P‘ . [ - T \3'5/‘ V:'""Al,’".,]

L 0
iax kTL {‘ ]

(2.7)* (2.5)* M
x[ e(@35)rq

_ 212'%¢, \“M (2.7)2 (25)
()" QqV kT = A,

The weight of the rods is given by
W, = k=t L
where
= radius of the rods

ro = 1157,

The weight plus the weight penalty is given by

W = 4k, = L(1.32)r: + k. P,

where
k, = density of the rod material
k. = weight to power penalty

(2.7) (2.5) M2 (KT /* Av*

W=k x L8 e L
ki 2' e, q V2 My, KT (27) 25)
(mye)/: Q= L .
W - o L2 -+ TaJi_,
dw a:
dIJ 2“] Pl 2'17 — ()
Lom =2
@,
a\ /!
s
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' Qe q" Vs b’;“ kT)'“
(k) (mw)n- Ql/!o 3/4 9i/3 (27)!/: (25)”, "”‘

wt/4 (l 32 1/4 (2 7)1/4 (2 !)l/o M/ (kT)l/l
21/1 1/8 R3/8 vvu (3 5)1/0 e\

AV

L\ 1/ Qo8 gl/d »/lVl/l 8/8 1/8
k) €'q ML, (KT) (2.7)/4(25)/ As

L = (3-5)1/0 (k—: (mh)'/' Q|/c 8/8 (.1932)1/0

_(2.7)2(25) M (kT) /¢ AYs  (3.5)V/% (ka/k,)'/* 20/ €i/* g*/* VI/* ML (2.7)7/* (2.5)"/% A/ (KT)V/*

To = (e)i/o /4 (3 5)1/1 a/4 Vl/c X Qi/4 (m.)"“ Ql/l w0/16 (l 32)|/u

_ 27) (257 3.5 2% e/t Ay M3t (/) (KT
= (1.32)1/% /18 Q/% 511/18 (m, ) /1% @1/4

wk, (1.32) (2.7)%/4 (2.5)%/4 (3.5)*/4 2*/* €}/* A%/* M2 (k./k,)"/* (KT)**

W, = =k, (1.32)riL = AR A R R TR o
(3 5)1/4 (k k. 1/4 _2“_/' el/o ql/l Vl/! M,’n:, (k'r)l/l (2.7)1/0 (2.5)1/0 A:/l
X (1'32)1/0 (m.)‘/‘ Ql/c /"

(3 5)1/: (1 32)1/3 (k k’)v: qx/c (2 7)3/: (2 a)x/z ¢1/z 21:/4 Vn/a M"‘ (kT)I/C As/a

W' 14/8 (m.)"‘ Qn/:
IV. Voltages whore
A. Double-Focused Spectrometer M
M. = max
& i Mmln
V. = B;.r.e
" fi2m
The voltage on the electric sector plates is given by
Birie
(Vﬂ)llln e fgzmhMm.x V _ 2v lnﬁ
e m rl
2
. Ly
2f gmhM max 4sina ™ Ar
r. + 3
- szneAn = 2 V.. ln
(Vdmin = 4fimy, sin a Oy, £, = %
(Ve = BieA M ,ax
.m_4f’mb3ina¢mumln l+ir-
2r, Ar
- 4ﬁm Sin a‘bm 2’.
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2'ef, (kTmy)'*(M,...)" [(3/2) ¥, + &)

A, A 3eB, 2f, /sinakTm,\"
"_ f—m ) ] A. \'t 2% 3¢B,, ( A, ) L [3/20. -+ 0-]
5 (’-‘") (Muas)'
<« \SIha D,
, 4. [sinakTm,\' .
L {__'M)lllll
((Vm)llllﬂ)' 8

B. Quadrupole Spectrometer

_ amre
Vo = 1e
) 3.5(2”)( | ) 3.5(2”)( - ) 2
Lo\ m g V" Mais ()™ o 7yors (250 Ay

(3.8)'/4 (k. /k, )l/o2v/~ ) O 5% (LI

_ (357 (2n) () (132)1 Q'+ @e) - (ki k)
. (27 1/4 25)1/4211 /8 3/ (k1 178 A1/ g/ ‘Mm"m‘

. (kT
- GmuM 0 (3.5)7* (27)* =°/* (1.32)"72 Q' 2e 2 (k, /k.)’ (2.7)%/4 (2.5)/4 (3.5)1/4 29/% /4 A%/ M®/8, (ka/k,) 74 ( 12‘3'
- 4e¢ (2‘7)1/2 (2_5)1/2 So/4 qn/c (k’I')l /4 A:M ‘.‘./ Aln./:.m:” (1_32)1/4 ql/l Qx/o 17/8 m:/l evs
v 2”" 1/8(3.5)7/4 (2.7)3/4 (2.5)%/% (2=)* Q*/* (KT)** m)/* A}/* M/ (k,/k,)"/*
= 4e'/tn'/®
V. Power

A. Double-Focused Spectrometer

The power that is consumed by the analyzer supply is given by

Vi

P. = R.

where R, is the resistance of the divider string that is across the analyzer supply.

The R, zan be very large; however, the scan rate would be limited by the resistance and the capacitance of the

electrodes.
B, e*Ai=Mi;
(PaRom)max = Vi = B4fimi sin® a ¥,
PGRM max
((PaR Jmax), = (_8_’)_
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B. Quadrupole Spectrometer

W,
Py = 7(—

.lf/'l

Jnax

1?7/‘ m:/‘ Ql/i

(3.5)1/2 (1_32)1/2 (kl/k’)x/z qi/o (2_7):/: (2.5)1/1 ((l)/: Q18/4 V:/’ (kT)""" A:“ A

P,

VI. Required Voltage Stability

TAM,,.,

A. Double-Fowused Spectrometer
v, = 208 %
2m

AV 2AB  Am
V B m

sm 2B AV
B Vv

m

These variations produce a shift in the mass calibration;

however, the resolutions would not suffer unless they are
produced by a high-frequency noise source.

If the voltage on the electric sector does not follow the
scan voltage, the velocity focusing would suffer. This

would result in a resolution reduction.

The displacement at the object slit which would be
produced by a lack of tracking in the electric sector is

given by
Xine = == 2Bete + 2Butm
Let
Be = Bm AR g
Xoe = 2087 + 2B (Tm — Te)
= 24pr,
if
Tm = Te

AB = %AV, /V,

AV, X

Y. %
_ X0
o 2r,
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V.  iM,.

symmetric electric
and magnetic sectors

o\ 2 symmetric electric
(2 - f—"') sector and a 90°
‘ magnetic sector

B. Quadrupole Spectrometer

m 075

Am ._
{ = Y
Y max

where 1 is the ratio of the static to the dynamic potentials

Am

Ymax — Y & AY - 7-57mu 7

8(ay) _ 0758 (am)

Ymax m

8y 0758 (am)
Y max m
_Am Am

07538 (am)
h Mlllll Am
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P WP e

This variation effects the stability of the mass calibra-
tion; however, if the variation is caused by high-frequency
noise the resolution would suffer.

The frequency variation is given by

Aw , Am
o “m
|

T P S

M

Low-frequency drifts would produce a shift in the mass
calibration, but a high-frequency modulation wvould re-
duce the resolution.

The frequency variation should be less than

so that the power consumption does not become excessive.
Even when the frequency is highly stabilized the center
frequency of the resonant secondary circuit must be stable,
even though the rod voltage is regulated, because the dis-
sipated power would become excessive.

' o s 2
7o = 11+ Q* (Am/w0)?]

where

w, = center frequency

P, = dissipated power at the center frequency

VII. Mechanical Tolerance

A. Double-Focused Spectrometer

The electric sector has the most severe tolerance re-
quirements, in comparison to the other components of the
double focused instrument.

V.= ov, =
Te
8V, 8(ar)
V.,  Ar
3V, 1
VP . 4AI|HHX

18

3 (ar) 1 symmetric electric
Ar 4M.,... and magnetic .wctors)

w\*
(2 - ) (.Sylmnctricclcctric )

4M.,... and 90° magnetic sectors

B. Quadrupole Spectrometer

» "(“’m
= -—
(I"h-)'

Ar, Am
— % cm—
ro m

|

h 2“lnuu

This is the tolerance for the rods. The tolerance for the
spacing is given by

ad _ 2ar,

d 4r,
1
h 4“Innn

d = center line distance between two rods

VIIl. Space Charge
A. Double-Focused Spectrometer

The effects of space charge cccur over the entire ion
path; however, the greatest effect is at the collector slit.
As the ions converge to the collector slit the mutual repul-
sion produces a divergence force. Instead of the forma-
tion of a crossover at the collector slit, a waist would be
formed. The dimension of the waist will be calculated.

V+E, = P/fn
where p is the space charge density.

The space charge density is assumed to be constant over
the dimension x until the edge of the beam is reached. The
space charge is assumed to be infinite in the y and z direc-
tions for the purpose of integratin of the Poisson equation

X
E,=£
e()
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I = Apv,, raZm = [—l.—( L ) T, MY ];
2 ‘-_ sin o ne max

A = (2x) (2z,)
I X [Zf (KTma) 2 M ]
P dxz,e, "
A, >
z f (G ) Mt (Tma)
Er = — - SN «
4~mbm¢<' o 2"‘J Bm ¢
mdv, I
(If - (& ‘r I ; 2128;-'!0 (kT)“:eEO An
e 2
fimir M, sina 4 + 1080
v,dv, e : 2 sinf,,
dy —~m'"
el B. Quadrupole Spectrometer
~ 4mz,€0n The space charge in the quadrupole analyzer is assumed
I to be constant through the region of the quadrupole field
_ ey
U= dmzncvn, "
1y =L
v, dx ely o ¥ E,
dy  4mz.evi, "
ﬂ _+_ ‘\';v = /e
dx ely ox: "oy P

dy 4mz,eV,

2 r:
ely’ '
Ko ™8 o
8z,.€,0°m
where
= Yo rmOm + dme v :p_fg
& © 4e,
om 0m _ m
el e Ga)
\ 2 s om I = Uy p'rrrg
%o 2e %
ch':? U_=<;V:)
' i
= V" i !
4
4M .« _ (2_6’ v, ) ™~
m
rm8 (”‘h/e) MﬁxzmcoBafvsn (e/'nh)3
- M, e M., This potential adds to the static potential on one pair of
¥ o [Om , 080w — Gu\? rods, while it subtracts from the static potential on the
o= sin 6, other rod pair. For this reason the effect of the space
charge potential is considered to be a change in the ratio y.
= 2r: B3z, €, €*
s 0m cosom—cm2 3 ‘__VD_VC_KD__&_ -
pomt (5 + ) Mo Sab e BE Sl
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e, ( )
m
by =— qgmrie o
——
I(e m)':
€,mq 2"t (V)% w'r
075500,
8 = M

I o €,7(] (‘,:)L" o’rg (0-075) Y max
2!'.' (—(—‘—> “ A‘I".u‘
m

€,7( (V;)""' U)."rﬁ (0075) Y max

14 (_' o E 14
(£ Ot

I

I "

€7q (V2)"7* (0.075)yuax (3.5)72 (27)? /+ (1.32)1/2 Q72 (2e) (K, /k.)1/*

max

272 () Mia, QT2 (257220 g (KT)/ Ay € Migs, my
h

. (27)' /4 {2_5)-"/‘ (3_5)1/! 2"/\53‘” A:/y« M

(k:/k,)’“ (kT)"'/"

(1.32)1/4 g1/# Q1/4 71778 m)/s ¢!/

I _ (E‘m,l.',w ql/n 220/n (2.7)3/4 (2.5)3/4 (3.5)7/4 Ql/o (0075) y (V:)l/z (1.32);/4

mi/s

"

I« =256 X10*A

IX. Conclusions

When the quadrupole mass spectrometer is compared
with a double-focused mass spectrometer and both instru-
ments are used with equivalent ion sources, which have a
voltage spread of 10V, the quadrupole has about twice the
weight and maxiinoum power. The sizes of the two types are
about the same. The maximum dynamic voltage for the
quadrupole mass spectrometer is less than the static volt-
age for the double-focused mass spectrometer. The maxi-
mum ion current for the quadrupole is about four times
that of the double-focused instrument; however, the ion
source suffers before the ion current limit is reached for
either instrument.

20

) > ((KT)"/* AY* (k,/k.)7*)

The voltage stability and mechanical tolerance are
about the same for both instruments. With weight and
power the bases for a comparison, the double-focused
instrument seems to be the better.

A comparison of the quadrupole with the double-focused
mass spectrometer is presented in Table 1. In this table,
the weight of the double-focused instrument is the magnet
weight only while the weight of the quadrupole is the
weight of the four rods, only. The weight of the vacuum
envelope for the double-focused instrument should be
considerably less than that of the quadrupole, since it is
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Table 1. Comparison of spectrometers

Double focused Quadrupole
Units
MIIAII Mlllll

Parameter 1 10 100 200 1000 | 10 100 200 1000

Weight 0.001 | 0.037 )3 3.2 35 0.001 0.058 | 2.9 9.5 160 b
Power 1.44" 1.44' 1.44 576 1.44° ‘Moss range; 0.0024| 0.116 58 19.6 320 w

X100 x 10" x10 | x10 | x10"| R. = 10" ohms

Length 0.427 | 1.34 4.28 6.6 13.8 35rm 0.334 1.4 57 8.9 24 in.
Width 0.244 0.77 2.44 3.46 7.2 2rm 0.156 0.56 206 3.03 7.26 2r() + 2 X 1.15) in,
Thickness 0.215 | 0.675 2.15 3.09 6.7 la + L, 0.156 | 0.56 2.06 3.03 7.26 2 (1 + 2 X 1.15) in.
Voltage 1.2" 1.2° 1.3* 2.4" ).2* Mass range 8.7 63 460 830 3300 v

X 10°| X 10" | x10'| x10'| X 10°

— — -

Frequency — — -— — - 18 4.2 1 0.65 0.24 MHz
Maximum 2.66 2.43 7.66 2.72 2.43 2.6 > A

joncurrent | X 10" X 107 [ x 10" x 10" x 10" X 10°*

Voltage 2.5 2.5 2.5 1.2 2.5 0.08 8 8 4 8 AV/V

stability X100 X100 X107 x10?* X 10" X10* x 10 x 10 x13°

Mechanical 2.5 2.5 2.5 1.2 2.5 2.5 2.5 2.5 1.2 2.5 Ad/d
| 'olerance X100 X100 x10?*] x10* x110* X 10" X 10*] x 10" x 10 x 10"

much smaller; however, the combined weight of the mag-
net yoke, and the vacuum housing may be about equal to
the weight of the quadrupole housing,.

There are some techniques that can be used to reduce
the weight that is presented in Table 1 for both of the
instruments. For the double-focused instrument, =z-axis
focusing can be used which would allow a longer object
slit. With an object slit four times as long, the weight of
the magnet could be reduced by a factor of two. The maxi-
mum voltage would be reduced by a factor of 4, while the
power wou'd be reduced by a factor of 16, The minimum
voltage would be reduced by a factor of 4 so that it would
become 30 V. To further reduce the maximum voltage and
power for a large mass range, two different radii can be
used. This can be accomplished by using two collectors
or by using a smaller angle of rotation and radius of curva-
ture for the lighter masses, so that they are focused to the
same collector. In the latter case, a suppressor potential
would be applied to the beams so that they could be gated
with a radius reduction by a factor of 4 and the power by a
factor of 16. The resolution of the ion beam that has the
smaller radius would be less, but for the lighter masses
a smaller resolution would be adequate.

For the quadrupole instrument, the weight of the rods
could be reduced by removing material from the center of
the rods. The maximum ID of the rods would be deter-
mined by the required mechanical stability, in particu-
lar the stiffness required for the grinding process. It is
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expected that the weight of the rods could be reduced
by 25 percent by the removal of material at the center
of the rod. It may be possible to construct the rods of some
lighter material, such as metalized ceramic.

For the analysis of the quadrupole instrument, a par-
ticular mission was used. That mission had a weight-to-
power penalty of '2 Ib/W. To minimize the effective
weight, the actual weight was made to be equal to the
weight penalty. For different missions the weight penalty
may be different so that a difference design would be
required to obtain the minimum effective weight.

The double-focused instrument requires the maximum
power at the minimum mass number; therefore, with the
primary emphasis on the maximum mass number, the
maxirnum power consumption is a function of mass range
and not the maximum mass number. For this reason, a
weight-to-power penalty was not used for the design;
however, if the mass range is large it should be used.

The symmetrical double-focused instrument has the
least weight and the largest ion current; therefore, the
design that is presented in Table 1 is based on a symmetri-
cal electric and magnetic sectors. The angle of both sectors
was taken to be 90°, since this angle provides the :hortest,
or very nearly the shortest, ion path length; however, a
reduction in the magnet weight by a factor of two could
be obtained by using a smaller angle for the magnetic
sector with an increase in the ion path length.
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