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PERSONNEL

Besides the principal investigator, the following.persons worked at :
the research project on a part time basis: -

a} Dr. Heinrich Hora, Adjunct Assoc. Professor of Physics, RPI of Conn.
b) Roy C. McCord. Reéearch‘Associate, RPI of Conn. .

c) H.A. Tourtellotte, Senior Laboratory Technician.

ABSTRACT

The new nonmagnetic fon pump resembles the quadrupole iqnization gauge.
The dimensions are Targer, and hyperbolically shaped electrodes replace
the four rods. Their surfaces follow y2 = 36 + x2 (x, y in centimeters).
The electrodes, 55 cm long, are positioned lengthwise in a tube. At one
end a cathode emits electrons; at the other end a narrowly wOund‘fjat
ép{ra1 of tungsten clad with titanium on cathode potential can be heated
for titanium evaporation. Electrons accelerated by a dc potential of the
surface‘e]ectrodes oscillate between the endg on rotational trajectories,
if a high frequency potential éuperimposed on the dc potential .is properly
adjusted. Pumping speeds (4-100 Titer/sec) for différent gases at‘differ—
ent peak voltages (1Q00—3000V) ét correspondinq'frequencies (57-100 MHz},
and at different pressures (10_5710"9 Torr) were observed The Towest

pressure reached was below 10 % Torr.
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INTRODUCTION

The investigation of a new type of non-magnetic ion pump as per-

formed under this grant originafed from a previous NASA grant (NGR
07-009-001) entitled "Study of Non-Magnetic Ionization Gauge with Low
X-Ray Limit" which was alsc undertaken by the.same principal investigator.
The Final Report of that investigation was submitted to NASA Tecﬁnical'
Reports Office, Officé of Universit& Affajrs, Code Y, Washington, D.C.,
on June‘19, 1969. The “Ndn-Magnetfc Ionization Gauge with Low X-Ray
Limit" won the I-R 100 Award of one 0% the 100 best industrial research

efforts which was -presented September 18, 1969, in Chicago, I1linois.

The main objective of this research was to develop and investigate an
ion pump producing, at a high pumping speed, a very low vacuumm in the
order of 1072 torr and lower, which is 1ight weighted and does not need

a magnetic field.

It uses the principle of an electrostatic double quadrupole as itnis
sketched in F%gure 1. A radio frequency is applied to the four.poles
of the quadrupo]g arrangement so that the electrons will be focused in
the center. At one end there is a hot tungsten wire cathode C, see Fig.
1, and at the otherjend we have.an anticathode thch consists of mesh
made of titanium wire or-a narrow spiral of titanium wire which can’

be heated so;that titanium vapor will be available for .getter action.
The anticathode is on the same potential as the cathode and a fiat ring
which 1s'posjtioned immediately in front of the cathode. _An anode ring

AR is Tocated precisely halfway between cathode and anticathode. It has



II

a positive dc potential in order to provide acceleration.to the
electrons parailel to the tube axis. The quadrupole obtiés are
properly tuned so that the electrons follow a narrow spiral and

rgach their maximum axial velocity when passiﬁg through the anode

ring. After this, they are slowed down by the inverted field they
encounter due to the presence of the anticathode. There they turn

back and will have a reverse acceleration. This behavior of the
electrons Teads to their oscillation in gpira1 pafhs. 'Therefore,

the free electron path is very long and will on?y end its free moﬁé-
ment when’'coliiding withua gas atom. At very low pressures, for example

10" ¥'torr, it may be as large as 10% cm.

A1l electrons following these dynamics will have to collide with a gas
atom which in most cases will lead to ionization. The jons produced
will not stay on stable tfajegtories but will leave the internal part

radially and reach the wa?Ts‘where they might be absorbed and embedded.

THEORY OF QUADRUPOLE ION PUMP

The dynamics of the charged particle movement have been investigated
theoretically by many workers; they are described by the Mathjeu equations
and their solutions can be found for example, in W. Pau1'§ work on the
mass fi]ter.1’2 More specifically suited for the devices described here .

3 presented on

the principal investigator has given a theory in a paper
invitation at the 4th International Vacuum Congress, Manchester, England

in 1968. This paper, a reprint of which is attached as Exhibit #T,,had
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been sponsored by the previous NASA grant NGR 07-009-001.

Following this theory a radio frequency is applied to the four
electrodes of the quadrupcle arrangement so that the electrons will
be focused in the center. In the case of ion pumping, we have chosen

such parameters that only electrons are being focused.
. U 11/2
f=1.03 x 107" %—{i%

where a {see Fig. 2),is the radius of the internal circle; U, the max-
imum voltage of the high frequency éenerator; and m, the mass of the
chaéged particie. a is given in meters; m, in kilograms; and Uo,ﬁin
volts so that f comes out in Hertz. For an electron, the above formula
would read:

F=1.08 x 10° a1 ulfz

For best results the surfaces of the four electrodes should have the

shape of hyperbolas.

The theories reported in Refs. 1-5 do not consider space charges. But
since with the relatively high ionization yield end electron trapping we -
cannot anymore neg?ect space charges, efforts were put into a theory which
'w6u1d at Teast partly overcome this deficiency. We had successfully tried
to obtain also1ut10n cons}dering the space charge of the e1egtrons:

It turned out that the mechanism of charge oscillations within the double

quadrupole device does not change except for a certain modulation of the

(2)



frequency which had been calculated in the case of space-charge-free

conditions of the Mathieu equation (see attached reprint of Reference #3).

The particle dyhamics. in the space-charge doubTe quadrupole device can

be expressed by the differential equation:

9U 4 n2(x) U = 0 3
H')-('z"ﬂ_x)" (3)

whereby U is any oscillating quantity like voltage and n the refractive
index of the plasma. 1 is a function of position x and can have a. cofplex

value. Equation (3) can be transformed into a Riccati differential ‘equation:

4 y2(x) = - n2(x) (4)

if ¢(x} is substituted by:
TOE (5)
By using a function v(x) being a solution of
n(x) = V0 - 5[ i) S (6)

We obtain for real n{x) a solution of U{x) of Eq.(3):

) V(O) VZ B *
U(x) = {m] expji { v(g) dg (7)

! ’o



The solution for U does not show any internal reflection as long as the
values of-v(x) exist in accordance with Eq.{6) for a given n{x). The
similarity of Eq.(7) with the WBK solution is evident. The main dif-
ference is only that in the_ka case a condition of weak: dependence of
n on x must exist., The uncertainty of the solutions due to this con-
dition iéncance11ed in the case of Eq.{7). Restr&ctions to avoid too
strong spa£ia1 variations of the réfractive index can be derived from'
Eq.(6); but besides these definite cases, all other.so]utions are

mathematically rigid.

We applied these methods to the equation of osciTlation of the particles

in a quadrupoTe systemz"5

as it is used in a quadrupole type ionization
gauge. As described in these papeaf's,z_5 the motion of particles under
'space charge free conditions is determined by the Mathieu's differential

equations

d2/dt2 U + {(a + 2q cos2t) U =0 (8)
where the double sign distinguishes between the two 1inear independent
solutions. We consider now a differential equation different from Eq.(8,

with a few formal changes to fit the conditions expressed in Eqs.(3) to (7).

We introduce for the function v

v =-{a - 2q cosZt)I/2 (9)



The variable x is now the time t. Substituting v(t) from Eq.(9)
into the expression for the refractive index, Eq.(6), the differential

equation (3) can be modified to:

2 .
d g£t) N {a - 2q cos2t - 7 [ q sin2t )2 2q cos2t ]

3= 2q cos?t)] @ - 2q CosZE| u(t) =0

This differential equation has the advantage that without using the
detailed knowledge of the Mathieu differential equation, we can exclude
non-periodic so1ut%ons. These are those where Eq.{(6) is singular, e.g.
for

a < 2q
On the other hand, if |

a
q<<~7~

we can see immediately the oscillating property of U(t):

17k _
u(t) = {a - 29_coszty) exp(iat)exp(2iat ¥ cos2t)

a - 2q cos?t |

U(t) as expressed in the sofution of the space charge consideration in
Eq.(13) differs from the simple space-charge free quadrupole dynamics by

a certain modulation but the basic oscillations remain_unchangedn.

A physical interpretation of the added terms in Eq.(10) compared with
Eq.(8) can be given on the basis of additional potentials created by
-space charges. Space charges are'neg1ected completely in the analysis.

of the quadrupole filterz which, however, does not affect the insights

(10)

(1)

(12)

(13)
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on the whole observable mechanism; but the experiments with the

3,4 indicate indeed space charge mechanisms,

quadrupole jonization gauge
because, there,also Tower pressures are involved. The damping mechanism
due to the'electron-gas and electron-ion interaction, and due to the

ionjzation processes can be discussed formally by a complex parameter n.

CONSTRUCTION OF QUADRUPOLE ION PUMP - VERSION I

A. Dimensions

The first version was mounted in a stainless steel tube. The four quad-
rupole electrodes were formed from stainless steel sheets; their surfaces

had a hyperbolic shape. The contours followed the equation
y2 = x%+ 36 :(x and y given in cm) (14)

The cross section through "the quadrupole tube is sketched in Fig.2.

The electrode surfaces were Eut of ¥ at a radius R = 11.5 cm. The total
length of the electrodes is 55.0 cm. The four hyperbolic surfaces are
exactly separated by two ceramic rings at the top and at the bottom. At
the top a tungsten spiral serves as anti-cathode; it is covered with

titanium which serves two purposes: (1) to act as the anticathode. and

(2) to provide titanium vapor for gettering purposes.

Figure 3 depicts a photograph of the hyperbq1ic electrode structure. The
four hyperbolic surfaces are exactly separated by two ceramic rings at

the top and at the bottom as can be seen on Fig. 3.



Figure 4 shows a photograph of thelquadrupo1e ion pump version I. |
with its hyperbolic electrodes: At the upper end one can notice the
tungsten spiral covered with titanium. The whole system was inserted
in a large stainless steel container, see Fig.5. As can be seen in
Fig.5 a metal system with flanges .applying metal seals and bakeable.
valves was used. Next to the right of the container (see Fig.5) a
Redhead Gauge was used for measuring vacua in a range down to 30"-13 torr.
On the same photograph Fig: 5 at the right edge an Ultek Ion pump of
25 liters/sec capacity was connected for comparison. Also a needle
valve (black knob at the Tower right side of the quadrupole fon pump
container) can be seen which allowed bleeding in different gases and
obtain a first rough idea of the pumping capacity of the pump under
investigation. On the left of Fig.5 are two sorption pumps which pro-
vide the proper fore vacuum of about 5u torr whﬁch is necessary to

start our jon pump.

B. Electrical Characteristics

The potentials and frequencies applied to the electrodes were adjusted
so that the electrons would remain on stable trajectories within the

center part of the tube.

According to the'theory1'5 the relationship between peak potential UO of
the high frequency and the dc potential Udc applied to the four electrodes
should be: ‘

u, =0.17 Us

dec



The frequency is then determined by Eq.{2) which for a given geometry

is proportionate to the square root of the peak potential Uo.

The potentials and frequencies are listed ih Table 1. The electron
emission current was adjusted to a stable value i~ with only the dc
potential UJC applied to the four hyperbolic surface electrodes.

After switching on the high frequency potential with peak potential

U0 the emission current- i~. decreased to 10% of the initial value.

In bperation the quadrupole electrodes carry a potential

U= Ud + U_ cosénft
[of 0

With the cathode and anticathode at a slightly higher positive potential

than ground, an ion. current it could be measured at the stainless steel

housing. The initial electron emission current i~ was usually adjusted

to a va1ﬁe of i~ = 50 mA.

TABLE T Potentials and frequencies.applied to quadrupole ion pump7

Uo[vo!f] ‘ f[MHZ] Udc[volt]
1000 56.87 170
1800 76.30 306
2000 88,00 408

3000 98.40 510

(16)
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PERFORMANCE CHARAGTERISTICS OF VERSION I

Pumping Speed

A paper had been presented at the 5th International Vacuum Congress in
Boston, Massachusetts, October 1971 (see Ref.7 and Exhibit #4) on the

“Quadrupole Ion Pump Performance Characteristics" of Version I.

As was to be expected from the investigation of the quadrupole ion gr;u}gell
(Exhibit #2 "Inverse Pressure Dependence of the Quadrupole Ionization
Gauge")the pumping speedS increases with decreasing pressure p following

a similar anomalous relationship:
p' S =a (17)

whereby m is much smaller than the corresponding n' in the equation

for the quadrupole ion gaugeh (see Exhibit #2-Table I)

iph =c¢ (18)

b

name1y m = 0.1 compared to n' = 3 being independent of the type of qas

s

to be pumped. However, a in Eq.(17) and ¢' in Eq.{18) depend on the
kind of gas and electrical characteristics (peak,vo1tagé UO, frequency f,

. L+
jon current i').

A more detailed analysis of the measurements of ion current it at

different pressures p and varying electrical characteristics Teads to
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_the simple relationship:
ps = k(i" - i7), (19)

whereby‘io+,.residua1 ion current at zero pumping speed, follows the

quadrupole ion gauge formula
=C (20)

n being the reciprocal value of n' of Eq.(18) and ¢ identical with ¢'"

.. s . . .+
as is i identical with i -

The consfant k in Eq.(19) dépends sole]& on the kind of gas used; it
has been determined for five different gases - dry air, nitrogen,
argon, neon, and hydrogen - and.can be taken from Table II. The
constant n =_%—in Eq.(20) is indepeﬁdénﬁ of the kind of gas; however,

¢ of Eq.(20) behaves similar to the constant a of Eq.{(17).

TABLE II Ionization constants for different gases to be applied in

Eq. (19) :

Gas o kR k[Torr Titer sec ! amp ']
Dry air 1.00 8.35 x 1072
Nitrogen ) 1.00 8.35 x 10°2°
Argon - 1.13 9.43 x 1072
Neon 0.22 1.84 x 1072

- Hydrogen 0.44 3.67 x 1072
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A family of curves depicting pumping speeds at different peak voltages
with corresponding frequencies and for the different gases is traced

in Figs. 6-8.

Another interesting result is that the relative ionization constant
k/kair %s equal to the ionization constants.as determined in normal
ionization gauges. They check with values as measured by others in
normg] ionization gauges, .see for exampTg S. Dushman - J.M. Lafferty,
Scientific Foundations of Vacuum Technology, Second Edition, John Wiley

and Sons, New York, 1962, pp. 322-323.

The curves of these figures 6-8 follow the empirical equation (19)

quite well, but further study will be necessary to explain the phy-

. sical meaning of the relationship which may be undertaken in the-same

way as this has been done successfully for the mechanism of the quad-
rupole ion pump at zero pumping spéeq, see our publication Exhibit #5,
"Theory of the Quadrupole Ion" presented at the 6th International Vacuum
Congress, Kyoto, Japan, March 1974. This theory will be a starting point
for further investigation of the relationships expressed in Egs. (17), (19),

and tZO).

CONSTRUCTION OF QUADRUPOLE ION PUMP VERSION II

In order to further increase the pumping speed it was suggested during
a discussion meeting with Mr, Paul Yeager of NASA Research .Center, Langley
Field, that the hyperbolic quadrupole electrodes should be replaced by mesh

fype electrodes without affecting the rigidity of the structure which should
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have a position accuracy of at Teast one per mil, as the electron,
optics of the system are quite sensitive to deviat%ons from the
geometry: The radial throughput of Versjon I is about 17%. Stain-

less steel grid type electrodes were produced which had a square mesh
structure formed by 1/16“‘d1ameter wires 5/16" apart, so that the radial

thiroughput increased to approximately 85%

The modified quadrupole pump Version II is depicted in the photograpﬁé

of Figs. 9 and 10.

Although the radial throughput of Version II is 5 times as large as that
of Version I, the pumping speed did not increase in proportion. Several
of the pumpiné speed measurements as represented by the curves in Figs.
6-8 were repeated. The pumping speeds determined were in all cases

about‘twfce as large as those achieved with Version I.:

INTERPRETATION ATTEMPT OF RESULTS

A. Observation of PTasma

In order to account for the relationship (18) one had to assume a lTow
density central plasma having the shape of an ellipsoid (see Fig. 11)
which does not change its 1enjth but only its diameter when varying the -
pressure, see Ref. 8 tExhibit‘#B) p. 71. It was tried to photograph the
plasma, but this.ﬁas_impossibTe since the background Tight of the 2500 K
hot tungsten filament was' obviously brighter than the visible plasma

radiation. Filter techniques were necessary. A theoretical analysis
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was undertaken assuming that the plasma consisted of hydrogen and.that
the Hu Tine of 6563 R would be bright enough to become observable if a
Filter would be used to cut off the spectrum of the filament 1ight be-

Tow and above this wave Tength.

Naturally it is necessary that the radiation of the plasma must be of
higher intensity than that which is emitted from the hot filament. The
radiation emitted from the plasma may be mainly 1ine radiation from the
recombination and ionization processes, We have estimated the-radiation
power Epo from ‘the Ha -line which is certainly smaller than the total

power Ep of emission from the central plasma

E <k 21
We have determined ‘the width of the filter necessary to cut down the
1ight emission power EF of the filament to a value EFF so that it is

E

comparable to the emission power Eﬁo s T1.8., EFF o po"

Both values Epo and EFF have been calculated, considering the most in-

tensive line, Ha, of the hydrogen plasma. First Ep0 was determined.

From the pumping speed measurements (See Figs. 6-8) an ion current of

it = 50 pa was detected which corresponds to a pair production rate R of:
R=1/e = 3.13 x 10""pairs/sec (22)

using the elementary charge e = 1.6 x 107'% Coulomb and assuming only singly



charged ions. Each ionization may create one photon of energy e = 1.8%V

energy for the H, -line of frequency v = 4.57 x 10" Hz, so that the

total emission power will be

Eo =Ree=9.5x10"° Uatt (23)
This is to be compared with the total power of radiation emitted from
the filament. The surface of the filament is A = 10" °m* and its temp-

erature TF ~ 2,500 K, This Teads to a radiation power according to the

Stephan-Boltzmann-iaw:

=" 4 =
EF c TF A= 2,2 Watt (24)

applying o = 5.67 x 107 % [Wm “2K™*] which is a value more than four orders

of magnitude Targer than the radiation power of the plasma E Eq.(23),

po*
we like to observe. It is therefore mandatory to use a filter of trans-
mission half-width Av which we tried to calculate using Planck's formula
for the spectral emission density. The flux of.ﬁadjation within a band-

width dv leaving a light emitting surface of unit area is given by9:

2
F(v) dv = 21; hzv dv (25)

e kT-1



16

h=6.63x10°% [J+s], Planck's constant; k = 1.38 x 1072® [J « K''],
BoTtzmann's constant; ¢ = 3 x 10° [m s 7, speed of Tight in vacuum;
v[Hz], frequency of radiating light; T[K], temperature of radiating

source.

A filter of half-width Av would let pass only radiation of power per

unit area equal to:

Av Av
Vot 7 Vo T T
. '  2nh Ve dv
EFF/A = F(\)) dv = —Cz' ‘ DX (26)
. kTF
v - & v -4 e -l
o 2 o 2

We are interested in a value of E . which is larger or at least equal
to Epo, in other words E . in Eq.(26) should be set equal to

Epo = 9,5 x 10 °W and the equation:

Av
vyt
2wh A vidv 5
c? hv - Epo (27)
KT
Ty Lvooe -]
o 2

should be solved for Av.
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In our case (vOt = 4,57 x 10**Hz and TF = 2500K)

h\)Ol
‘ETF _ (28)
8 = 6515 » 1
Since the range of integration is closely around Vg Eg.(27) can be
simplified to:
Av
v+ =2
o 2 B
kT
2wh A 3 ~ F -
= vie dv = Epo (29)
- Ay
Yo T 2
, . _ hv .
introducing as usual p = T leads to:
F
6r A k* T VY, , o
Y, (W2 o+ 2u +2) Mu=E (30)
We then arrive at a value for
H
kT c?hze®E o
b = by p (31)

3 3 2
6m A k* Tc (ua + Zuu + 2)
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Entering with the data for Ep0 =9.5x 107° W, A= 10 °m%;

T = 2500; and v = 4.57 x.10”*Hz we obtain:
av = 3.3 x 10 HZ
or in terms of wave length
M=c =58 (32)

Since there is more light in a hydrogen plasma than just the Haiiine
a filter of a bandwidth of AX = 58 should bé more than adequate to

photograph the plasma.

Several pictures were taken at different pressures varying from 107°
down to 107 %torr. At Tower ppressures it was difficult to determine
the diameter with‘an accuracy better than + 0.5 cm; since the boundaries
appeared quite fuzzy, but at higher pressures the dimensions of the
p]asma~segmed to be more defined.- However, the length did not change
noticeably with pressure. The results are presented in Fig. 12 and
seem to follow the empirical relatioﬁship ‘

d'= aop'”2 (33)

whereby, 'd, the diameter of the plasma, comes out in cm, if p is

entered in torr and the constant a = 2.6 x 10 *[cm - forrllzj.
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B. Theory of Inverse Pressure Dependence

In Ref. 8 Exhibit #5 a theory based on the calibration measurements
and the plasma shape measurements has been developed. Its main re-

sult 1ies in £q.{(9) of that paper'which predicts an ion current. i° to be:¥

, _
0o 2 2 /2 2 2
17z, 172 (5 ogy + (e "+ eeZ CRCAREETM

EI 62 A ‘ ) (34)

i+ =

_2 Lo 1/2 172
3 i0(Cet ¥ Cat fez * 8ez))

leading to the relationship as found empirically in Eqs.(18) and (20},
if one assumes that the plasma has the shape of an ellipsoid whose
major axis does not change but whose diameter varies according to the

experimentally .found relationship Eq.(33).

As this can be seen from Exhibit #5 a reasonable electron density could

be‘determineq.

* For explanation of symbols see Exhibit #5.
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VII SUMMARY AND FUTURE IMPROVEMENTS

A high speed ultra high vacuum jon pump without magnetfc field con-
sisting of a double quadrupole assembly tuned for electrons was de-
veloped. Pumping Spéed increases with decreasing pressure and can
reach for example for neon 100 Titers/sec at 107 torr (see Exh%bit #4,

Fig. 3).

The inverse pressure behavior, i.e., higher pump%ng speeds and higher
jon currents at lower pressures was theoretically explained. Pressures

Tower than 10~-'® torr could be obtained

Higher pumping speeds can be expected from multiple devices whereby
several double quadrupole arrangements could be mounted parallel
within one large tube; the pumping speeds S would most likely add up,

i.e., S '‘would become somewhat less than nS,n being the number of

total
double quadrupole systems and S thepumbingspeed of each individual one.
In mounting such a multiple system, neighboring quadrupoles couid "share"

poles..

VIII PATENT

A‘patent on the Quadrupole Ionization Gauge and Quadrupole Ion Pump was
filed through the Research Corporationﬂ New York, N.Y., with the U.S.
Patent Officé on October 27. 1969 and granted under No. 3,665,245, seé.
Exhibit #3.

The Research Corporation tries to interest companies to manufacture -
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the device, but due to the fact that still quite an amount of de-
velopment work is necessary., no company has entered an agreement yet
up to the date of this report.

AWARDS

1. In 1969 the basic device became subject of an "I-R 100 Award
selected by Industrial Research as one of the 100 Most Signigicant

New Technical Products of the Year "

2. In 1970 the quadrupole ionization gauge received a NASA Techhology

Award,

3.~ In 1972 NASA lnvention Award,

PRESENTATIONS AT -MEETINGS

1.  Invited paper on "Quadrupole Ionization Gauge", co-authored by
H.A. Tourtellotte, at the 4th International Yacuum Congress,

Manchester, England, April 1968,

. 2. Paper ﬁInverse Pressure Dependence of the Quadrupole Ionization

Gauge“,xpresented at the 15th National Vacuum Symposium of the

American Vacuum Society, Pittsburgh, Pennsylvania, October 1968.

3. Presentation on "Quadrupole Ion Pump Performance Characteristics®,
given at the 5th International Vacuum Congress, Boston, Massachusetts,

October 1971.
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4, Presentation on "The Theory of the Quadrupolé Ion Pump".
(co-authored by H. Hora) given at the 6th International Vacuum

Congress, Kyoto, Japan, March 1974,

PUBLICATIONS

1. Exhibit #1
H. Schwarz, Proc. 4th Internl. Vacuum Congr., Part II, Institute

of Physics and .Physical Society Conference Series No: 6, tLondon,

1968, pp. 685-689.

2. Exhibit #2
H. Schwarz and H.A. Tourtellotte, J. Vac: Sci. Technol. 6, 260-262,
(1969).

3.  Exhibit #4
H. Schwarz, J. Vac. Sci. Technol. 9, 373-375, (1972).

4. Exhibit #5
H. Hora and H. Schwarz, Japan J. Appl. Phys. Suppl. 2, Pt. 1, 69-72,
(1974). (Proc. 6th Internl. Vacuum Congr., Kyoto, Japan, 1974.)

5. H. Schwérz, "Geometry and Properties of the Plasma in a Quadrupole

Ion Pump", to be pubTished in J. Vac. Sci. Technol., 1976.
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Schématics‘of Quadrupole Ion Pump
The positive ring electrode was removed later and the

anode potential superimposed on the quadrupole electrodes.

Cross Section of Hyperbolic E]ectroﬂe Surfaces

a=6cmy R=T11.5¢cm y2 = a% + x% (a = 6)
Hyperbolic Electrode Structure. a = 6 cm (Version I).
Quadrupole Ion Pump with Hyperbolic Electrodes and Spiraﬁ
Anti-Cathode. Version I..

Complete Quadrupole Ion Pumping System, Version 1. (H.A. Tourtellotte.)
Pumping Speed as a Function of Pressure at Different Peak
Voltages for Argon., i = 50 m&. Version I.

Pumping Speed as a Function 0% Pressure at Different Peak
ﬁo1tages for Hydrogen. i = 50 ma.

Pumpinq Speed as a Function of Pressure at Different Peak
Voltages for Neon. i = 50 -ma.

Hyperbolic Mesh Wire Electrode Structure. Version 1I.
ngarupole Ion Pump; Version II.

Schematics of quadrubo]e ion pumb with a stationary centra
e1lipsoidaf plasma of radius r, in which electrons are con
fined electrodynamically by an RF field.

Digmeter d = 2r of plasma as a Function of Pressure p’

[d = aop-]/z:l.
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Quadrupole ienization gauge

. SCHWARZ

Renssclier Polylechnic Institute, Hartlord Graduate Center, Cast Windsor 1l
Connecticut, U.S.A.

Absieact.  The new non-magnelic ionization gauge can be compaied wilth a Peaning-
type ionization gauge in which the electrons oscillude along the axis of the tube. The
main difference between the Penming gauge and the new gauge hies in the fact that the
confinement of the cleelrons is achieved by clectrostatic quadrupele lenses instead
of a magnetic ficld. Tlecirons are emilled from o, hot cathode al one end of the
tube and accelerated along the tube,  They then encounier an mveried field, since
at the other end of the tube a fat disk 15 posilioned which has a polential shightly
lower than the cathode polential. This causes the clectrons to relurn and continue
to oscillate, reaching maximum velocity each time they pass the middle of the tube,
The tons produced are collected by a cyhindrieal screen surrounding the whole clectrode
structure andfor the flat disk. No fast clectrons can hit any solids, se that the x-ray
production is kept very low. The lube can be operated in two modes: (1) d.c. polen-
tiads or (2) ulten-lugh frequencics (about 200 M1Iz) are applicd to the quadrupole
rods. In the case of d.c. eperation, the sensitivity factor was a factor of 10 and in
high-frequency operation a faclor of more than 2000 higher than that of a regular
Bayard-Adpert gauge.  The X-ray limit is so low that it plays a lesser role than adsorp-
tion and desorption phenomena ot the ion collector.  Adsorption and desorplion
processes comce mlo equiibrium in fronl of the 1on collecior and creale a kind of
‘gas cloud’. This had carlier been postulated as the main reason for the lower limit
ol ionizalion gauges. ‘

1. Iniroduction

The new non-magnetic ionizalion gauge consists basically of quadrupole lens sysiems
exciled at high frequency.  The principle of focusing with a quadrupele system had already
been proposed in 1950 in a palent issued to Christofilos (1950). Indcpendently, Courant
et al. (1952) had studied the possibility of using alternating-giadient [ocusing for particle
accelerators, while Paul and Sleinwedel (1953) had proposed this same principle for applica-
tion in mass spectromelry.  Many papers have appeared in the mcantime on the subject,
and a recent survey ol them can be lound in a book edited by Septier (1967).  The quadru-
pole radio-frequency devices wese mostly uscd for mass fillering, and only recenily have
Dawson and Whetten (1968) mentioned the possibility of using such a system as an ioniza-
tion gauge. Alrcady Fischer (1959) had worked out a theory on how to Tocus clectrons
wilh rolationally symmetric quadrupole ficlds for possible use as an ionizalion gauge.

The present work dilfers substantially from the pievious cfforts in that the quadrupole
tube is operated under such conditions that predominantly electrons are being focused by
tlus kind of strong-focusing device. At the other'end of the hot cathode the electrons
encounter 2 slightly negalive potential and thercfore are driven back. The device is
somewhat similar to a Penning-type gauge, the clectrons being confined in the centre of
the tube by slrong-focusing quadrupole lenses instead of a magnetic field. The ions
produced are collected by a small disk in the cenire opposite the cathode; this disk also
provides the negative potential for the creation of the inverse field.

2. Principle of operation

FFour rods placed symmetrically paraliel around the axis of the tube with alternating
potential imposed on them produce approximately the same quadrupole ficld as the ideal
confliguration of hyperbolic electrodes sketched in figure 1. An a.c. polential Uy cos wt
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with a superimposed d.e. potential Uge is applicd between a pair of opposile ‘rods’,

-electric field within the quadrupole is given by
Uit Un cos wt (yz—zﬁ)}

Ii= —grad .
. B 1“()‘a

d?y 2z
m iy JEm g f=—cE
which leads to the following diflerential equations for y and z

diy _ 2e
di? g
dz = 2e
dret irgt :
Both are of the form of Mathiew’s equation (sce McLachlan (1947))

y (Uae+ Up cos wi)y=0

(Uge+ Up cos wi)z=0

a3
a3t (a—2q cos 2HE=0
tl_m-solution of wliich is given by:
4 o0 0
{=4A exp (n6) _Ew ey exp (iv8)+ B exp (— p0) E‘,o ¢y exp (—ivh)

which can be applied for { being either y or z.  In the first case (equation (3))

a=a Belyo
Y rofmw?
and in the sccond case (cquation 4)
a=daz=+ Belag
2 U remow?
- and in botlh cascs
= 43Udc
4 ro2mw?

The

M

@)

3

@

(5)

(6)

™

@)

©

which results from the fact that the time operator d2fdt? has to be replaced by the operator
(4/w2)(d2[d0%), since O=wtf2. The characlerislic exponents p of the solution can be
determined from a and ¢.  But jn order that y and z may be real, g has to be purcly
imaginary of the form p=(b/d)i, wherc b and d are integral numbers, The upper limils
for a, and the Jower limits for ay respectively for which thesc conditions cxist are represented
by the two curves in figure 2; a- and ay are already given in units of U as a function
of the peak vollage Uy for electrons and at a high frequency of »=200 MHz as applied to

Figure 1. Ideal elecirode configuration for quadrupole field,

P ROPUCIBEIY-OR IH b
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the tads. So that only elections reniun on i stable trajectory, one has Lo slay ddose Lo
the two points of the two curves which yield ay=—as This is the case approximately
af Up=: 160 v, which then fixes the value Tor Uye==27v. vilues of s 160 v, one

¢ sl have stuble tragectories for clections, but other cliupcd piticles wiily ugther
misses M may akso become stable. The die. potential Yoy then to be applivd can be
determined from ihe intersection of the line as given by Uae= wplor witl the lower corve
of figuie 2y o somaller than O 166 amd Ly varses beiween O and P Prom the o=
responding value for Ugy one can find the range of, masses up to which stable condilions
exist. Al charged particles with alomic weights smaller than )

A=5:45 % 10-4 Un/Uq, (10)
then fullil these conditions for the constructed device with ro=1lcm and y=200 Mtz

20 1 30
00 w0
B a0
[+ 6a
a0 L <0
Yge Yae
iv) 204 20
Y (Y
2 A0 G0 60 MO TR0 &0 5D 80
L1} - - o
.20 -20
~
40 4 =40
—&0 wl agD

Figure 2. Stability lunits for quadrupole fickl.  Units in volts far cleclrons, ro=1 cm and
200 Milz.

ws Uhat with p<0-166 practically only clectrons will escillate under stable conditions.
wing {o the fong electron path, the number of fons produced will be much higher than
in a normal jonization gauge. .

ﬁs jons with A=1 (hydrogen), a ratio of yUs/Usen: 1840 would be necessary, which

3. Gauge design and cleefrical circuit

Fhe schematics of the quadrupole jonization gauge with its electrical connections ate
depicted in figure 3. The four rods R provide the alternating high-Trequency fickd,
Elecirons are emitted [rom the hot cathade C, which consists of a purc tungsten wire in
hairpin shape, At the anode ning (AR) the polential Uge is applicd and scrves mainly to
detect the clectron emission 7~ in an ampeiemicter A before the high frequency IS sct in
aperation.  The collector disk Co has 2 potential ¥, negative against the cathode, lons

N e
P Fpupa——
Uy ok ui

UA_T;; /",1', - + U
[ ARCRCICR N A
b ﬂm—é—m-»hm—*@/

@ -

e B il
= N

:

t

Figure 3. Schematics of quadrupole ionization.gauge and electeical circuit,
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being collected at Co are meosured as o current /1 with an clectromcter-lype nanoammeter
(nA), . .

in oder to avoid Ganamission fosses at the relatively haph Trequency, the two prirs of
the quadrupale rods were used s (ansmission hnes Tor the lagh fiogqueney. “This s nol
shown in figme 3. To oblain the peak-lo-peak voltage between the two pairs of rads,
an approprinie anpedance (ool shown in figere 3) was inserfed ot the oiher end of the
rods,  The whaole electrade structuie is enclosed by a cylindrically shaped sereen which
is at ground potendial, as is the positive side of the cathode C heated by a low-vollage
d.c. pawer supply Up,  The peak voltage Up is also measured by an r.f. volimeler not-
shown in figure 3.

4. Calibration of gauge .

1t was possible to find the conditions under which the fon curient 71 was proportional
1o the pressure p and the clectron current /-, as this latler was deiermined before the r.f.
gencrator had been set in operation.

The pressure p was determined with a Redbead gaupe. The vacuum was produced
with an Ultck-ion pumping system which had been rough-pumped wilh a cryopump.
Stainfess steel was used throughout for the constraction of the vacuum system.  Copper
gaskets for the flanges and valves were used thal could be baked out up to 430°C.  Alter
proper ulira-high-vacuum treaiment, an ultimate vacuum of 10719 torr could be obtained.
Calibration was performed with dry air and argon.

prat] o et

eIt par

L-ﬁ"‘-I'L\' .
[ s M,
P50 o i\
i,
7 M\’\.
Fierel.
+ a5l Yore

s

07 "
R pesa30 Yo
|o'°[ I} . 1 1 L
=30 -26 ¥R - < <10

Vg (VE

Figure 4. Ton current i as a function of collector potential Ve at different pressures p of dry
* air for To=160 v, Uge=27 v, v=200 MHz.

Figure 4 shows a family of curves giving a relabionship as measured belween the ion
current i+ and the collcetor potential Fg Tor diflerent pressures of dry air as paramcters
starting from 2x 10-% toir down to §x10-8forr. For the optimum collector potential
of about Fy=—19-5v, the gauge constant C as defined by

Cp==i¥fi~ . 3y

revealed a value of C~ 104 torr~t, Under d.c. conditions, which means the rods were
only at the potential Uy, this constant did nol exceed a value of ¢~ 50 torr—). Thisis a
lactor of 10 higher than the VEECO-type Bayard—Aipert gauge. L

5. Lower limit

The lower limit for the r.0. operation has not yet been determined, Down to 10713 torr
a fincar relationship between pressure p and ion current i* could still be observed. How-
ever, guite & pumping action could be found, and there are indications that the lower
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limit is not determined by X rays evenfually produced by the slow clections, but taiber
by absorption and desorplion processes at the collector electrode,  These processes enler
to equiltbrivm in front of the jon colleclor and creale a kind of ‘gas cloud’, as carlier
tulated by Schwarz (1951) (see also Haeler 1935) and apparently fater observed Iy
Ihead (1966).  Such a gas cloud, being m a steady stale, may be the main eflect (hat
determines the lower limit long before the x-ray limit shows up.
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A nonmagnetic jonizalion gauge has been developed in which eleetrons are oscillating back
and forth along the axis of the tube as in » Penning type lon gauge. The clectrons are emibted
from & hot hairpin filament at one side of o cylindrical tube and are accelerated by a de
potentinl of 27 V towards the other end. At the other end there is o disk-shaped electrode
which has the same potential ns the cathode. This enuses the elecirons to iravel back and
forth between the ends until they suffer a collision. A quadruple system serves to keep the.
clectrons from reaching the electrodes and the wall, The system is excited by 2 1f oscillator of
200 MHz and 165 V penk voltage which is tuned in such a way that only eleclrons will not
deviale from stable irajeelorics along ihe cenler of the tube. A closed sereen sufrounds the
whole electrode strueture. It is at a slightly negative polentinl and serves ns the ion colleclor.
Within the pressure range p — 1076 to 1020 Torr the ion current ¢ follows the relationship
pi" = ¢. 1 wns found to be 131 == 002 for clectron emissions of 10, 50, 100, and 500 A, The
conglant ¢ wng ¢ = 2.88 3 10717 for 10 p4, 2063 X 10710 for 50 pA, and in the case of 100 gA

it was 637 % 10718,

Introduction

There were three main considerations given to the
onception of the quadrupole ionization gauge': (1) Ib
hould have a low x-ray limil, which would imply
that very fow clectrons of appreciable encergy should
impinge on solid surfaces. (2) A magnetic field should
be eliminated. (3) The ionizing electrons should travel
as long as possible wibhin the gauge volume, These
three points were achieved by the construction of a
double quadrupole system. The new gauge resembles
a Penning type 1on gauge device. The main differcnce

is thal instead of using » magnelic field for keeping,

the clectrons in the center of the tube, one uses
quadrupole ‘optics. Other attempts to use the quadru-
pole arrangement as an jon gauge have been reported
by G.Rettinghaus? as well as P. H. Dawson and M. R.
Whetten® Their devices, however, were tuned for
jons in a three-dimensional, rotationally symmetric,
quadrupole field. In order to exbract the 10ns for pres-
sure measurements, drawout pulses as high as 400 V
during 2-5 usec intervals had to be applied. However,
no steady measurement$ could be performed.
The quadrupole system is actuated by a radio
frequency oseillator and tuned so that only electrons
* Supported by NASA grant which is part of NASA Tangley
Research Center’s Vacuum Instrumentation program directed
by Paul Yeager. - . .
1. Schwarz, “Quadrupole Ionization Gauge,” Proc. 4th
Inlernat Vac. Congress, Manchester, England, 1968 (to be
ublishied), Inst. Phys. and The Physical Sociely, London,
i 2 (3. Rellinghaus, %. Angew. Phys. 22, 321 (1967).

3P. H. Dawson and N, R. Whetten, J. Vac. Sci Technol, 5,
1, 11 (1968). :

260 ) reprinted from

are moving on stable.trajcetorics within the center of
the tube. A dec potential is superimposed on the radio
frequency and also applied to a ring-shaped electrode
positioned halfway. At the other end of the tube, the
clectrons will encounter an inverse ficld due to a disk
clectrode which is at the same potential as the cathode.
The electrons will remain in the tube until they hit gas
atoms or molecules. They will then scatier with a
probability of ionizing. Some of the ions are collected
ab a sereen surrounding the entire electrode structure.
It was completely unexpecied that the “ion current”
arriving at Uhe sercen would inereasc with decreasing
presssure within the range of 107® to 10-** Torr. Ab
this time, we cannot offer a satisfactory theory to
explain this abnormality. However, a possible explana-
tion may be the coupling of the high electron space
charge to the collector grid, which might change with
pressure. The increase of the “ion-current” obviously
eannot indefinitely continue with deereasing pressure.
There should be a turning point, probably below 10~
Torr. Indications are that this turning point is rcla-
tively sharp at 10~** Torr for an initial eleciron emis-
sion of 100 pA. :

I. Theory of rf Actuated
Quadrupole Lens for Elecirons

Most quadrupole arrangements are used for mass
spectrometry and were first introduced for this pur-
pose as an eleetrical mass filker by 'W. Paul and IL
Steinwedel* The theory of quadrupole systems has

* 4W. Paul and H. Steinwedel, Z. Naturforsch 8a, 448 (1953).

the journai of vacuum science and technology vol. & hno.1
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Ficure 1. Schemalics of quadrupole ionizalion gauge and clec-
rical circuit,

neen treated by several authors, for example by W.
Paul and M. Raether.® The specific equabions of
2leciron movement'in a quadrupole tube as illustrated
i TFig. 1 have been outlined in a previous paper?
They lead to Mathicu’s equatbions. The z-coordinate
is the axis of the tube, sce Fig. 1. ¥ and 2 coordinates
ire the other Cartesian coordinates passing through
the center of opposite pairs of rods. ry is the inner
ractius of the quadrupole arrangement, sce IMig. 1. The
solubions of Mathieu's equations® are only real if a, is
10t larger than

2 2
1 74 g.'l.), (1)

[— 2 2f =
a, = —BA*U, (2 )
and a, is nob smaller than

= B(l — AU, — AUt + ﬂ&i - AU

64 1536) ;@

vhere A = L77(10re)™% B = 28r,%"; rp in meters,
vin M1Iz; U, a, and a, in volls.

In our gauge we used a {requency of v = 200 Mz
which deterrmnes the ratio of the peak voitage U, and
:he superimposéd de voltage Use. For dlectron focusing
when a, = — . the ratio Uy/Uye cquals 6.05. This
neans that for a peak voltage of Uy = 165 V, the de
potential should be Uy, = 27 V. Our device has
ilways been tuned for maximum collector (Se) cur-
:ent which coincided with the theoretical relation-
ship for best cleetron focusing. The electrodynamics
will only be valid if clectrons are {rec to move. As
soon as the cleetrons hib a gas atom or molecule, they
vill deviate from the desired movement. Under ideal
ronditions the unperturbed eclectrons will move in-
lefinitely back and forth along the trajectories. The
wmber of unperturbed eleetrons will inerease as the
wressure decreases. At pressures of 1072 -Torr an elec-
sron will have a mean iree path of 10°° cn. An clec-
svon of such a long mean Iree path will travel back
and forth in the tube as long as “8 min" unti] it suffers
1 collision, which could lead to ionization. Assuming &

63V, Paul and M. Raether, 7. Physilk 140, 262 (1055).
s N, W. McLachlan, Theory and Applzcatzmz of Mathteu
Punctions (Oxiord Press, London, 1947),

.codures were used for calibration:

Invarse Pressure Dopendenco 261

10% probabilly for such an cveni al a pressure of
10 Pore, nn “jon eurent” of the order of micro-
amperes can he expeeted. We have reached such lugh
ion currenig in our experiments.

. Experimental Set-Up and Resulis

A. Description of Quadrupoie lonization Gauge

Fipure 1 shows a schemalic drawing of the gauge.
The screen Se collects the ions which were measured
in a Keithley Electromeler model #610B. The opti-
mum negalivé polential was U, = —77 V againsb the
eathode. The disk Co was connected with the cathede
C. The cathode was a hairpin filament heated by a
de power supply. The ring AR was connected with the
four rods R and had a polential of Uy, = -+27 V. A
simple milliamperemeter A was inserted to measure
the initial clectron emission ¢ The radio frequency
was fed into the rods by using ihe rods themseclves
as transmission lincs. The peak voltage was obtained
by inserting an impedance between iwo pairs:of op-
posite rods. All eleclrodes excepl for the cathode weie
construcled from nommapgnelic stainless steel, and
were mounted on fixtures of aluminum oxide. The
whole slructure was mounted on o stainless slecl
flange with ceramic feedthroughs, and attached to a
stainless steel tube. The flange was tightencd to the
tube with a copper sealing ring, The total Jength of tho
clectrode structure was 10 cm, and the internal radius
as defined above was 7o = 1 em.

B. Calibration System

Tor calibration a dry ultrahigh vacuum system was
used (Ultek system 25 liter/see pumping speed). I6
consisted of an Ultelc.Boostivac Ton Pump backed up
by a sorplion pump. The entire system was constructed
with stainless steel flanges which were sealed with cop-
per rings and Granville-Phiilips type bakeable valves.
It was, therefore, posmble to bake the system at
400°C,

C. Calibration Procedure and Results

The quadrupole ionization gauge was compared
wilth a Redhead gauge. It was calibrated with dry air
and argon at room temperature. Two different pro-
{a) in a static
closed system, and (b) in a dynamie system where an
equilibrium between pumping speed and gas inlet was
maintained to establish a certain pressure.

1. Procedure a: Before calibration, the main valve was
closed to disconnect the system from the ion pump.
A needle valve was used to let the gases into the sys-
tem up to a certain pressure apd after stabilizing, the
pressure was measured and the optimum ion current as
collected by the sereen Se, see Fig. 1, was noted,
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Freure 2. Calibration curve with sereen as ion collector at low
rf power {approximately 20 W),

2. Procedure b: Another way the system was cali-
brated was by leaving the main valve open and hav-
ing the ncedle valve throttled uniil a eertain pressurc
was stabilized due to the continuous pumping of the
lon pump, The spread-of the measured points on Figs..
2 and 3 is due to the slight pumping action.
Procedures (a) and (b} essentinlly did not show
any noticeable difference on the calibration curves.
Calibration curves 'were measured ab different rf

power imputs and different electron emission currents. -

By adjusting the power supply for heating the fila-
ment, the .emission current was set with only the de
potentials on. Alter feeding in the rf frequency with
the correet peak potential, the emission current as
measured at the milliamperemeter A, sce ¥ig. 1,
dropped down to 1% to 10% of its initial valuc. This
means that due to electron focusing and oscillations a
negalive space charge built up and prevented furiher
clectron cmission of the eathode. A high ac current
existed within the cenber of the tube. The fact thab
the emission. ¢urrent dropped to such a low value
means also that very few eleclrons of high energy
really hit =olid parts in the tube. Figure 2 corresponds
to a ealibration st an imibtial clectron emission of 100

Tante I Calibration constanla for the inverse pressuro
dependence at dilferent emission cunents = p* = ¢ when p s
mensured in Torr and 7 collector curtent 18 measured in amperes.

- . .
{uA) n c
i0 131 2.88 X 1077
50 1.33 263 X 107
100 1.29 537 X} 1071

it -
N
M - Ouanp |4 10pa
\ . o—0 = 500
a—2a [=100ua

10¢- - \
o . \ N
pltorr) 0-7ls \ \
K- : g\\n kg )
10"9 L1 trely 1_31 bR LIEd 1 I.II1 b1 11 1IN
o8 (s 108 103 s
i T (Amp}

Figuun 3. Calibration curve with screcn as jon current (':ollcci-.qr
for dificrent eclectron emissions at high f power (approxi-
mately 40 W),

A and an rf power transmilted into the quadrupole
gauge of about 20 W. The exponent n of Eq. (1).was
found to be cqual to 1.30 and the constant ¢ =
3.83 x 1078, Tigure 3 depiels three ealibration curves
ab three dilferent inilial cleclron cmission currents of
10, 50, and 100 pA, and ngher rf power of about 40
W, The calibration constants # and ¢ for the three
initial electron emission currents are listed on Table 1.
As one can sce fromn Tigs. 2 and 3, the inverse pressure
dependence still held in the pressure range from 10-°
to 10-*¢ Torr and there is not any indication that the

" ion current will decrease with decreasing pressure,

The inverse mode of operation is very desirable for
measuring very low pressures since currents in the
range of mieroamperes are being measured. This does
nob raisc any insulation problems with our quadrupole
ionizalion gauge whereas most other vacuum gauges
have this problem in the very low -pressure range.

lll. Pumping Action

It was noticed that the quadrupole ionization gauge
pumps as most other ionization gauges. This was ob-
gerved cven when the pauge was operating under de
couditions, In the case of de operation, a pumping
speed of 0.1 liler/sce was observed and in the 1f
opersation 0.4 liter/sec.
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£57) ABSTRACT

A non-magnetic onization gauge or jon pump comprising a
tube containing spaced cathodes ot the same potential, with an
intermediately positioned ning anode for setbing up an osciliat-
ing stream of clectrons thit 1s focusced or constrained within an
axtal path by an clectne quadnupole lens arrangement which
may be exaited by the RF force. The quadrupole ienscs create
& field which 15 wned firstly (o lengthen and stabibze the path
of the electrons thus causing greater womzation of the gas
atoms in the tube, and alsa to expel the fons produced thereby,
which jons are then collected by a cyhndnical collector screen
at a shightly negative potennal surrounding the whole elee-
trede structure. The collector current produced with this ar-
rangement hus been found to be appromimately mversely pro-
portional to the pressure withie the range from 1079 to 107 o
torr, so that collector currents of the order of microamperes
can be oblained at very low pressure ievels
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QUADRUPOLE IONIZATION GAUNGE
HBACKGHROUND OF THE INVENTION .

‘The present mnvenuon relites to vacoum gauges of the
mization type and particularly to o neemagactic loniribon
dctnmn gauge oF ks patag, ming'ticutnc gqundiupoie focus-
np of the wnzmg electron stream, .
The creauon and measunng of vacua by clectron impact

toown for somc tiwe, Al prosent several ionization goauges of
this type are avadable {for measurng fow pressurey down o
oss than 1077 torr, most of which utifre mngnetic fiehs o in.
crease the length of the clectron path by spirafhng thus rmsing
the probabibty of cleciron-atom collinfon to improve the
degree of iomizatton However, all these gauges require & mag-
netre field in the order of 500 to 2,000 gauss, and the presence
of 1 magnetic fickd in many measurng apphications & un-
desirable, cspecially when working waith the cvagoration of
magnetic maternals to be lad down iy tha Ghns or in clectron 4
diffraction studies, pardcularty with low snergics, in addinon,
the permianent magrets which are frequenily used o produce
the field are undesivabile because of their weight

Non-magnetic gauges of the orbitron type have been

5

nization of gas atoms present in a piven enclosure has been 16

developed wherein the electrons dre emitied somewhat off o4

axs at the end of a cylmdncai tube wih an axml rod which is
at postive potentinl The immedsate vicnsdy of the slectron
sepiter is shickled agasinst the rod 5o ghat the gieetrois do not
go ddireetly to the rod, bul spiral wround b lowever, i these

devices, the clectron path cannot be increased asmuch asinit 30

well-designed magnetie gauge and other features make them
dutficult to control. Many eléctrons are adso Tost by hitting the
rosd .

The present invention presents & gauge for measurmg very
low tetal gos prossures, particuladly withus the range of 1070 3
1071 qorr, withowt the wse of 8 magnetic field and wineh gauge
s more sensive at the low prossars tange, hn contrast to w
other hnown  jonizaponr  gauges, ihe coliector current
produced is almost inversely proportionai 1o the pressure 1n
thus eperational range. 4

SUMMARY OF THE INVENTION

The preseat invention embodics an 1omzation gauge of fon
pump comprinmg an clectrode slructure having spaced
cathodes at approximately the sanie potential, with an mier-
mudiately arranged ting anode for establishing an axially oscil-
Luing eleetron stream. The stream s acted upon by @ field
produced by @ <ot of quadrupole clectrodes, wiich may e
electrmtatic or abko exciled by a high frequency volinge, caus.
ing enly electrons to stay withia stable trajectores along the
ans of the tube, The oscillating eiectrons, ag a result of the
strong quadrupole focusing, have a comparatively long puth of
travel, so that the number of ons produced by collisions wit!
be much ugher thar m prior wimzation gauges and the result-
g 1ons wil be expelied by the quadrupols field. The rons may
be callected by a cylindrical collector screen, at a shightly
negntive potential, arranged to surround the whole clectrode
sirgoturse

it fian heon foond that with the present pouge wang the
eylindrical sereen, the screen or collector current us 8 Tunes
tan of pressure follows the simple refationship p 20P= comst
ata given electron emussion, whene # s n consiant exponent of
approximately 1 3 with p as the pressure in torr and § the cols

4

3

¢

3

50

]

tector cutrent my amperes. Collector eurrents of the order of g5

microamperss ean be obtatned at a pressure of 107¥ torr, so
that the msulation probiems involved with prior low pressure
emznien gauges are obviated

While the embodiment as abave-deseribed 5 preferred the

gauge may be operated on other modes which are also of int- 79
-ntoved sensitivity over the prior art devices.

BRIEF DESCRIPTION OF THE DRAWINGS .

FiG. 1 js 2 diagrmumauc view of an jonization gauge con-
strugted tn accordance with the present mvention;

75

2

HIGH te o doggassastie view of § modifiention of the
guuge shown in FIG 1,

FIG. 2 13 o view of the quadrupole clectrodes in section
taken along the Bues 2—2 in FICGL 1 and indreating the coor
ot ses of the quadinpote fickd;

113G, 3 1o plot of the stabiliny lisnits of the quadrupols field
of thé onizntion gauge of FIG. ! for an electrode radius £ = i
cm and a frequency of pe=200MHz for the feld,

FIG. 4 is a diagriromatie view of a vacuum $ystem used in
sahbratiag the gauge of the present myention,

FIG 5 is a cohbration curve of the sonzation gauge of FIG.
1, suing © quadrupole R¥ ficid of approximately 20 wait
power;

FIG 6 15 a calibration curve of the soniration gauge of FIG,
1, using a quadrupole RF field of approximatcly 40 watt
power,

FIG, 7 is a dagrnmmatic view of ¢ modification of the
reftecior cathode of the gauge of FIG. 110 permit its use as an
jon pump,

FIG 815 a diagrammatie view of a quadrupole electrode ar-
rangement which may be used to construct 8 multicell ion

pump.
DETAILED DESCRIPTION OF THE INVENTION

An onizalion gatige comstructad moecarianes witly 1he
prosent invention B shown dagrammatically m FIG 1. The
gauge comprises a eylindrical casing or tube 1 contammng a hot
catiode 2 and a rellector eathade 3, which ure mamtuned at
the sume potentuil such as by cortectng them o ke nugalive
ternumal of o battery 4, o other power supply. The bot
cathode 2, which may be in the form of a hot huirpin, heated
by a DC power supply 18, emits elecirons mto the region
botween itself nnd the reflector cathode 3 A vinp-type anoile
5 1+ dhspased i tes region, intermeditely between the hot
cathode 2 and the reflocior cathode 3, nad 15 connecied (o the
positive termanal of the hattery 4, or other power supply, so as
to accelerate the emitted clectrons genarallyalong the axis of
the clectrode arrmngement, The secclerated electrons upon
passing through the nag anode 5 will be decslerated and
sepelled by he nenatrve potential on the reflector eathode 3
and will thus be caused (o travel back ind forth between the
hot eathode 2 and reflector cathode 3 unt! they suffer o colb
ston with the atoms of any gas preseat along the path withm
the casmg 1

The electrons are mmntnned withia thew pash of ociltation
by & guadrupole Jens sysici comprismg a et of quadiupole
elecirodes, in the form of rods Ga, 65 and Ta, Th, pautioned
symmetncally about the path of glectron travel. A DU potes-
tral equal to Uy, of the ring anode §, s applied to the rods such
as by also conngctig tliem o the positive terminal of the bat-
tery 4, or other power supply. In addison, ant AC potential U,
cos of of a comparstively kigh frequency, such as RE, may be
apphed baiween the pmrs of appostte rods by connection with
an AC pawer souree or generator 8, 16 order 1o avord trans-
mission fosees g the rohatively high frequeney, the two pars of
ronls mny be weed as tramsmisson tines A simple aiperemeter
% may be upnerted i the Yine on the side of the posttive ter-
anant of the battery 4 1o measure the inftial clectron cmission
{+™} prior to turming on the cieetric field '

Whan the quadrupole field 15 set up, all the rons resulting
from the collision of the elecirons with the gos atoms present
ajong the path wil be expelied by the quadrapole Geld and are
callected by a cylindrical collector seesen 10 which surrounds
the entire eleetrode arrangement. The collector sereen 10 acts
as a shield and is maintamed a1 a negative potential T, with
respect {o the cathodes 2 and 3 by means of a batiery 11 or
other pewer supply, so that the ions expelied by the field will
be collestad thereon and o suitable meter, such as an glece
trometer-type nancammeter 12, 1 comectad m series with
the battery 11 to measure the resulting enllector current {i*).

Al the olectrades, wih the exception of the eathade 2, miay
becanstructed from non-magnetic stainless steel and mounted
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o fxiures of alunmpum ade  The whole electrode structure
may be mounted on i stainfess steel Tanged cap B3 howyg
ceramic feedthroughs 14 for the clectnical leads The cap 1358
attached to the casing 1, wluch may be in the form of a stun-

4

unils of L4y, s 0 functioa of the peak voltage U, for ciec
nad for i hughs frequeney of e 200 MUz o applicd fothe
in order, then, that only electrons remain on a stable oy
ry, the guuge shoukl be operated at valoes close o the

lest steel tube und the cop Dange L3a may he tightened to the 3 pomts of the fwo cueves which yleld g, = —a,. B will bey

tube with o copper sealing ring { nol showis)

QUADRUPQLE FIELD TUNING

n grder Lo determine thie proper Operafional parameters o
produce the desired quadrupole focusing of the electrons, we
must consider the relation of these parameters to the electne
field. We will define the coordinates of the field as shown in
FI. 2, the X-coordmate heing the axis of the casmg 1 and the

Z and Y coordmates passmg through the centens of the op-

posite pairs of rods 6a, 6k and 7a.; 7h, respecuvely. The elec-
tric ficld within the quadrupole clectrodes is given by the
equations. .

e {}r.;.,+ {}a ooy wi T
L= —grad {————-—-——r = (¥ z*)} (0
—ci"}:m 3+m & 2k _ €2)

whese r, is the inner radius of the quadrupole arrangement, 23

This leads to the fnliowing differential equauons for Y and z:

dy _
0 3(U.:n+ Ug eos wi) y=0 )
:lzz
d}'-g are? (U.;.‘ < 1Fy con wi)z==0 (4
_Both arc of the form of Mathieu’s equation®
{2 {a—2q co5 28 =0 L £:3]

the solution of which is piven in “Theory and Apphcation of

Mathueu F'unctions", N W McLachlan, 947, Clarcdon Press,
[London and New York, as:

e

ce=Aonp (u0) 206 oxp (i)

40

that Hhis By the cnse nppoxamately s U 160y, which
fixes the value for Uy, at 27v, For values of U,>160v, o,
sull hive stable tragectories for electrons, but other chm"
particles with higher masses M may 2lso become stuble.]
DC potentsad Uy, then 1o be applicd ¢an be determined frl
the intersection of the b, us given by Uy, = —y Uy, with
fower curve of FIG. 3 » i smaller than 0,166 and U, w
between € and [, From the corresponding value for Ug o
can find the range of muagses up to wiich stable r.:umhimnsc\
ist All charged particies with atomsic weights smaller than
A=545 % 10U, 0
1he.n fulfifl these conditions for a device constructed in ad
cordance with the present invention with r,= 1 cm and using}

a0 = 200 MMz For iops with 4=1 {hydrogen), a ratio of UJU4

= 1,840 would be necessary, which shows that with y<0.Hag
practically onfy, electrons will oscillate under stable condd
tions Owang to the long clectron path, the number of 10
produced will be much higher than yn pror onization gauges
The device may be tuned for the maximum collector cur
rent.which coincides with the theoretical relationship for bet
electron focusing, however, the clectrodynamics witl only b
valid if clectrons are Liee to move, Assoon as the electrms by
a gas atom or molecule, they will deviate from the desired

0 movement: Under wdeal conditioms the unperturbed electrons

will move ndefintely back and forth along the trajectories.
‘the nmnber of unperterhed clectnns wall incrense as the
pressure decreases At pressures of 1077 torr an electron will
have a menn free path of approximately 10°F em in dry wr. An
electron of such a lang mean free path will travel back and
fartl n the tuhe as long ns '8 min® untl it suffers a collision
winch could leal to iomzabion Assuming a 10%, probabitity
For such an avent at a pressuve of 10+ torr, jon curreps of the
order of microamperes can be expected Cahbration measure-
ments conducted with this quadrupole ionization gauge have
obtained such high currents at the collector screen.

B exp {upﬂ}}_,c, oxp {—ff) ——

— {6)

This cau applied for [ being either y or z. In the case of the ¥
ccmrcism;e fequatson {31}

a==ay, 7= (e Ly e lmn?) (%3]
and int the case of the 7 coordinate {equation {(4})
N =0, =+ {Bellpdr2mw?) & s
and in both eases
q = (el rimn?y (%)

which resulis fom the fact that the tame operator J2d? has
to be replaved -by the operator {w?a) (d¥deld?), since

f=qwif2. The churactenstuic exponents o of the solution can 35

be'determmed from o and ¢ But m order that y and z may be
1eith, g has e be puiely mmagrany of the form p= (bfd)r,
where band o me ntepral numbess The wppes Hnits lor 4,
amd the fower fimits for wy, are given by

7420 -60
y = "’B“P 2( ¥ )
- —tl Ul 1/2— . (10)
oo - — O e
At

61'“

—~13(1 Ay AU G5
whote A4=1.77 (lar‘,v}"’, —28;', v" o 15 In meters; » 1% in
MHz, and {/,, a, and g, are in volts.

Far example, in & gauge usmg o freduency of » =200 MHe,
the ratio of the peak voltage I, and the superimposed de volt-
age Uy ean be determned  For clectron focusing when a =,
the ratio /L, cquals 6 05, This means that for 3 peak voli-
age of U4, == 160 v, the DC potential should be Uy =27 v,

Values of a, and a, under these condiions are represented by 5

the, two curves in FIG. 3. In these curves g, and g, are given in

45
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CALIBRATION

The system used in calibrating the quadrupole omzation
gauge is shown in FIG 4 The system comprises a vacuum
chamber 20 having an anket 21 from the atmosphere con-
trolled by @ needle valve 22 and an outlet 23 contiofied by &
mam vitive 24, The vacusm was produced with an jon pump
25 conrected to the outiet 23 and backed up by a sorption
pump 26 The ton pump used was an Ultek Boostivae ion
pump commercially obtainable from Perkin-Elmer Corpora-
tion, Norwalk, Connecticut. A conventional 1onization gauge
27 was connected to the chamber 2€ along with the quadru-
pole ionization gauge 28 The conventional gauge used was a
Redhead Ionization Gausge commercially obtamable from Na-
tional Research Corporauon, Cambndge, Massachusetts. The
cutire system was constructed with stndess steel flanges
whteh were senled with copper rings and Granwie-Phillips
type bakeable valves. It was therefore possible to bake the
system al 400° C The quadrupole ionization gauge 28 was
calthested using dry afe and argon al room temperatures. Two
different procedures were used dunng calibration One with a
statse closed system and the other with a dynamic systemy
where an cqmiibrium between purping speed and gas snlet
was maintaned ta pstabhshy 2 cortain pressure.

In the first procedure. before calibration, the manm valve 24
was closed to disconnget the systum fvom the fon pump 25
The needle valve 22 was then used te let the gases wnto the
system i $teps up to a certain pressure For each step, after
stabiftzing, the pressure was read on the Redhead lonzation
Guuge 27 and the optmmum coliector current s indicated oh
meter 12 was noted

In the other prozedute, the system was calibrated by ieaving
the man valve 24 open and having the needle valve 22 throt-
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Hed uptsd 3 cortain provwire wus siabred due o the contina.
Tt puemping of the fon pump 285, Apain, x mnarher of presawe
pounds were eatble Bod and the Redhead furatian Gauge 27
i the quadmipole gaupe meter 12 were read  Various
‘ealibration curves were plotted and no smticeable differences
were noted between them and these of the former procedure
ather that & «hpht spread of the mensred points due 1o the
shight pumiping action.

IOMIZATION GAUGE

n the earhrest form of guadrupole foniratron gauge fosted,
the cathode 3 was used as the on colicetor checirode, As
hown m FIG. la, cathode 3a was connccied to the nepative
ermnat of a battery 11 a 50 a5 10 make s podential negative
vith respect to cothode 2a and the sereen 10 was used merely
B shietd and grounded along with the posiive side of the
mthode power supply 182 The quadrapole clectrodes and the
wieds were connecied asshown in FIG 1. The gauge constant
= for this arvangement as defined by Cp=i*/t™, thats, the con~
htions under wlich the 1oa current I+ was proportional to the
sessure p and the cleciron current 7, was determmed before
he high frequency generator was sct in operation. Under
‘hese DO condutions with the quadrupele rods only at poten-
il U, the gonstant did not exceced a value of =53 torr™,
This s a factor of 10 Migher than presenty used fonuzation
gauges so that this early gauge n DC operation was 10 times
as sersitive as the repization gauges of the pror art

When an aiternating ficld having o frequency » =200 MHz
wirs apphied to the quadrupole electrades, taing the operating
parameters U/, = 160v, Uy =27v, for an opumum collector
potential U, =>~19.5v a gauige constant having the valse O=104
torr™f was determined Thus, an jomzabon gauge of an cven
greater sensita iy was achieved usig an RF field

However, even more starifing results were obtaned with an
ionzation gauge of the preferred form shown in FIG 1
wheremn the stuckling screen 19 i3 used as the fon collecior.
While in the DX mode of operation, with similar operating
parameters, the sensitvity of tus gange {FIG, 1) -was
cquvaient 1o the eartier model (FiG. 1a) but when the RF
voltage with == 200 MHz was applied to the quadrupale elec.
trodes the collecsar current, as read an meler 1.2, was found to
merease with decreasing pressure withn the range from 107°
te 107 forr aocording to the relabonship pli* Y=c¢

Cahbration curves were measured using this gauge {FIG. 1)
at different Ingh frequency power inputs and different elec-
tron enEssion currents and are shown i FIGS. 5 and 6. FIG. 8§
cortgsponds to a calibration at an itial electron emisdon of
PO andd 2 hph requency power of about 20 watts FIG 6
depicis three coabibrotion curves at threp different electron
emission currents of 10, 50 and 100pA and s higher fugh-
frequency power input of about 40 watts,

By adjusting thepower supply 18 for heating the flameat 2,
the cmission current was set with only the de potential on the
quadrupole rods 6& &b, Fa, Th, Swch 30 in line 31 was then
opened and the high frequency voltage was apphed, Alter ap-
plymng the high Frequency with the correct peak potential, the
empsion current (17} as moeasured at the amperemcter 9
dropped down to between 1 and 10 gercent of g writial value,
T his would seem to indicate thit due o eleciren focusing and
patsllatton, a negative space charge bwlt up and prevented
further elocivon crmsston from the eathode 2. A hugh alternad-
ing curreni evisted witnn the geater of the tube §, The foct
thuat the emission eurrent dropped ta such a low value also m-
dhcates thit very fow elecirons of lugh energy struck solid
purts within the tube 1. :

The exponent n of the equation p{1*}* = ¢ was determned
far the respectve curves, as well as the constant ¢, and the
+afues are Bvded 1 the foltowng table, where p is measured
ory aasl (1) coliector current is muasured s amperes,

.‘ i-{UA n ¢
K 100 1,28 K1 R A T gL

[T it L4 288 10-31

LN 5% L FROE ATl
LAY 108 122 Farxugn
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A g be seen from PGS, S and O, the imverse pressong de-
prendence beld in the ringe Trom 1077 to 107 torr sathoul any
idization that the collector current will decrease with
decressing prossare.

Thes mveres mode of operations 1 of extreme tdvantage for
masunieg very fow pressires ance ourrents in the range of
nucroamperes are bemyg messured, Thus, the sulation
problems inherent 1 most soniyation gauges where currentt ia
the order of 107% amperes and lower have 10 be measured or
nmphdied sre obvinted with tug gange, It has been found that
collecior curvemts in the order of micreamperes can be ob-
tamed at pressures s low a5 1070 torr with an electron emnis-
ston of 100 misroumperes winch corresponds raughly to un
iomzation weld of 197 fonvem/torr. Such a high Joezanen
yieid indicates » high pumping speed w the lowar pressere
range so thal tis gauge can be readdy adapted for use as an
nitea-high vacuum won puimp. . .

lon Pump

In the 1on pump mode of operation, the cathode 3 of the
giugs shown in FIG. 1 modified to.consist of a mesh made of
tianium or alternatively a navrow spiral of titanum wire 33,
either of which may be heated to produce titanium vapor that
can be avadable for getter action. As shown in FiG. 7, a flat
ring 34 is positoncd immediately tn front of the spiral cathode
33 and set af the same potentml,

When tie quadrupole optics are properly’wned, the elec-
troas, & in the wnization gauge, wil follow a narrow spiral
and reach their mavamum wonl velocity when pasaing through
the anode ring 5 They are then slowed down by the mverted
field of the cathodc 3 and are given @ yevesse acceleration
thereby. The free eloctron pauh wail thus be & very fong oscil-
Tating spiral and will only end us free movement when collid-
ing with a gas atom Al very low pressures, for example, 10
torr, the path may be as much as '~ om

{n constiuciing mu W pamp, the operating paramater, ire
ngain chosen so that only slectrons ure focused by the quadro-
pole ficld. A Formule for the froquency of such & field m torms
of the maxinum voltage £, of the high frequency generaior 8,
the internal quadrupele clectrode radus r,, and the mas of
the cirarged particle mis given by the relationship

14
pes OB HO-BL -Qf‘)

o \m {13}
where the frequency is i Hartz when U, is1n volis, r,win me-
ters. and 1 i in kilograms. For an electran, the above fornwla
reduces to
pe= LG8 % (P, ~11, 172 {14}
A sutable maximum voitage U, for the generator 8 is, for
example, 5,000 volts and usag an internal cloctrode radius #,
= 10 cm, a frequency of = 76,5 MHz, will ve required. With
sueh an armngemcﬁf. tha clectrons will stay in the conter of
the quadsupole while alt other charged particles will end up on
the walls. The length of the ion pump discharge tube should be
made such that the tme-of-light of the eloctrons is long in
compasson to the durauon of o higher frequency penod
From the cyuations of motion that determine the electron
path, the de patential Us. which must be wnposed on the
awode ring $ con be caleulated. For optimum electran focus.
tng the ratio betwees the peak voitage U, ull the high frequen-
ey generator £ and the de voltage Uy, of the anode § is given
by
V=017 Uy (151
this wili require @ DE veltage of 850 volts to achieve optimum
operation with the other paramelers given
*With this son pump, a sorption pump may be used s fore.
vacuumt pinp (in the manner shown in FIG 4} and provistons
should be made for very wide fore-vacuum comnections at

70 both ends of the whbe and st the walls wirere the ions arive
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with velosities up to 850 ¢V, Smee this 1, of course, much
fasier than the thermal motion, 1 addition to the gelter-ion -
pumping™ action, a reaf-ion pumpmg acton wall also accar,
This is an imporiant feature of the present wn prmp

In afl haown on pumps row in use, the gos molecules are
renlly not being pumped out of the system but they are rather
Being absorbed at the walls that are mads fit for such a process
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by evaporition of geller mairnaly However, woenl pump
shomld e one where the moleculos e e pamped will
campletely teave the system, thil e, log cxaumple, as shown m
[IG 4, the onwed gas atoms md mobecules will lesve the
pump 28 completely aad will be pumped onl ol the vacuum
systent by the furepump 26 inta the atmosphicre. 1 his is possi-
Ble when the'ton [lux towards the lore-vicmin is irper than
the huck stresming of neutral molecukes. With the high-ton
velnestses aml grester wn prodocien eflreieney oblinonble
with the present device, it posabile to aclueve such o read
pumping action. Such o4 punmping sachon makes the device
especially suitable for noble gas_pumpmg which-has always
been o problem for getter-ion pumps and m addition the
danger of re-esmtting the pumped gas s reduced,

If 1t 15 desired to increase the efficiency of the present
device, several sets of electrodes emn be mserted witlun a sin-
gle easing parallel to each other and the high frequency power
may be transnutted using opposite patrs of rods as the trans-
mission hnes The different sets of electrodes or eells ¢an then
be connected in series with each other as shown mn FIG. 8,
with the negative clectrodes Ga-6e and the positive electrodes
Ta-7d commonly connected. A single onc of these cells (6a,
Gb, Ta, Tb) with the abave-indicated clectrical characteristics
has been found to have a pumping speed of at least 15 hitefs
per sceand so that very high pumpiag specds are obtainable
with the arrangemient of the present invention

A nonmagnetc fomzation gauge is thus presented winch is
many orders of magnitude more sensibve than the gauges of
the prior art and which may be operated i such manner as to
obtam a calibrated current in inverse refationship to the mea-
sured pressuse withm the pressure range from 1078 1o 10 '
tarr, and below, and which in an enlarged verston may be
adapted to operate us an 1on pump capable of pumping specds
far beyond those obtamable with exiting 1on pumps. The
device aclieves strong focusng of electrons using only elec-
tric ficlds thus obviating the need for any magnetic com-
ponents,

§claum®

1. A non-magnetic iomzation device comprisimng.

1. meadns for producing an oscillating stream of electrons,

b. means for producing an clectrie ficld for focusing and
confining siud stream in continuous osaillation within a
substantially restricied path and for expelling from smd
path 1ons resulting fram the collision of smd electrons
with atoms 1o said path, and

¢. means disposed about said ficki-producing means for col-
leeting the fons expelicd from siud path :

2. A device as m claim I wherein sud electnc field-produce-

Ing means comprises aset of quadrupale electrodes .

3. A device.as i clam 1, wherem said stream-producing
medns comprises spaced eathodes, and an anade disposed
between and at a positive potential relative to sind cathodes
and wherem sad electrie field-producing nieans comprises
quadrupole clectrodes arranged about an axis defined by suid
stréam and at substantially the same potential as sad anode.

¥ -
47 A device as in clam 3 wherem sard quadrupole elec-,

trodes are supplicd with a ligh frequency valtage U cos wt for
creating an clectne fiekd whose respective components along
the X and Z axes through the opposite pairs of clectrodes are
of the form

‘I”"-{- {ay—2q cos 20) y=1}

doi X

tiz .
é-tii-l—_{a,—Zq cus 20) 2=0

_8eUun

ay= .
rotmw’®

8

! .|I|-

o ol
. P Rt

5 p ; '| l"f)u
T
! ot Bl

e bemg the nnade voltage, ¢, hemg the inner il ol the
quadhupale electrades, ofm being the charge to mass ratio of
- an electron and

15 ?
\ \ . Zu.‘( o~
‘ ity > BA'UlJ‘(IIJ-" 128
, Al A
20 ) < B(i =il — /f'Llol'i' 64 — 1’5;35.)

where A = 1,77 { 10r,0)72, B =28 5,57 1, 15 1n meters; v 1s the
operating [requency in Mz, and U, 4, and @, arc in volts

5 A device as in claim 3 wherem said jon collecting means
comprises one of said enthodes at n nepative potential relative
to the other cathode

6. A device as in claim 3 wherein sad ion collecting means
comprises an anpular clectrode dispased about said quadru-
pole electrodes and at nepative potential relative thareto

7. A device s it elam 3 wherem one of sad cathades com-
prses a metalfic electrode heated to produce a vapor for
getler action. -

8. An ionmization gauge comprising:

o, two spaced electrodes,

b. a third electrade disposed between sind spaced electredes
and af & positive potential relative to cach and having an
opening theren to pennil a stream of ¢lectrons to follow
an oscillatmyg path between smd spaced electrodes for
wanizing atoms in saud path,

wherein the iprovement comprises”

¢ quadrupole clectrode means disposed about said path at ap-
proxunately: the same potential as sard third electrode and
hawving a high frequency vollage impressed thereon for conlin-
ing said electron stream within said path and expelling 1ons
resulting fram the jomzation of atoms in‘said path; and

d. a cylindrical electiode surrounding smd quadrupole elec-
trode means and at 2 negative potential relative thereto
for collecting the 1ons cxpelled from said path. -

9, An1on puimp Compising,.

a. o fiast heated cathode for emuttng a supply of clectrons;

b. a seconcd heated cathode for producmng a vapor for getter-
ng aclion, . -

¢. an anode disposed between said first and second cathodes
and at a positive polential relative to each,

d. a set of quadrupole clectrodes disposed about an axis
defined by sad cathodes and said anode and at substan-
tially the same potential as said anode and having a high
frequency voltage mmpressed thercon for setting up an
clectric feld tending to focus sad supply of electrons
along a confined osciliating path and to expel any ions jn
siiid path, and

<. means for collecting said expelled jons.,

10, An ion pumyp as in claun {0, wherein the high frequency
voltage has a frequency of 1.08 X 10°,~' U, Hertz r, being .
the mternal quadrupole electrode radws in feters and U,
being the maximum voltage in volts.
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Theory of the Quadrupole Ton Pump*

Heinrich Hora™ and Helmut SCHWARZ )

Rensselaer Polytechnic Institure Hartford, Connecticut 06120 USA

The high pun‘mping speed of the quadrupole ion pump for pressiires down to 10~ Toxr is
due to the long interaction time of the electrons confined by the HF field. A theory for the re-
sidual 1on current i being proportional to p~° 7 (ie., ig almost inversely proportional to the
pressure p) 15 based on the genération of a plasma along the axis of the quadrupole. Since the
orbits of the electromns are centered at the axis only-in contrast to magnetic confinement (Penning
Gauge)-the plasma volume depends strongly on the collisions of the electrons described by stable
solutions of Mathiew’s diffetential equations We derived the measured relationship for 1+ and
arrived at electron densities to be 10'° cm~=? at pressures of the order of 10 !° Torr.

§1. Introduction

In the quadrupole ion pump=?® electrons
are elecirodynamically confined axially to
stable trajectories by an RF quadrupole ficld
and trapped lengthwise by the cathode and
anti-cathode. The consequent ionization of gas
molecules results in a removable ion current.
The remarkable property of the gquadrupole
system comnsists in an increase of the ion cur-
rent i+ while decreasing the pressure® p. Such
an unusuai inverse relationship between iom
current and !pressure had been observed in-
dependently by E. W. Blauth® who, however,
did not investigate the phenomenon further.
The relationship

f+ CCP—O.T:I:D.I

(1

was derived from measurements indicating a
favorable use of the sysftern as an ionization
gauge for pressures between 10-° and 101!
Torr.

During pumping, the exponent of Eq. (1)
became smaller due to the well known re-
emission of the ‘“‘pumped” gases. Speeds of a
few hundred litersfsec at 10~ Torr were
achieved.®

The theory of the initial ion current of the
quadrupole pump is based on a confinement of
the elecirons by the electrodynamic field of the
system, where ions are electrostatically enclosed
to create a stationary plasma. The analogy fo
the Penning ion pump consists in the movement

*Work supported by NASA-Grant No. NGL, 07-009-
003 (Langley Research Center).
**Also with Max-Planck-Instiiut fur Plasmaphysik,
8046 Garching, Germany.
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of electrons on stable orbits, While the magnetic
confinement in the Penning pump permits
orbits at any center, the centers of the electron
orbits in the quadrupole coincide always with
the axis of the system.

§2. The Quadrupole Systems and the Gen-
erated Plasma

As described before,!~® the quadrupole
pump consists of four parallel electrodes of
spherical or hyperbolic cross sections (see Figs.
I and 3 of Ref. 1, Fig. 1 of Ref. 2, and Fig. 1 of
this paper). They are symmetrically charged by
an RF voltage of a peak value U, and frequency
@ superimposep by a dc potential U,. The
electrodes carry a potential U:

U=Uy 4+ Uy cos ot

@

At one end of the cylindrical structure is a
thermionic electron source and, at the other end,
a flat spiral on the same potential, see Figs. 1
and 2, In the middle is a ring having the dc

10K COLLECTOR

THERMICNIC
/E HITTER
>,

! X

e
araraa,
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CEMTRAL PLASMA
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ANDDE
QUADRUFCLE BARS {4}

Fig. 1. Schematics of quadrupole jon pump and
guadrupole ion gauge with a stationary central
plasma of radius r, in which electrons are confined
electrodynamically by an RF field.
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Fig.2, Photograph of guadrupcle ion pump with
hyperbolically shaped electrodes of stainless-steel
wire mesh; axis is vertical; at bottom there is a
hair pin filament for electron emitter and at top a
tantalum spiral covered with titanium serving as
anti-cathode as well as supplier for getfer.

potential U,,; it collects the electron current i~
Everything is surrounded by a cylindrical
screen or tube which is on a negative poiential
U, . een COllecting the jon carrent i,

Uy, Uy, and o are selected according to
solutions of Mathieu’s differential equation so
that the electrons move on stable trajec-
tories.1=3-%> Wuerker et al57 observed these
trajectories by injecting charged small powder
particles. Similar processes of electrodynami-
cally orbiting electrons are related to dynamic
stabilization of a plasma.®

For an optimum operation of an ion gauge,
the RF had to be 200 MHz, with U,=165
volts, while U,, had to be 27 volts.?-?

Our theory is based on the following model.
After passing through a certain initial transi-
tion period, an unusual kind of plasma is
created in the center of the quadrupole along
the axis. Electrons oscillating between the ends
are kept in stable Mathieu-kind trajectories.
This motion is disturbed only by collisions
with electrons, ions, and neutrals. At higher
pressure a central plasma of small diameter
will result, while at lower pressures the central
plasma increases. In a larger plasma, more

electron-ion pairs will be created, being detected
as cirrents i~ and %, which explains the ob-
servations by eq. (1).

§3. Detailed Formulation of Theory

We can express the number of ions, i¥, col-
lected at the screen by:

S :
I’ = Igen - Irccomb (3)
Here i,.,, describes the rate of all ions created in

the system and 7 ..., the rate of ions lost by
recombination.

3.1 Ions generated
can be calculated from the following sum

Igen

“of integrals:

o= j j j drdydzai(Ce.d, <TudInan,
Vplaeme
+ m drdydzai((e,y, <T,Ynn,
+ m dxdydzoi (e, <Toymr, (&)

+ m dxdydzei((e, <T,)man,
Yrest
+ Wgen

Hereby, the first integral taken over the plasma
volume (¥ ppsma) Bives the rate of ion-pair pro-
duction due to the impact of electrons with
neutrals; the second due to impact of ions with
neuirals, Correspondingly, the third and fourth
integrals give the ion-pair production due to the
impact of electrons or ions respectively with
neutrals within the “rest volume” (V,.,), ie.
total volume of quadrupole tube minus velume
of plasma (¥yuema)- G5 0} are the rate densities
for the ion-pair productions. They depend on
the electron energy &. and ion energy &, respec-
tively. Both depend, of course, on the tempera-
ture 7, of the neutrals. n,, n; and n, are the
dengsities of the electrons, ions and neufrais.
The influence of attachment and detachment
processes can be neglected, because no negative
ions will reach the screen to influence /™ and
because the neutrals created by detachment will
be inchuded in the expressions for »,. The fifth
term in eq. (4), viz, W, is the ion creation due
to interaction of ions or photons with the wall.

3.2 Jon losses
The deficit of ions (i, of €q. (3)) due to
recombination processes can be described in
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analogy to eq. (4). However, in first approxima-
tion all recombinationn processes can be neg-
lected as pointed out in the evaluation below.

3.3 Evaluation

In order to obtain a first insight into the
mechanisms, we neglect the following processes:

1) Recombination at the wall, ¥ .,

2y All processes occurring in the rest
volume, V.,

3) All recombination processes

4) JIonization by ions

These omissions are justified, since we are

dealing with very low pressures. W, . ., will
contribute less than 10 %, due to the geometry of
the electrodes causing a kind of shadow mod-
ified by the electrostatic and the alternating
electric fields.
..., can be omitted, since there are very few
electrons outside the plasma. Also the neutrals
will have a much lower density than the elec-
trons which allows to neglect all ion creation
processes in V.

As to the third process, recombinations, it
seemns reasonable to neglect these also, con-
sidering the dimensions of the apparatus.

However, ionization by ions inside and out-
side of the plasma may be of concern. This
depends on the ability of the ions, especially
those of the actual plasma, to gain the necessary
energy from the stable oscillating electrons. If
the ions, after being created in the plasma, leave
with their primary thermal energy, then they
cannot produce pairs before having been ac-
celerated by the dc-voltage of the screen.
However, further experimental information,
especially on the ion energy within the central
plasma are needed. The assumptions lead to
results which agree well with the experiments.
Evaluating the equations (3) and (4) leads to:

it H".‘A dxdydz
Vplgtsma £

y [ jeazM ve(ee)ne(ge)da:]ng(x, ¥, 2)
¥

a1 (%]
&)

Where g,; and ¢., are the limits of the actual
electron energies which generally depend on x,
y, and z. v, is the velocity of the electrons. s, is
the ionization efficiency'® for one electron of
an encrgy ¢ given by the number of pairs
created per cm in gases of 0°C temperature and

22 " el

of 1 Torr pressure. For electron energies e,
sinaller than the double value of the foniza-
tion energy g;o(g,<2g,0):1"

S e(ge) = a(se —& 0) (6)

The constant @ can be taken from Table 2.1 of
ref. 11 and is for nitrogen: 2=0.26, if ¢, and
& are given in volts. nyg is the neutral particle
density at 1 Torr and 0°C. ne(x, y, 2) is the
actual particle density at the existing pressure p.

Entering with eq. (6) into eq. (5) and assum-
ing that n, is independent and that the pldsma-
velume-iniegration leads-to an average value
for 1oV 1a5ma» We arrive at the following integral
taken over the electron energies:

a(2em ™12
AoolEez —Ec1)

x [ (o 210)eds, @

2

it =10nn,V,

plasma

(e-elementary charge in Coulomb; m-electron
mass in kg)

Evaluating the integral in eq. (7) and con-
tracting all constants in one constant:

AO = Iozanep Vplﬂsma(zem_ 1)”2 (8)

(where p=ngfng, as per definition of 1o and ngg)
one atrives at:

*

r+ Aﬂ 2 2 3 172

I = e—— | + el g +B z
eéi’Z : sélé'rzl:s{ e] (e.l eZ) el“e2

{1 332) M2y 622 }
2
—5 E:O(Sel + 85{28352 + 892)]

6)]

By introducing the average electron enrgy

£, and taking into account that the lower limit

&0y 15 mostly much smaller than the upper limit

£ez, Eq. (9) can be transformed to the approxi-
mation:

it ocEF3? (10)

The assumption that #, is independent of the
size of the plasma 1s justified by the fact that the
electron concentration is mainly a question of
the Mathieu trajectories of the electrons. The
length of the plasma (assuming to have the
shape of an ellipsoid, see Fig. 1) is constant;
therefore it changes only its diameter so that ¥
is proportional to r2, whereas n, is inversely
proportional to r% turning the product nyV into
a constant. The average electron energy itself



72 1. Hora and H. SCHWARZ

should be, in first approximation, proportional
to that linear dimension of the plasma which

changes, namely r.
(1)

At present, we have no detailed information

E.oCr

on the disturbances of stable orbiting electrons.

by collisions, but we may assume that the
linear dimension r is related to the pressure pby:

roecp™ 12 (12)
Equation (10) can now be written as:
i“‘ﬁAOE;":"fzocp‘E‘“ (13

This is in agreement with the measured relation-
ship, eq. (1).

The assumed r-p-dependence, eq. (12), fits
the necessary condition that a variation of p by
nearly four orders of magnitude shouid allow
the variation of r by a factor of one hundred;
this certainly lies within the dimensions of the
apparatus.

The. theory also yields reasonable values for
the clectron density #, of the central plasma.
Equation (10) and the value of 4, (eq. (8)
lead to the électron density:

itmtf? 1
p ]aSmna(ze)llz*w ¥

Entering into (14) with a pair of values for
it=6x10"° amp and p=15%10"% Torr as
measured in ref. 2 (see Fig. 3 of ref. 2) and
assuming a plasma volume ¥jjuqm, = 1000 cm®
and an average electron energy of &,= 100 volt
will render an electron density of

0" (14

Ry

H. 1.6 % 1019 g —3

This is quite a reasonable value. The cut-off
density of the plasma for the applied 200 MHz
RF-field is lower than », and does not have an
effect because the dimensions of the plasma are
very much smaller than the skindepth of this
wave length.

It is worthwhile to mention that such a
quadrupole-stabilized plasma opens interest-
ing aspects for plasma physics because the ions
are only electrostatically trapped by the elec-
trons.
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The new nonmagnetic ion pump resembles the quadrupole ionization gauge. The dimensions are
larger, and hyperbolically shaped electrodes replace the four rods Their surfaces follow yi=36-+=22
(% v in centimeters). The electrodes, 55 ¢m long, are positioned lengthwise in a tube At one end
a cathode emits electrons; at the other end a narrowly wound Hat spiral of tungsten clad with _
titanium on cathode potential can be heated for titanium evaporation. Electrons accelerated by a
dc potential of the surface electrodes osciilate between the ends on rotational trajectories, if a high
frequency potential superimposed on the de potential is properly adjusted. Pumping speeds (4—100
liters/sec) for different gases at different peak voltages (1000-3000 V) at corresponding frequencies
(57-100.MHz}, and at different pressures (10~5-10-9 Torr) are reported.

Introduction

Theé operation of the Quadrupole Ton Pump is similar
to the Penning type ion pump but has one major
difference: It does not use a magnetic field, the con-
finement of the oscillating electrons being achieved
with a quadrupole arrangement tuned for electrons, It
is similar to the quadrupole jonization gauge opera-
tion.!* Electrons are emitted from.a hot hairpin fila-
ment at one end and accelerated by a dc potential Uy,
at the quadrupole electrodes. At the other end of the
tube a flat spiral carries the same potential as the
cathode causing the électrons to return. Hereby a back
and forth movement of the electrons is achicved. A
rotational high frequency potential properly adjusted
'acqording to the rf quadrupole theory'® keeps the

electrons within the center part of the tube volume .

until they hit a gas molecule. Thus, a very high
ionization yiéld i’ obtained. The ions will leave the
tube volume radially and along the axis, and as in a
normal ion pump will be “pumped.”

I. Description of Quadrupole lon Pump
A. Dimensions

The electrodes are mounted-in.a stainless steel tube.
The suifaces of the four quadrupole electrodes are
hyperbolic.and follow the equatisn

¥*=36-+4+* (x and ¥ given in cm). 1)

The electrode surfaces were cut off at a radius R=11.5
cm. The total length-of the electrodes is 55.0 cm. The
four hyperbolic surfaces are exactly separated by two
ceramic rings at the top and. at the hottom. At the top

* Supporte& by NASA .Grant NGL 07.—7009-003 which .is part
of NASA Langley Researeh. Center’s: Vacuum Instrumentation
Program directed by Paul Yeager.

a tungsten spiral serves as anti-cathode; it is covered
with titanium which serves two purposes: (1).to act as
the anticathode, and (2) to provide titanium vapor for
gettering purposes,

B. Electrical Characteristics

The potentials and frequencies applied to the elec-
trodes are listed in Table I as calculated from the rf
excited quadrupole theory for electrons,.'** The electron
emission current was adjusted to a stabie value 4~ with
only the dc potential Uy, applied to the four hyperbolic
surface electrodes. After switching on the high fre-
quency potential] with peak potential Ify the emission
current ¢~ decreased to 109 of the initial value,

In operation the quadrupole electrodes carry a

potential U=Uspt+Us cos2mft, (2)

With the cathode and anticathede at a slightly higher
positive potential than ground, an ior current #* could
be measured at the stainless steel housing, The initial

-electron emission current ¢~ was usually adjusted to a

value of =350 mA.

C. Fore Pump

As fore pump;-two Varian type.sorption pumps were
applied. Pumping action started at a fore pressure of
approximately .10~2 Torr.

TasLE I. Potentialsand frequéncies applied to quadrupole.ion
pump.

E]

Uopeolt foeEn Uispottl
1000 56.8 170
1800- 76.3 306
2400 88.0 408
3000 98.4 510
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Il. Performance of Quadrupole lon Pump
A. Pumping Speed

A family of curves depicting pumping speeds at
different peak voltages with corresponding frequencies
and for the different gases is traced on Figs. 1-3. One
can see that the pumping speed increases slightly with
decreasing pressure but more strongly with increasing
peak voltage.

For a given gas and fixed pump characteristic (elec-
tron emission ¢~, peak voltage Uy, frequency f}, the
pumping speed as a function of pressure seems to
follow a relationship similar to the pressure—collection
current dependence of the Quadrupole Ionization
Gauge.? Such a relationship is possible to express in the
following.equation

pS=a. (3)

The measurements suggest a value of m=0.1 which
holds for all data; however, the constant ¢ depends on

the kind of gas and electrical characteristics (peak

voltage Uy, frequency f, ion current ¢%, etc.).

* A more detailed.analysis of the measurements of ion
current ¢+ at different pressures. p and varying elec-
trical characteristics leads to the simple relationship:

pS=k(it—1g*), @)

whereby i¢*, residual ion current at zero pumping
speed, follows the quadrupole ion gauge formula

p(io*)"=c ()
§0
56
i: 3 3000 volt~,
al HYDROGEN
EL
9 86} 2400 volt
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5w 180
= 1 ?vok‘
20
16 = :
2L N //
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=
t el L .n-lTr’ PR SL] L PR
1075 1078 10 1078 167°
—= Torr ’
e
Ficure 2. Pumping speed'as a functmn of pressure at different

peak voltages for hydrogen. i~ = §0 mA

Tapre 11, lonization constants for different gases to-'be ap-
plied in Eq. (14). )

k{Torr liter sec®

Gas E/kair amp™]
Dry air 1.00 8,35 X 10—
Nitrogen 1.00 8,35 X 1072
Argon 1.13 9.43 X 10~
Neon 0.22 1.84 X 102
Hydrogen 0.44 3.67 X 102

as established previously.? The constant & in Eq. (4)
depends solely on the kind of gas used; it has been
determined for five different gases—dry air, nitrogen,
argon, neor, and hydrogen—and can be taken from -
Table II. The constant? # =% in Eq. (5) is independent .
of the kind of gas; however, ¢ of Eq. (5) behaves
similar to the constant @ of Eq. (3).

The measurements follow the equations quite well
but the physical meaning of the mathematical formu-
lation requires more study of the mechanism.

B. Uliimate Pressure

The lowest pressure so far achieved lies in the range
of 1072+ - 107 Torr, which seems to be determined by
the vapor pressure of some organic sealing materials
used in the experimental setup. The pump appears to
be capable of reaching lower pressures.

Work is in progress to obtain lower ultimate
pressures. T

G: “Electronic” Pumping

All existing ion pumps are not “‘true” pumps in the
sense that the gas molecules to-be pumped are trans-
ported out of the vacuum system into the atmosphere;
rather they remain in the pump as buried,.adsorbed,
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FicUre-3. Pumping speed as a function of pressure at different
peak-voltages for neon. 2~ = 50 mA.



absorbed or even chemically bhound on the walls or
other solid surfaces of the pump. Therefore, there is
always the danger of re-emission of the *pumped”
gases. This disadvantage was also observed in the
early years of ion “pumps,”’ see for example Ref. 3.

“Electronic” pumping®¢ for all gases should be
more or less equally effective since it depends mainly
on the ionization probability and not on gas capture
characteristics of the walls and getter materials, which
is a great advantage over the conventional ion pumps
which “pump”’ inert gases much less effectively than
all other gases. Some attemptst—® have been made to
achieve “‘electronic pumping’’; however, due to the
high rate ol return gas flow frem the fore vacuum to the
high vacuum, the electronic pumping action was quite
weak. Since then, little attention” has been paid to this
kind of ion pumping.

If the hyperbolically shaped electrodes of the
quadrupole ion pump are made of wire mesh, the “{rue
pumping’’ action looks rather promising. The ionized
gas molecules achieve a relatively high radial velocity
and through appropriate openings they will then enter

Pumping of Inert Gases in Dicde Penning Pumps 375

the fore vacuum. Also their number is relatively high;
ion currents in the order of microamperes were ob-
tained at pressures as low as 10~ Torr.
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