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ABSTRACT

A differential Pirani molecular-beam detector was deve-
loped with a sensitivity for nonéondensable gases about five‘
times greater than that of the previous most sensitive Pirani
beam-detector. With a circular entrance channel of pressure-
accumulation factor 28, at room temperature a one-microvolt
signal was produced for a helium beam intensity of 5.4 x 1012

atoms/sec/cmz. At liquid-nitrogen temperature, the sensitivity

\
increased almost four times.

This detector was used to investigate the.directivity
characteristics of molecular beams of helium, argon and nitro-
~gen, produced with several circular, cylindrical tubes, mounted
on a rotatable oven. In thé molecular-flow region, the ahgular
distributions were somewhat narrower than those reported by
prévioas workers. With increasing source pressufe, the full—_
width at half-maximum of the distribution for each tube with
any gas became 75 to 78 degrees, but with further increase of
source pressure, the full-width depended on the particular

gas used.

The electric circuit of the ‘Pirani detector was easily
modified so that»the’entrance channel and beam cavity could
be used as a combiﬁation»Pitot tube and pressure gauge for
determining the Mach numbers of supersonic beams in vacuum.

It was found that a 0.214-mm. conical converging nozzle
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produced a Mach 2.2 helium beam when the pressure ratio across

_the nozzle was about 120.
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CHAPTER 1

INTRODUCTION

In 1962 it was decided to attempt to construct in this
laboratory an apparatus for producing a high intensity beam
of nuclear-polarized, singly-charged, helium-3 ions. The
scheme (Axen, Klinger and Warren, 1963) consists in essence
of the following: An atomic beam source, maintained ét.Z.ZOK,
produces a supersonic helium-3 beam with a narrow velocity
distribution centered at 180 m/sec. The beam then passes
through a hexapole magnet which separates the atoms accérding
to their nuclear spin states. The polarized atomic beam thus
obtained enters an electron-bombardment ionizer (Vermette,
1964), and a nuclear-polarized ion beam is extracted from

the side.

To measure the intensity of the atomic beam at various
‘stages in the apparatus, some form of neutral beam detector
is necessary. It was decided to construct a new version of
the differential Pirani detector. A large high-speed vacuum
system was built for testing the beam detector and the

electron-bombardment ionizer.

The Pirani detector proved to be excellent in its perfor-
mance. It was used to measure some directivity characteristics
of helium, argon, and nitrogen molecular beams produced with

a few circular, cylindrical tubes. This was done to verify
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the results of Naumov, 1963, who had recently carried out with
ammonia the first extensive investigation of the directivity

of neutral beams produced with circular, cylindrical_tubes.

" The main component of the atomic beam source in the
polafized - helium-3 apparatus is a 0.2-mm nozzle which must
produce the»supersoﬁic beam. The‘consfruction of the Pirani
detector was such that it could be used as a combination Pitot
“tube and pressufe gauge to determine the Mach numbers of
molecular beams produced with miniature nozzles, so that a
suitable one could be chosen for the polarized - helium-3

apparatus.



CHAPTER I1I

DEVELOPMENT OF DIFFERENTIAL PIRANI DETECTOR

A. Requirements for the Molecular=Beam Detector

The nuclear—polarized-He3-beam emerging from the

hexapole magnet is expected to have an intensity of about

3 X lO15 atoms/sec/cmz; the intensity will be considerably

less at the end of the ionizer. For ease in‘loéating the
beam anq measuring the beam profile, it is desirable to
have a metrical detector with a.sensitivity of at least
1013

/A

atoms/sec/cm2 and a signal-to-noise ratio of at least
2:1 at this intensity. Linear responée to beam intensity
over a considerable range is advantageous.

For rapid determination of the beam positibn, the
detector should have an equilibrium time less thah.5 seconds

and must be readily movable in vacuum. It is preferable

that the detector be easy to construct, operate and repair.

B. Types of Molecular-Beam Detectors

Detectors have been discussed in considerable detail
by Smith, 1955, King and Zacharias, 1956, Ramsey, 1956, and

others. The most important types are examined below.

(1) In the Condensation Method, the beam condenses

on a cooled glass surface, forming a deposit similar in

shape to the beam profile. He3, of course, is noncondensable



at easily obtained temperatures.

(2) Chemically-active molecules can be detected by

a target which is visibly changed by chemical combination

with the beam moleculesi He3, however, is probably chemically

inert.

(3) In the Surface Ionization Detector, the beam
molecules impinge on a hot surface and reevaporate. If the
work function of the surface is greater than the ionizatioh
potential of the beam molecules, positive ions are formed
and easily detected. However, no suitable material has a
work function greater than 6 ev, which is much less than

the ionization potential of He3 (24.5 ev).

(4) The Radioactivity Method detects beams of radioactive

isotopes by the radiocactivity of their deposits on a conden-

sation target. He3 is not radioactive.

(5) The Electron-Bombardment Ionizer ionizes a frac-

b

tion of the beam which is then extracted, analyzed with a
mass spectrometer, and measured with a suitable ion current
amplifier. For good resolution, a directional entrance on

the ionizer is necessary; then the number of background atoms
ia the ionizer may be several orders-of-magnitude larger than
the number of beam atoms, so that modulation of the beam is

essential. This method would probably have adequate sensi-



tivity and signal-to-noise ratic; however, it is quite com-
plicated to construct and there might be difficulty in moving

the whole assembly in vacuum.

(6) The Differential Ionization-Gauge and (7) The

Differential Pirani-Gauge Detectors are differential mano-

meters which measure pressure inside small receiving ves-
sels. The ionization detector consists of two identical
ionization gaugeé, each completely closed except for an
entrance channel, while the Pirani detector consists simi-
larly of two identical Pirani gauges, which are usually
enclosed in one metal block. With either detector the beam
is directed into one of the gauges, raising the pressure
inside by an amount proportional to the beam intensity.
This pressure increase can be multiplied by a large factor
(the kappa factor K ) by using a low-conductance channel for
the gauge entrance; theﬁbeam travels down the channel without
hitting the sides, while molecules inside the gauge can
emerge only after many collisions, on the average, with the
channel walls. The secondvgauge of each detector is used
to balance out fluctuations in the residual~gas‘pressﬁre, Py.
In Appendix A it ié calculated that for a.gauge with
an aperture of negligible length to admit the beah (K=1),

2 of He3 produces a

a beam intensity of 1013 atems/sec/cm
pressure increment in the gauge'of 8.5 X 10;_"9 mm Hg at room

temperature. Using extremely stable (0.002%) electron-



emission regulators, Hurlbut, 1958, has built a differeﬁtial
ionization-gauge detector with a sensitivity of 2 X 10—5
times Py. Thus for P = 10> mm Hg and a 2:1 signal-to-
noise ratio, this detector has a sensitivity of 8 X 10-10
mm Hg; a He3 beam of intensity 1013 atoms/sec/cm2 would
produce a signal ~10 mV.

The most sensitive differential Pirani detector built
before the present work produces a 1 microvolt signal for a
Ho pressure of 6 X 10”7 mm Hg, with noise and shert-term
drift below 1 microvolt (Ellett and Zabel, 1931). Thus with
this detector an entrance channel with K~ 100 would be
necessary for the required sensitivity.

It is noteworthy that Pirani detectors have a linear
range of respofise with the same calibration up to total
pressures of at least 10,'3 mm Hg, while ionization gauges
tend to perform erratically and nonlinearly above 1014“mm
Hg.
| The equilibrium times of the two detector types can
be made comparable, since while the thermal time constant
of méderately heated Pirani filaments is ~1 second, the
comparatively lerge volume of the ionization gauge.is res-
ponsible for a similar time constant.

For operation, the Pirani detector requires a sta-
bilized 1ow-voltage power supply (a battery is often suit-

able) and an extremely sensitive galvanometer, while the

ionization detector reguires two extremely well-stabilized



electron-emission regulators and a sensitive ion current
amplifier.

Thus the ionization detector has a limited upper.
range and requires more elaborate electronic equipment fhan
the Pirani detector. However, it has the advantages of much
higher sensitivity and greater signal output for a.giveﬁ
incident beam intensity.

Nevertheless it was decided to build a Pirani detec-
tor because of the commercial availability of matched pairs
of small tungsten filaments; viz., Gow-Mac*type W-2, These
made the construction of a Pirani detector much easier than
that of an ionization detector, and offered the possibility
of achieving significantly greater sensitivity than pre-
viously possible with Pirani detectors. These filaments,
developed for gas chromatography purposes, consist of a
12" length of 0.001" -diameter tungsten wire coiled in two
helices and mounted on a small brass flange. Two filaments
can be enclosed in a volume ~v1 cc, which is desirable for
a small filling time constant. It was thus unnecessary to
work with ribbon filaments with attendant problems of
mounting difficulties, noise produced at the supports, and

contact of the ribbons when heated with the gauge wall.

* Available from Gow-Mac Instrument Company,

100 Kings Road, Madison, New Jersey, U.S.A.



C. .Design of the Differential Pirani Detector

(1) Principle of Operation

Differential Pirani molecular-beam detectors were
first constructed and investigated thoroughly by Knauer.
and Stern, 1929, and Ellett and Zabel, 1931. The detectbr
(figure 1) usually consists of four moderately heated fii;
aments, R, ,, in two identical cavities, C; and Cy, in a
metal block, which are connected with the surrounding vacuum
py identical channels Kj and Kqg. The two filaments in each
cavity form the opposite arms of a Wheatstone bridge which
is initially balanced (figure 2). The condition of balance
is Rl X Rg = Rg X R4g. R; and Rz are filaments matched for
both resistance and temperature coefficient of resistance;
similarly for Rg and Rg. Then fluctuations in the residual
gas pressure in the vacuum system will have identical effects
on the temperatures and thus resistances of Ry and R3, and
of Rg and Ry, so that the bridge remains balanced. The
effect of ambient temperature and supply voltage fluctua-
tions on the balance is also markedly reduced with matched
filaments (Leck, 1957). In order for the balance to be
effective, Cy and K; must be identical to Cg9 and K9, res-
pectively, so that the filling time constants of the two
cavities are the same.

The detector block is positioned so that the longi-

tudinal axis of Ky is aligned parallel to the incident bean

i



FIGURE 1. Schematic Diagram ot the Differential Pirani Detector Block.

Ry, Ry, R3 and R, are the Pirani filaments.
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FIGUREaZ. The Pirani.Detector Filaments Connectedl
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direction (Figure 1). Then as shown in Appendix A the pres-
sure in Cq increases above that in C2 to an equilibrium
value Py given by

Py = KIV2mrmkTq (Eq. 1)
where K 1is the accumulation factor of K,,

I 1is the incident beam intensity,

m 1is the mass of a beam molecule,

k is Boltzmann's molecular gas constant, and

Tq 1is the temperature of the detector block.
This hressure increment cools filaments R1 and R2 because
of greater heat conduction by the gas from the filaments to
the wall of Cj. Thus thé resistances of Ry and R, decrease,
producing an out-of-balance signal on the bridge galvano-

meter,

(2) Theoretical Sensitivity for He3

The theoretical sensitivity of the Pirani detectof
using the W-2 tungsten filaments is calculated in Appendix
A. The results are'presented here, |

The electrical energy supplied to the filamehts is
dissipated by three processes: (a) Conduction through the
end supports, which can be neglected, because the filaments
are very long (6"‘helices) compared to their diameter
(0.001"); (b) radiation to the cavity wall, which is inde-
pendent of gas pressure; and (c) gas conduction from the

filaments to the cavity wall, which depends on the gas pres-
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sure in the cavity.

Suppose that the bridge galvanometer has extremely
high resistance compared to the filament resistance and that
the bridge is supplied with a constant-current source. If an
incident molecular beam raises the pressure in C; by an
amount dP4, then as shown in Appendix A the corresponding

galvanometer signal will be

av = (Ty - Tg) Yred - TgHRg ]/_s___ (cB) dPq  (Eq.2)
(Tg)3 - ge 4 ,

where dP, is found from Eq. 1,
Cv & I

F - No  VammkTe R

Cv is the specific heat of the gas per mole at con-

stant volume,

N, is Avogadro''s number
b

o

X 1is the thermal accomodation coefficient of the
gas on .the filament surface,

S is the surface area of one filament,

c 1is the temperature coefficient of resistance of
the filament,

Tf is the filament temperature,

Rf 1is the filament resistance at Tg,

€ 1is the emissivity of the filament,

¢ .is the Stefan-Boltzmann radiation constant,

and the other quantities have been defined before.

Eq. 2 is valid provided the mean-free-path of the gas
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molecules is much greater than any dimension of Cl' If the
maximum cavity dimension is 1.5 cm, this restricts the total
cavity pressure for helium to about 2 microns at Td = 293%
and 9.5 micron at 77°K. Since the changes in Ty with Py

are very small, below these pressures the sensitivity

dV/de is constant, so that the gauge has a linear response
in this range.

Once the Pirani filaments are chosen, most of the
parameters of Eqs. 2 and 3 are fixed. However, the sensiti-
vity can be optimized by choosing a suitable bridge current
and thus Tg. Eq. 2 shows that the sensitivity increases

monotonically with T the temperature-dependent factor

f’
approachingl/Rf when Tf>>ﬂrd. However, the safe upper 1limit

for the W-2 filaments is Rf = 92 ohms, corresponding to
o v . . . .
Ty = 560 K. With this operating temperature and with K = 1,
3

it is shown in Appendix A that a He
13

beam of intensity:
10 atoms/sec/cm2 will theoretically produce the following
detector signals: 0,15 microvolt at Td = 2930K and
0.28 microvolt at Ty = 77°K. |

In pre?ious Pirani detectors noise and short-term
drift could be reduced below 1/av. If we assume it will be
14V in thé present detector, then at room temperature for
a 2:1 signal-to-noise ratio at I = 1013 atoms/sec/cm?, K
must be greater than 14.

In Appendix A it is shown that the time constant for

filling and emptying a gauge cavity is
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Ty = Va 2iTm - :
T K-’]/—-—de (Eq. 4)

where V4 1is the volume of the cavity,
A3 1is the cross-sectional area of the entrance
channel, and the other quantities have been defined before.
Thus K cannot be made indefinitely large because of
the inconvenience of long equilibrium times. Moreover, the
difficulty of aligning the detector is aggravated with
increasing impedance of the entrance channel. The value

actually chosen was K = 28.

(3) Construction

Figure 3 shows the actual detector block. The material
used was brass to reduce thermal gradients and thus minimize
zero drift (Ellett and Zabel, 1931).

Eq. 4 shows that for minimum7, V4 must be made as
small as possible. Two identical cavities were drilled in
the brass block just large enough to enclose two W-2 fila-
ments each; V4 was approximately 1.3 cc. Chahnels K1 anﬁ
Ko each consisted of a 1§” length of German‘silver tubing,
with I.D. 0.80 mm and O0.D. 1.0 mm, so that K = 28 (Dushman
and Lafferty, 1962). 1.0-mm holes were drilled from the
cavities to opposite sitdes of the block; the two channels
were placed in these and sealed with soft solder. The flanges
supporting the filaments were carefully centered on their

mounting seats and sealed with soft solder.
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Using the above detector dimensions, from Eq. 4 it is

calculated that = 0.20 sec at Ty = 2939 and 0.39 sec at

Td =_77°K. These times are smaller than the thermal time

constant of the filaments (~1 sec).

D. Control of the Differential Pirani Detector

(1) Mechanical Controls

3 apparétus it will be convenient

In the polarized-He
to install the detector from a vertical flange on the vacuum
chamber. Thus the arrangement shéwn in Figure 4 was used to
support the détector block. The block was silver-soldered
to a 1/2" 0.D. stainless steel tube (for minimum bending),
the 'end of which could be joined by,a.short hose to anoth9r 
tube soldered to a styrofoam-insulated metal container
h°1ding liquid N,. The detector could thus be maintained at
77°K, provided a 3/16!" copper tube was inserted down the
steel tube via the liquid-Ng container in order to provide
a means of escape for air upon_filling as wellias for eva-
porated Ng. The steel tube was insulated from supporting
flanges by vacuum and a thiﬁ—walled outer steel tube.

The detector block coqld be moved horizon£a11y up to
7 cm by compression of the bellows and about 1 cm from the
central position in any direction in the vertical plane by

shear motion of the bellows. The detector could also be

tilted up to a few degrees in any direction by suitable



FIGURE 4. Schematic Diagram of the Mechanical Controls of the Pirani-Detector.
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turning of four adjustment nuts. These means of adjusting
detector position and orientation were invaluable for

aligning channel K, with an incident molecular beam.

(2) Electric Circuit

Thé filaments:were connected in the Wheatstone bridge
circuit shown in Figure 5. A 0-10 Vv, 100 mA voltage supply
stabilized to 0.1% was used to supply bridge»current. For
the null-point indicator, G, it was most convenient to use
an electronic dc amplifier of high impedance. Two were
available: Honeywell Model /0000 had a maximum sensitivity of
about O.S/uV/mm, with negligible noise and short-term drift;
it was, inconvenient, however, for quantitative measureménts
because no calibrated scales were provided, bﬁt merely a
control for varying the sensitivity. Hewlett-Packard Model
425A with virtually infinite impedance was suitable. for
quantitative measurements. The most sensitive scale was
10 4V F.S.D. with negligible drift; however on"all scales
noise amounted to about 2 uV peak-to-peak.

A balancing network was provided fﬁr the bridge, since
at any heating current the resistances of a filament pair
were not exactly equal. The 1l-ohm pot. was used for rough
balance, with finer balancing obtained by adjustment of the
‘10- and 100-ohm pots.

Two 10 W- 100-ohm flat-sided power resistors wefe

fastened securely to the detector block, so that when 30 V
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was applied tb them under high vacuum, the block temperafﬁre
was raised to 130°C in about one hour; this was a useful
means of outgassing the detector cavities. A copper-con-
stantan thermocouple attached to the bleck indicated its
temperature.

Formel magnet wire was used in the vacuum system fqr
electrical connection to the filaments and heating resistors.
These leads and those of thé thermocouple were connected
with the external circuitry by means of glass-to-metal

seals on a nearby flange of the vacuum chamber (Figure 7).
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CHAPTER III

TESTING OF THE DIFFERENTIAL PIRANI DETECTOR

A. Experimental Arrangement

(1) Vacuum System

A 23-1liter brass vacuum chamber was designéd for test-
ing molecular-beam sources, detectors and ionizers (Figure
7). Large pumpfnguspeeds are necessary for working with
molecular-beams; There were available two D.P.I. MCF-700
0il diffusion pumps with a cold-trap and plate-valve mani-
fold fabricated of mild steel. This manifold was somewhat
modified and joined together with the water-cooled baffled
pumps and beam chamber as shown in Figure 6.

Low vacuum wés measured with inexpensive thermocouple
gauges, while high vacuum (4‘10_3 mm Hg) was measured with
an ionization gauge at the end of a high—conductance arm of
the manifold. The ion gauge was operated with a newly-
designed control circuit, described in Appendix B.

Pumping speeds for air and He4 in the beam chamber
were measured by the mercury-pellet method (Yarwood, 1956).

6 to 2 X 10'4 mm Hg, the speed for air

In the range 2 X 10~
was 300-350 liters/sec and that for He4 was about 400 liters/
sec. The flatness of the speed curves in this range is ex-

pected for well-baffled pumps. The ultimate pressure of the

system was about 5 X 10”7 mm Hg with liquid N,, and about
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1 X 10°° mm Hg without.

~(2) Beam Source

A molecular-beam source consists of a vessel, gener-
ally called an "oven'", filled with a gas or vapor and
equipped with an aperture, canal, or nozzle for the effu-
sion of the molecules. In the present case the oven was a
small ﬁfass chamber (Figure 7) to which could be bolted
small flanges containing suitable canals or supporting hoz¥
zles. The gas flow to the oven was controlled with a fine
needle valve. The oven could be evacuated by oﬁening a
valve connecting it with the beam chamber.

The following vacuum gauges were used to measure oven
pressure: (a) a thermocouple gauge for rough measurement of
pressure between 1 and 1000 microns; (b) a sensitive Pirani
gaugé (Edwards #M5B;2) for 10% accuracy between 0.1 and 60
microns; if zeroed before use; - (c) a miniature McLeod |
gauge (Edwards vacustat, Model 2E) equipped with a cold -
‘trap, for 10% accuracy between 5 and 1000 microns; and
(d) a mercury manometer for pressures in excess of 1 mm. Hg.

The beam could be interrupted with a beam flag of.
copper sheet actuated by means of an O-ring-sealed shaft.
This made it possible to observe any drift of the beam de-

tector without closing the needle valve.
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B. Operation of the Differential Pirani Detector

(1) Stability

To insure reasonable stability, the detector cavities
had to be outgassed by pumping under high vacuum for many
hours, although this time could be appreciably shortened
by heating the gauge block at 150°C for 2 hr by means of
the power resistors.

The following stability measurements were made after
the detector had been pumped under vacuum better than 2 X

6 mm Hg for 24 hr. The galvanometer used was the Honeywell

107
null indicator on its most sensitive setting (about O.S/LV/
mm). In Table 1, I, and V, are the bridge current and voltage
respectively. The filament temperature Tf was calculated '
from  Vp/I, = 40 [1+ 0.005(T; - 298)] (Eq. 5)

Dé is the peak-to-peak drift of the detector zero over:za
-30-minute period. The detector block was at room temperature

. and the vacuum better than 2 X 10‘6mn\Hj.

TABLE 1

ZERO DRIFT OF PIRANI DETECTOR

Ipb - mA, Vy, -V T - “K Dy - uV
2.0 0.19 290 1
10.0 0.42 310 2
20.0 1.04 360 2
30.0 1.87 410 5
40.0 3.0 475 -
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At Ib = 40.0 mA it was impossible to balance the
bridge..

The pressure PV in the beam chamber was then raised
by admitting helium via a needle valve in a side port, and

the off-balance deflection Do.observed at various I, and Pv

b
up to the maximum likely to occur in practice (Figure 8).

The above results show that the stability decreases
with increasing Tf. However, the theory indicateé that the
greater Tg the greater the detector sensitivity (page 11).
Thus in practice it was necessary to choose a‘Tf which gave
good stability with as high a sensitivity as possible. The
stability at Iy = 30.0 mA was inadequate while that at 20.0
mA was essentially the same as that at 10.0 mA. Hence if
was decided to operate the detector at Iy = 20.0 mA
(T¢ = 360°K).

By sending tap water down the stainless steel tube at
various flow rates, it was observed that a large part of the
instability was due to changes in block temperature. Even
at fairly constant flow rate the zero drift was much greater
then the drift when the block was subject to only room tem-
perature variations.

When the detector temperature was reduced—to 77°K, a
stable zero was obtained almost immediately with I < 25.0
mA, since outgassing was almost eliminated and the block
temperature could not drift.

At room temperature with I, = 20.0 mA, a 1% change in
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vIb caused an off—balancé deflection of ~20 uV, so the
bridge power supply had to be current-stabilized to 0.1%
or better.

The detector noise was negligibie when the block was
stationary. However, moving the block sometimes caused rather
sudden off-balance signals as large @s tens of micrdvolts.
This was discovered t§ be mainly due to the detector leads
in the vacuum chamber vibrating énd knocking each other, It
is also .possible that sudden movement of the detector caused
the‘filaments to vibrate and produce noise. This noeise could
be almost eliminated by usingba sﬁitable'combination of
rigid and flexible wire so that there was no contact between

detector leads, and hy moving the block slowly.

{(2) Verification of 1/r2 Detection

"To determine whether the Pirani detector could relia-
bly detect a molecular beam, & helium besm was produced and
the detector output D observed as a function of the source-
detector distance, r. The relation betwsen D and r should
be D §<"1/r2 prcevided that the mean-free-path A of the beam
molecules in the beam chambef is such that A >> T,

The beam source was a canal with length and diameter
0.79 mm, drilled in a brass flange bolted to the oven (Fi-
gure 7)., With the whole system at atmospheric pressure,)a
light probe was inserted through the vacuum connection in

the back of the oven; at r = 16 cm the detector orientation
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was adjusted until the light beam emerging from the source
appeared to hit squarely the entrance channel Ky, as ob—‘
served from side and top ports of the beam chamber. The
beam chamber was then pumped to P, ~1.5 X 108 mn Hg, the
detector was outgassed, and Ib set at 20.0 mA.

A source pressure of 65 microns of helium produced
an outflow of gas through thé canal which raised Pv to
about 1.5 X 1072 mm Hg. Thus A ~ 10 meters. The range of
r was 143 £ r £ 201 mm, so that A§7 r.

At increﬁents of r of about 10 mm, the detector was
aligned precisely with the beam by carefully turning the
adjustment nuts (Figure 4) until maximum deflecticn of the
galvanometer was obtained. Before each reading the beam
flag was lowered to observe any drift in the detector zero,.

It appeared that the detector equilibrium time was
about 4 sec; so that the time constant was about 1 sec. This
was the thermal time constant of the filaments, since the
filling time constant 7T = 0.20 sec, and the galvanometer
time constant was negligible.

| If D« l/rz, Dr2 should be constant. At each r the
measured value of Dr2 was within 5% of the mean. The small
deviations were probably mainly due to imperfect alignment
of the detector.

Thus the detector appeared to give authentic detection

of a molecular beamnm.



-22.

(3) Calibration

The detector was calibrated with a beam source con-
sisting of a 2.0-mm aperture, made by-piercing a 2,0-mm
hole in 0.001" brass shim stock soft-soldered over a 5/16"
hole in a brass flange, which was bolted to the oven (Figure
7). The beam intensity from an "infinitely-thin" aperture of

this type is

10 = 1.11 X 102.2 Ag Pg cos B (Eq. 6)
rt VT
where I(f) = beam intensity in molecules/sec/cm2 at

distance r cm from the aperture, and E)is the angle
between the aperture axis and the line joining the

point of observation to the aperture,

PS = pressure of the gas in the oven, in mm Hg,
o

Ts = oven temperature, in K,

Ag = area of the aperture, in cm2, and

M = molecular weight of the gas, in gm.

In practice Eq. 6 is valid when the mean-free-path of
the gas in the oven is at least as large as the diameter of
the circular aperture (Ramsey, 1956).

If ©<8° 1(9)= 0.99 1(0), according to Eq. 6. Thus
for r = 182 mm, the point of observation in this case, the
detector entrance could be displaced from the aperture axis
by as much as 25 mm, with less than 1% error in the calcula-
tion of beam intensity. In any event channel_Kl had to point

directly at the aperture; this was achieved by carefully
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adjusting the detector orientation to obtain maximum-galva-
nometer deflection.

The detector was calibrated for Hg, He4, No and Ar
with I, = 20.0 mA and Ty = 293°K. P, was measured with the
Edwards Pirani gauge which had been calibrated with a McLeod
gauge and zeroed immediately before use. The detector was
aligned with the aperture beam at r = 182 mm. With each gas
the detector.signal, D, was measured for increasing-PS up
to the point where PV'N/S X 1079 mm Hg. Each value of D was
corrected for scattering in the beam chamber; this amounted”
to as much as 17% (for Ar at 5 X 10‘5 mm Hg: exp(-182,/1000)
= 0.83). The sensitivities of the ion gauge for these gases
were taken from Dushman and Lafferty, 1962.

| The corfected values of D were plotted against Pg and
the slope VD/VPg of the resulting straight line was divided
into the value of VI(O)/VPS calculated from Eq. 6 to give
fhe inverse sensitivity VI/VD of the detector. Thé results
are presented in Table 2 (page 24).

When the detector block was cooled with liquid No, it
was found that at I = 15.0 mA the thermal time constant of
the filaments was intolerably long, wheras stability was bad
at 30.0 mA. In the same manner as above the detector was

calibrated for He4

at Ty = 77°K (Table 2). The results show
that at practical bridge currents the sensitivity at 77°K

is almost four times that at 293°K.
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TABLE 2

INVERSE SENSITIVITIES OF THE

PIRANI DETECTOR WITH K = 28

GAS Tgq Iy \ T Measured
b V1/VD N
g mA A Ok mols/sec/
X cmzéuV

He4 77 | 20.0 | 0.77 | 290 1.4 X 1012

He? 77 | 25.0 | 1.19 | 340 | 1.6 x 1012

4 ' 12

He 203 | 20.0 | 1.04 | 360 | 5.4 X 10

Hy " " . " 6.0 X 1012

N2 " 2] T " 2.5 X 10\]:\2

Ar " " " " 1.9 x 102

The ratio of these sensitivities is not the same as the
ratio of the sensitivities of the Pirani gauge for the samé
pressure of these gases. This is because for a given beam
intensity I, the cavity pressure Py is not independent of

the gas but depends on the molecular mass (Egq. 1).

(4) Sensitivity for He3

From Eq. 1 it is evident that a given beam intensity of
He3 will produce a cavity'bressure onlwag_ that produced by
a He4 beam of the same intensity. However, Eqs. 2 and 3 show
that this smalder Py will in fact produce the same voltage
output, if the values of C, and ( are the same. Thus the

4 3

measured sensitivities for He™ are also valid for He”, and
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" these can be compared with the theoretical sensitivities
(page 11) if the latter are multiplied by the actual kappa-

factor, K = 28. -

TABLE 3

EXPERIMENTAL AND THEORETICAL

SENSITIVITIES OF THE PIRANI DETECTOR

Tq 'Ib T, Measured HeB_Beam, I 3 1013
N Vi/VD atoms/sec/cm
OK mA ok atgms/sec/
cm®/uvV Experi- Theoreti- |
mental cal Max. -
Signal Signal,
Tg = 560K
293 | 20.0 {360 |5.4%x 102 | 1.9,V 4.2 v
77 | 20.0 | 200 | 1.4 x 10'% | 7.14v 7.8V |

Thus at practical bridgeACufrents, the measured detec-
tor sensitivity was about 45% the theoretical maXimum at
room temperature, and aboutf90% the theoretical maximum at
liquid-Ng temperature. Hence the theoretical analysis gives
a useful approximation of the performance of the.Pirani
detéCtor. | |

(5) Conclusions

The output of the detector at room temperatUre;for'a

0l3

He3 beam of 1 atoms/sec/cm2 will be of the same order as

the zero drift over a short period and with P, < 10”9 mm
Hg, provided the detector has been outgassed. Of course the

sensitivity could be increased by using entrance channels
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of higher kappa-factor,

To compare the sensitivities of various Pirani detec-
tdr% it is necessary to extrapolate to K = 1 and measure
intensities in mois/sec/cmz, since K and the cross-sectional
area of the entrance channel can be chosen arbitrarily.
Table 4 lists the most sensitive Pirani detectors which have
been described in the literature. Hydrogen is thq~on1yk§oﬁ—
mon gas fér which all of these detectors have been calibra-
ted. |

TABLE 4
INVERSE SENSITIVITIES FOR H2.OF

PIRANI DETECTORS WITH K= 1

DETECTOR T VI/VD

mols/sec/
°K cmz//LV
Ellett and Zabel, 1931 | 293 8.1 x 1014

d

Kolsky et al, 1952 195 2.8 X 1019

Present detector 293 1.7 X 1014

Thus at room temperature the present detector is al-
ﬁosf.five times as sensitive for a Hznbeam as the previous
mbst sensitive.Pirani detector. This is 1arge1y because of
thé'high surface area and resistance of'the W-2 filaments.

Another considerable advantage of the present detec-
tor is the ease with which it can be fabricated, because

of the convenient mounting of the W-2 filaments.
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CHAPTER IV

DIRECTIVITY OF MOLECULAR BEAMS

FROM CIRCULAR CYLINDRICAL TUBES

The followiﬁg symbols are used frequently in this chapter:

£

length of a circular cylindrical tube,

d = diameter " " "
, Ps = oven pressure,

PV = residual gas pressure in the beam chamber,

‘As = mean—free—path of the gas in_the oven, |

(;J = distance between beam source and detector inlet,
[séé = full-width at half-maximum of a symmetrical |

angular distribution.
The flow through the tube is said to be molecular when

As > { and viscous when A$<< d.

A, Previous Measurements

Knudsen, 1909, and Mayer, 1929, experimentally verifiéd
the cosine law distribution of a neutral beam from an aperture
({€<d) when )s>> d. A few directiﬁity measurements, some -of
them inaccurate, with various tubes were made by Mayer,A1928
and 1929, Ellett, 1931, Koréunskii and Vekshinskii, 1945,
Minten and Osberghaus, 1958, and Helmer et al, 1980. More
extensive measurements were made by Gunther, 1957, using SiOg
vapor and the precipitation-detection mZthod. Naumov, 1963,

has pointed out that Gunther's method involved serious sources

of error and the investigation was incomplete, since Gunther
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used only short}canals (f/d <€ 5) and his measurements were
festficted to 9:5450. Nevertheless, his meééurements indicated
a limiting directivity pattern with AGf: 76-79° for any canal
when )s<<d.

Giordmaine and Wang, 1960, measured angular distributions
of COy beams from three sources, each consisting of an array
of tubes with { > 20d; théy examined only the rggiona;&'< <.

Naumov, 1963, has made the only thorough éiﬁerimental
investigation of beam,difectivities from tubes with
0.01¢£4{/d £50 and over a wide range of As/{ for each tube. His
experimental arrangement was similar to that shown in Figure 9.
The gas»used was ammonia. PS was measured with a thermocouple
gaugé, while the'beah'detector was aﬁ’ionization-gauge used in
conjunétion with either a beam.modulation dévice or a compen-
sating gauge. Naumov's measurements disagree somewhat With
Gunther's patterns, although Naumov did confirm a limiting
A0; ot about 76° for any tube when As¥ 0.1 d.

Troitskii, 1962, has developed a theory of beam formation,
and for the case of viscous‘flow he derived a limiting direc-
tivity pattern,(cose )5/2 with Aei‘= 80°, Troitskii's anélysis
was further developed by Ivanov and Troitskii, 1963, for the
region L;Z{ , and their theoretical caléulations are in good

agreement with most of Naumov's results.
B. Apparatus

Figure 9 shows the experimental arrangement for obtaining

directivity patterns. The beam source was rotated about a ver-
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tical axis through the center of the source face (point P),
while the detector engrance channel, in the same plane as
the source axis, was directed at P.

Figure 10 shows the.rotatable beam-source which was
positioned over the large port on the top of the beam chamber
(Figure 7). Cdnstruction was mainly of brass, although the
shafts were lengths of drill rod. The axis of rotation of
shaft A was made to pass through the center of thé tube face,
perpendicular to the tube axis, by compressing the bellows
and rotating the supporting post of the oven. A centering post
was screwed into shaft A during this alighment. The shaft was.
turned with a worm gear, the amount of rotation being read on
a scale fixed to the shaft.

The needle valve admitted gas to the oven through flexi-
ble 1/4" polyethylene tubing, B. P, was measured with gauges
connected to the oven with another piece of 1/4" flexible
tubing,‘C, since for Py «<:20 microns there would in some cases
be appreciable pressure drop along B. Py was measured to,at
least io%saccuracy with.the following gauges:

(a) 1 - 10 microné: Edwards Pirani gauge #M5B-2, caii-

brated against‘a-McLeod gauge; |

(b) 10 ﬁicrons - 1 mm Hg: Edwards Vacustat #2E (miniature

McLedd gauge) ; | |

(c) Abové 1 mm Hg; Mercury manometer.

The oven could be rapidly bumped out through a 3/8"

valve (D) connected to the beam chamber.
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C. Directivity Measurements

(1) Experimental Procedure

The reliability of the source-detector system was first
investigated. The detector entrance channel was aligned'with a
75-mm long 1/16" steel rod extending at right angles from the
center of a flange positioned on the rotatable oven. This flange
was then replacéd with the 2-mm aperture (page 22), and the
detector orientainn adjusted until maximum signal was obtained
for a molecular nitrogen beam produced by the aperture;

The angular distribution of the aperture beam was measured
with Pg = 12 microns, so that for Ny, As/d = 2.1. This distri-
bution (Figure 11) was slightly narrower than the cosine dis-
tribution expected for an infinitely-thin aperture when As)?d.
This was because d/ = 80 rather than infinity; moreover, part
of the aperture edge was slightly frayed which effectively
made d/{ < 80. Since,L/d = 2.1 rather than infinity, there wéré‘
collisions in the aperture region which would narrow the beam.
In view of these factors it was decided that the system Was
operating reliably.

Circular cylindrical channels were drilled in brass
flanges which could be bolted to the rotatable oven. Table 5
lists the dimensions of the four tubes investigated.=£ was
measured with a micrometer, and d with a travelling microscope.

The uncertainty in {/d is less than 4% in all cases.
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TABLE 5

DJIMENSIONS OF CIRCULAR TUBES

£ - mm d-mm | {/d
0.343 0.35 1.0
3.99 1.40 2.85
4.04 0.82 4.9
5.51 0.61 9.0

The diameters were so chosen that with AS/(Z 2, P < 10°°

v
mm Hg, so that detector drift was minimum, which was desirable
for the small signal levels at the larger values of As/(. '
Naumov, 1963, invéstigated NHg beams from tubes with the same
{/d ratios (along with several others).

With each tubé, (si was chosen so that d/{ﬁi<<‘A€g, as
measured by Naumov,; this insured that the tube exit was effec-
tively a point source., Final alignment of the detector was made
as before. At each needle-valve setting, it was‘necessary’to
wait several minutes for Pg and P, to reach equilibrium. The
smallest P, was such that reasonable beam intensity was obtained
at the half-angles of the distribution, while the largest was
such that the forepump could just keep the forepressure below
the critical backing pressure of the diffusion.pumps'(ﬂulzo
microns). Although detector drift was somewhat higher at rela-
tively large P, (10‘4 to 10-3 mm Hg),.the-much higher detector
signals produced by the intense beams made this drift insigni-

ficant. At any rate the beam flag was lowered before each reading
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to check the detector zero.

At high P,, no corrections for beam attenuation were
necessary, since the angular distribution measurements invblved
only relative intensity. At each PS,¢dég.waS'fouﬁd by rotating
the 'source in each direction from the position of maximum inteh-
sity until the intensity was reduced by 50%. Complete angular

distributions were measured only when As 7 {-
(2) Results

In Figure 12 are plotted the~measured values bf,AGL as a
.functlon of,%/f for the three gases used he11um argon, and
molecular nitrogen. )s was found by calculatlng )./P where
Al is the mean-free-path at 20°C and 1 micron. The follewing
values of A, were used (Dushman and Lafferty, 1962):
He -%145 mm; Ar - 52 mm; N, - 50 mm.

The results of Naumov, 1963, for NH3 beams from tubes of
about the same f/d ratios are also plotted. When As/d > 0 1,
the present results show that 136-1s independent of the gas
used at a given A%/€; however, the present values are somewhat
smaller than those of Naumov.

In the viscous flow region, 5/d ~0.1, Aé& was found to
be 75-79° for each gas and tube used, in agreement with the

results of Gunther and Naumov. However, with increasing Py

zSQ%AdOGS not remain constant at 76°; the angulaf distributions. . . _

for Ar become narrower than those for Nog, presumably because ..

a hydrodynamic jet is formed with a characteristic directivity
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depending on the specific heat of the gas. These measurements
may, however, be difficult to interpret accurately, since the
effect of a boundary layer formed outside the tube exit in
constraining the beam is not known. At thelargest Py, Py was
about 2 microns. The valueé of¢ﬁejfor He should be the same
as those for Ar in this region, since their specific heats are
the same; this could not be checked, however, since the~fiow
rate for Je wgé excessively large at )\s;/d < 0.1.

Complete angular distributions for He in the moleécular-
flow region are plotted in Figure 13. The measured distributions
for Ar and No were essentially the same.

J Naumov's pattern for 4/d = 1 has not been pidtted, since
it has AG;:: 940, although in another section of his paper,
Naumov maintains that A(E.is 76°. For the other tubes, Naumov's
distributions are somewhat wider than the present 6nes.

Gunther's distributions for {/d = 1 and 5 are in consi-
derable disagreement with the present results as well as with
those of Naumov. The theoretical distributions of Dayton, 1956,
are based on the theory developed by Clausing (1930 and.. 1932).
.Dayton's pattern is too narrow for £/d = 1, but is a good fit
jwhenAﬂ/d = 5.

Troitskii's curves are plots of the -equations

1,(0) = 1(0) cosf (1 - Et—%%') (Eq. 7)
I, = 1(0) cosfh <§£%§£%> , (Eq. 8)

where 0o= arc tan d/{
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Troitskii, 1962, derived these equations from more gene-

ral relations which he developed. For the latter he assumed,

as do all the other theoretical treatments, that the reflection
5f molecules from any element of wall area is diffuse; i.e.,
according to a cosine distribution., The special assumption
invoked to obtain Egqs. 7 and 8 is that the number of collisions
per second of molecules with a given circular strip'of the‘tube
wall is directly proportional to the distance of the strip from
the tube exit. The patterns calculated from Eqs. 7 and 8 fit
the present distributions weli for I(g) > 0.4 1(0), but fall

too rapidly when I(9) < 0.4 1(0).

(3) Conclusions

The present results with helium, argon and nitrogen show
that in the regions of molecular flow and the transition from
molecular to viscous flow (JAs> 0.1d), the angular distribution
0of the beam emerging from any circular tube is independent of
the gas used, provided A%/Z is the same.

The present angular distributions are slightly narrower
than those of Naumov, 1963. However, many of the dimensions of
Naumov's tubes were given to only one significant figure with
no mention of accuracy, so that.it is perhaps meaningless to
make a detailed comparison. Also, most of Naumov's results in
Figures 12 and 13 were not taken with point sources, since
except for e/d = 1, in order to increase the beam intensity, he
used relatively large-diameter multichannel sources which did

not always satisfy the condition d/dsd <<ADs. Although Naumov
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étated that he averaged over the solid angle of the sources,
Ivanov and Troitskii, 1963, apparently disregarded this and
indicated that their theoretical directivity calculations did
not agree well with some of Naumov's results because point-
source conditions were not always realized.

However, it must be concluded that for most praéfical
‘ purposes Naumov's results for the fourteen tubes he measured
are reasonably adequate.

If the present results.are correct, then Troitskii's
simple equations (Eqs. 7 and 8) can be used to compute the
angular distribution for any tube in the molecular-flow region
(As>€ ) with good accuracy at those angles where the beam
intensity is at least 40% maximum, and with fair accuracy out-

side those angles.
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CHAPTER V

MACH NUMBER OF MOLECULAR BEAMS

PRODUCED WITH A CONVERGING NOZZLE

A. Construction of Nozzles

The main component of the atomic beam source in the pola-
rized helium-3 apparatus is a 0.20-mm (0.008") diameter nozzle
which must produce a Mach 4 beam with a pressure ratio across
.fhe nozzle of ~100 (Axen, Klinger and Warren, 1963). The theory
of gasdynamics shows that sonic flow is attéined at the throat
of a nozzle, and supersonic flow can be achieved only if the
gas expands further in the diverging section of a converging-
diverging or Laval nozzle (see'e.g., Shapiro, 1953). However,
Becker and Bier, 1954, and Deckers and Fenn, 1963, have re-
ported that supersonic flow can be achieved with simple con-
verging nozzles, presumably because immediately outside the
nozzle exit an expanding boundary_layer is formed, taking the
place of the diverging section.ofxa Laval nozzle. After some
trials, because of the rélative-ease of manufacture, it was
decided to attempt to build a suitable converging rather than
Laval nozzle. | |

The nozzle shape chosen was that of a simple cone (Figure
14). Nozzles of this shape were manufactured of brass, nickel-
babbitt and aluminum by the following methods.

With brass and aluminum a conical hole was first cut out

of the metal with a steel cutter of total included angle 40°
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(20° taper). The metal was then centered in a lathe and ma-
chined from the side opposite the cone opening until a‘tiny
hole just appeared, typically about 0.006" diameter; but not
perfectly round. The hole was rounded with a steel needle
which increased the diameter to about 0.008". This method was
found superior to using an 0.008'" drill, which invariably pro-
duced an imperfect hole.

| With Nickel-babbitt the 20° cutter was used to cut only
a section of a cone with minimum diameter about 3/16". Since
Ni-babbitt is a soft metal, the remaining part of the cone
was produced by pushing a carefully-polished, conically-shéped
tool-steel bit into the metal with a hammer. The 0.00Q" hole
was produced as above,

The nozzles were mechanically polished with a suitably
shaped piece of wood coated with rouge or fine polishing grit
(alundum). One aluminum nozzle was chemically polished by
'immersion for 30 sec in the following polishing solution,
heated to 200°F: 75% phosphoric acid (1.70 sp.gr.) by wt.;
3.5% hydrogen peroxide (30%) by'wt.; 21.5% water by wt. |

The diameters of the nozzle exits were measured with a

travelling microscope to better than 2% accuracy.

B. Measurement of Flow Rate

For both Laval and converging nozzles, the theoretical

mass flow rate through the nozzle is given by (Shapiro, 1953)


http://sp.gr
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|
cooA (2 \FT, oy B | (Eq.9)
G- A (“,) T+ R 7/?? =

A = minimum cross-sectional area of the nozzle,

¥ = ratio of the specific heats of the gas,

M = molecular weight of the gas,

R = molecular gas constant,

PS = pressure of the gas in the source chamber (oven),
Ty = temperature " "noon " " " 1

Eq. 9 is valid when the pressure ratio across the nozzle

& P
5 S (2—)'-3( "5 % 2.1 for § = 1.67;

P, 'AS P,
Moreover, the flow through the nozzle must be one-dimensional;
(i.e., uniform across each section), isentropic, frictionless,
and free of turbulence. Becker and Bier, 1954, verified that
Eq. 9 is valid within 5% for nozzles of throat diameter ~0.5mm.
For He4 at 20°C, Eq. 9 reduces to 445 Pg d2 micron-liters
per second, where d is the smallest diameter of the nozzle ih
mm, and Py is the oven pressure in mm Hg. Thus for d = 0.20 mm
and P_ = 20 mm Hg, the theoretical flow is 356/LQ{ /sec. |

S

The flow rates through the converging nozzles were mea-

sured by the method described in Appendix C. Figure 15 shows

the measured flow rates for some of the nozzles tested, expressed

as a percentage of the theoretical flow rate given by Eq. 9.

Tests with a 1.1-mm brass nozzle indicated that for optimum

performance the nozzle surface, particularly near the exit,

must be clean and well-polished. The smallest brass and nickel-
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babbitt nozzles performed inadequately, probably because of
considerable dirt and surface imperfections near the nozzle
éxit which could not be removed by mechanical polishing without
seriously enlarging the exit diameter (to O.28mm or more).

The flow rate through the 0.214-mm chemically-polished aluminum
nozzle, however, was reasonably satisfactory, so that it was
decided worthwhile to attempt to measure the Mach number of the

beam it produced.

C. Measurement of the Mach Number

(1) Interpretation of Impact-pressure Measurements

In experimental gasdynamics, the Mach Number, M, of-a gas
sfream is usually measured with a Pitot tube, a small-diameter
tube one end of which is open and aligned parallel to the
flow, facing the upstream direction, while the other end is
connected to a pressure gauge. Becker and Biér, 1954, used a
Pitot tube with I.D. = 0.35 mm and 0.D. = 0.60 mm to measure
M of a molecular hydrogen beam produced with a 0.5-mm Laval
nozzle. | |

M is found from one of the following formulas (Shapiro,

1953): b -
(a) Subsonic flow: 'Fl S (l + % Mz) 1 (Eq.‘ 10)
-_— ]
|
&+ W A
(b) Supersonic flow: _fi - (J+D M ¥ (Eq. 11)
P 2% [20M2- (1-1)]
P, is the impact pressure, the pressure indication of

P
the gauge attached to the Pitot tube. P is the static pressure
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or pressure in the gas stream, and in the following measurements

P. was taken to be the pressure PV in the beam chamber, since

1
presumably the gas emerging from the nozzle expands to this
pressure (Becker and Bier, 1954). Egs. 10 and 11 are plotted

in Figure 16, for y = 1.67.

(2) Modification of the Differential Pirani Detector

The entrance channel of the Pirani detector was small
enough to be used successfully‘as a Pitot tube (I.D. = 0.80 mm
and 0.D. = 1.0 mm), The filaments in the beam caﬁity acted as
the pressure-sensitive elements of an ordinary Pirani.gauge,
while the filaments in the comﬁensating cavity were not used.

The circuit diagram of this Pirani gauge is shown in
Figure 17, The two ranges enabléd the Wheatstone bridge to be
conveniently balanced over the entire practical range of fila-
ment resistance (41-95 ohms).

The gauge was calibrated for both He4 and Ar. A typical
calibration curve is shown in Figure 18. In this case the
bridge current was set at 125 mA with a beam- chamber pressure
of 500 microns. The gauge output was then recorded for various

pressures between 10 microns and 10 mm Hg, as measured by the

miniature McLeod (vacustat) or mercury manometer.

(3) Impact-Pressure Measurements on Beams from the

0.214-mm Converging Nozzle.

These measurements were taken with the beam chamber

pumped only with the mechanical pump, since with-He4 at
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Pg > 15 mm Hg the mechanical pump could not keep the fore-
pressure below the critical backing pressure of the diffusion
pumps. Moreover, Eq. 11 is in considerable error when the gas
density about the Pitot tube is extremely low(< 50 microns;
Devienne, 1960).

The 0.214-mm converging ﬁozzle was attaéhed to the
‘rotatable oven so that the-Pitof tube could be brought right
up to the nozzle exit. At each nozzle-tube distance-€54 s PS
was set arbitrarily and the tube carefully aligned for maximum
Pirani signal. Then for each of a number of values of Pg, the
static pressure PV was read with the vacustat and the Pirani
output converted to the impact pressure Pp by means of the
suitable calibration curve. M was found from Figure 16.

Figure 19 shows M for several helium-4 beams at distances
up to 10 mm from the nozzle. In each case the pressure ratio
across the nozzle was 120 to 125. These curves are exponential
on a linear plot. M decreases with increasing»fkd:*because of
energy- loss of the beam by collision with the surrounding gas.
The three curves when extrapolated indicate a Mach number of
about 2.2. at the nozzle exit.

At an expansion ratio of 120, a perfect Laval nozzle
would produce a Mach 4.1 hean, according to the formula

(Shapiro, 1953)

B 2 Fr
B {umw—n}' o Fae )

Similar curves for Argon at an expansion ratio of 300
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indicate a Mach number only slightly higher — about 2.5.
The pressure ratio across this nozzle, if used at 2.2°K in
the polarized He3 apparatus, will be about 150 (10 mm Hg /

70 microns), so one would expect a Mach 2.3 beam.
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CHAPTER VI

SOME FURTHER ASPECTS OF BEAMS

PRODUCED WITH THE CONVERGING NOZZLE

A. Nature of the Measurements.

If a nozzle is mounted on the rotatable oven and a high
source pressure maintained, the relative detector signal as a
function of the angular displacement & of the oven will not in
general be a measurement of the portion of the beam (relative
number of mols/sec/cmz) which emerges from the nozzle in the
direction defined by 6. For example, at large post-nozzle pres-
sures, Pv;> o0, the gas in the detector cavity and entrance
channel forms a continuum, so that the Mach number of the beam ,
rather than intensity is measured.

At 2<% P, < SQM,, the gas in the détector is partly in a
‘continuum state and partly in a state of free-molecular flow.
At any rate this range c;nnot be investigated with the present
apparatus, since the backing pressure of the diffusion pumps
is intolerably high at va-%u, and with the forepump alone,

Pv = Sgﬂ,corrésponds to a source pressure of only 15 mm Hg,
for argon.

In the region P, < %M, free-molecular flow exists in+about
the Pirani detector, so that the detector actually measures
beam intensity. However, since the nozzle beam is shaped by the
boundary layer formed outside the nozzle exit, the measured

angular distribution will not in fact correspond to the actual
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directivity of the core of the beam as it emerges from the

plane at which the beam has fully expanded. Because of this
shaping effect of the boundary layer, molecules at some distance
from the nozzle axis may actually be travelling parallel to the
axis, and yet strike the detector at some angle 06 and be re-
corded. Moréover, the intensity of pressure waves evaporating
from the boundary layer will also be measured.

‘At any rate, the range Py < %u,is_not a useful one to inves-
tigate, since the beam-shaping effect of the boundary layer at
Pvn/yw is probably vastly different from its effect at Py~
1ogu, the region of interest. Also, thé-expansion ratio at'Pv
u%u is unrealistically high, about 30,000 for argon.

We consider, then, only the region Py 3 50u.

Eq. 10 gives the Mach number, M, of the beam as a-function
of Pitot pressure‘Pp and static pressure Py, for M<1, Thié

equation can be written as a series (Liepmann and Roshko, 1957):

' 2
o= P+ zpv? 0"47") (Eq. 13)

where 0 is the density (mass per unit volume) of the gas
and ¥V the velocity in the stream immediately in front of the
Pitot tube.

With <10% error if M< 0.6 and <20% error if M<0.9, we
can write Eq. 13 as

FP - P % jJDVZ (Eq. 14)

Thus for M< 0.9, the Pitot-tube pressure, after subtrac-

ting the static pressure, is a rough measure of the directe$vam

kinetic-energy density of the beam at the point of measurement.
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The detector signal for angular displacement 6 of fhe oven
will be,a'rough measure of the directed kinetic-energy density
at point B, displaced fs/ sin® from point A on the nozzle axis,
whose distance from the nozzle exit, b, is approxiﬁately eai
(Figure 20).

An.érror is introduced into this measurement due to the
fact that the Pitot tUbe.will probably not be pointing in the
stream direction at point B, which is unknown and could, for
example, be parallel to the nozzle axis, because of boundary-o
layer shaping. This‘error‘is~probably not serious, however,
since Pitot-tube measurements are usually not critically depén-
dent on alignment of the tube with the stream direction. With
a simple open-ended tube, in fact, only 1% error results fromv
a.misalignmenf of 20° in the plane of the flow (Liepmann and
Roshko, 1957).

Thusi;the curve of relative detector signal due to the

nozzle beam vs angular displacement of the oven is a rough

indication of the spatial distribution of the directed kinetic = .. _

energy of the beam. This' curve is symmetrical about © = 0, and
we denote by -FW- the full-Width at half-maximum.

In experimental gasdynamics, it is common to investigate
the profile of a nozzle beam by moving a Pitot tube across the
beam (perpendicular to the flow direction) by means of a suit-

able micrometer drive.
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B. Experimental Procedure

The experimental arrangementvwas that shown in Figure 9,
with the nozzle bolted to the rotatable oven. The detector was
operated as a simple Pirani gauge (page 40) . The gauge was
calibrated fof afgon in the range PV = 30 to 2000 microns at
various I, from 40 to 110 mA. However, the calibration was
carried out only roughly, since it was desired only to locate
linear operating regions. For measuping relative pressures, a
linear response was convenient, and absolute values were not
of interest.

At a given {24, the detector was carefuily aligned with
the nozzle beam for maximum detector signal (6 = 00)., At a |
given Ps and Py, the Wheatstone bridge-was balanced with the
beam flag down. Ib was chosen so that with the beam flag up,
at @ = 0° the detector signal corresponded to a pressure on the
same linear region of the-calibratioﬁ curve containing the
pressure corresponding to the detector signal with the beam flag
down. This insured a linear response to pressufe at all 6}
Since the bridge was balanced with the beam flag down (gaﬁge
pressure = Py), the detector signal at any angle was proportional
to Pp - Py, or.approximately jjOVl (Eq. 14);

FW was found by turning the oven in both directions from
the position of maximum- signal until the signal was reduced Dby
50%. Mach numbers were measured as explained in Ch. V. Z&i was
aiways~sufficiently large that M<0.9, so that Eq. 14 was valid

to at least 20% accuracy.
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'C.»Resdits

Figure 21 shows the FW for an argon beam at constant P_,
but with Py varied by admitting argon via a needle valve. The
cuf#e shows that at point B (Figure 20); the directed kinetic-
energ& density of'the beém rellative to that at point A decreaSes.
exponentially with increaéing fesidual gas .pressure, if A is

va considerable distahce from the nozzle exit (fsd = 36 mm).
'vOf course,gthefMach numbér of the beam at the nozzle exit ére4 
 ﬂsumabiy decreases With incréasing Pv,.since Py 1is constant;; vw
| Figure 22 shows»the‘FW'at {%d = 36 mm fbr argon beams af 
vérious P, but»With Pg/P, fairly consfant, so that the;Ma¢h L’
- number at the noZzle’éxit is presumably the same for each
‘beaﬁ (5u215)%nAgain, at point ﬁ, the dirécted kihetic-energy" ﬁwLH
density of the beam relative to that at point A decreases
exbonéntially with increasing Py, even though, as Figure 19.
shows, at higher Py and thﬁs higher Py, the difected kihefié
energy at point A is a larger fraction of the directed kinetic
energy of the same beam at the nozzle exit.

Figures 23 (a) and (b) show in two particular cases how thé '
detector signal D(®) due to the beam varies as a function of |
the angular displacemént'Q of the oven, Since-the-Mach numberé
of the two beams are-leéstthan 0;9 on tﬁe-nozzle,axis at thesé
a@sd , the curves show roughly'how the directed kinetic-energy
density of the beam varies as a function of the displacement

. {¢) sin® from the nozzle axis.
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D. Conclusions

Consider a line perpendicular to the nozzle axis at
point A (Figure 20). If one assumes that the flow velocity V
of the beam is constant in magnitude at points along this line,
then measurements such as those in Figure 23 give the relative
‘mass density p and particle density n:4%- of the beam at these
points. Although one could then derive a beam intensity 7n¥ from
this, there is no indication whatever of the direction of flow
of the beam at'dﬁ%p point; Thus unless a direction-finding
Pitot tube is used (Liépmann and Roshko, 1957), measurements
such as these can give no information about the beam directivity
which might be useful in choosing optimum values of skimmer dia-
meter and nozzle-skimmer distance. At any rate, the assumption
mentioned above must be justified.

The best method of obtaining maximum béam intensity
beyond the skimmer, for given pressure conditidhs, is .probably
the empirical one of observing thé intensity as the nozzle-

skimmer distance is varied.
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L

APPENDIX A

THEORETICAL ANALYSIS OF THE DIFFERENTIAL PIRANI DETECTOR

Calculations similar to some of the following have
been carried out by Knauer and Stern, 1929, Ellett and Za-
bel, 1931, and Ramsey, 1956. In the following analysis, the
‘residual gas molecules in the beam gauge are not'éonsidered,
since their effect is exactly cancelled by the effect of
the residual gas moleculesvin the compensating gauge.

M.K.S. units are used in the mumerical work.

1. Eduilibrium Pressure and Time Constant

Suppose the detector entrance channel, Kj, is aligned
parallel to the fldw direction of an incident molecular

beam (Figure 1). Then the number of molecules/sec entering A

the beam cavity, Cl’ is: 1 Ad, and the number of molecules/
sec leaving is: 1/4 ny V;_Ad
K
where I = 1incident beam intensity,
A4y = cross-sectional area of'Kl,
nd'= no. of molecules per unit volume in Cy,
V;'= average velocity of the ‘molecules in Cl’
H = kappa-factor of K; (page 5).
Now’ ny = Py /(kTy) and vgq = 1/8-de
[ “'m
where Pd = pressure in C; due to the beam molecules,

Tq = temperature of the detector block,
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k = Boltzmann's Molecular Gas Constant,
m = mass of a beam molecule.
Vg A T AL _ Fu Ad
K T KvaRTmkTd
The rate of increase of the number of molecules in Cj is
dN - WM dP -
H V2rmkTy
where V4 = volume of Cj.

. The solution of this equation is

s KT VERRE {1 o (- A YRR L

Thus the time constant for filling and emptying Cy is

| KV, 2/__2_"@_
T = Tj }(7; (Eq.A-2)

. 2
In the present case, Vg = 1.3 cc, A4 = 7/4 x (0.80) mm2,
K =28, and m = 5.01 x 1027 kg for Helium-3.
o
If Ty = 293K,

28 x 1.3 x 1076 /27 x 5.01 x 10727
4 74 x (0.80)2 x 10-6 7/ 1.38 x 1023 x 293

= 0.20sec.

1f Tq = 77°K, 7 = 0.20 x 7/%’-31 = 0.39 sec.

From Eq. A-1, the equilibrium pressure in Cy is
fi = HI Varmkld (Eq.A-3)

Let =1 and I = 1013 atoms/sec/cih2 of Helium-3.
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If Tq = 293°K,

p, = 107 x 4/27 x 5.01 x 10727 x 1.38 x 1023 x 203 f 1§>
133

- 8.5 x 10°° mm Hg. ,
1£ T, = 77°, P, = 85x1024/2~ - 4.4 x 102 mn Hg.
d — ’ d ~ . ﬁ:s - . ‘Hg.

2. Dependence of the Filament Temperature on Changes

in Cavity Pressure.

' The filaments lose heat'mainly by radiation and Bas
conduction (page 9).

The rate of heat loss by radiation is

- 4 4

Hy = €0 (1% - 14°) s (Eq. A-4)

where € = emissivity of the W-2 filaments = 0.4,
g = radiation constant = 5.67 x 10-8 M.K.sS. units,
S = surface area of one W-2 filament = 0.0377 inz,
Ty = filament temperature,.

The rate of heat loss by gas conduction is
Hy = no. molecules/sec striking unit area of filament

X S x energy given each reflected molecule

4% x s x S o(re - T
e

= 1/4 n

= Pd

Cv

— X's (1g - Ta) (Eq. A-5)

where Cy = specific heat per mole at constant volume,
3 is 1.25 x»104'M.K.S. units,

Avogadro's Number = 6.03 x 1026 M.K.S. units.

which for He

2
c .
It

X = accomodation coefficient for He3 on the fil-
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ament surface; i.e., the ratio of the average energy actuglly
-.given up by the filamenf to molecules which fall on the sur-
face aprd are reflected, to the average energy which would be
imparted if the molecules took up the filament temperature.

3

For He", (X is taken as 0.4, the average value for He? on a

gas-contaminated tunsten surface at 300-500°K (White, 1959).
Cy o

Let /9'___
NO ’l/ 21rm k Td

If E is the electrical power supplied to each fila-

ment, E = Hl + Hz

€ a (" - Td4)s + fpg s (T4 - T@)

We assume that the power supplied to the filaments is éoﬁ-
stant, since the bridge current may readily be made constant,

and the filament resistance changes are small.

dE
o 0
dby
dPg dPy
dT = B (T - Tq) |
—£ - (Eq. A-6)
dPy 4€r 1S4 8 py

With Ty = 293°K, previous Pirani detectors have operated at
Ty & 400°K. Using these temperatures,

460 1,3 = 4x0.4x5.67x 1078 x (400)°

5.8 in M.K.S. units.
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‘Also, /Q - 1.25 x 10% x 0.4

6.03 x 1026 x 7/2 XuT x 5.01 x 10

x 1.38 x 10723 _ 293

-27

= 0.73 in MKS units.
Eq. A-5 is valid only when. there are no collisions betweep.
gas molecules in Cl; i.e., the mean-free-path in C1 must
be at least four times the maximum dimension of Cl' If the
latter is 1.5 cm, then for this analysis to be valid, Pd
must be less than 2 microns for He3 at 293°K.
Thus f Pg < 0.73 x 2 x 1003 x 133 = o0.19. MKS

Hence 4€o’Tf3 >7 /Qde, and Eq. A-6 becomes

St ~ BT - T (Eq. A-7)
dPg 4 €a TP |

d
A-7 is valid for Py < 0.5 micron.

Similar considerations for T, = 77°K indicated that Eq.

3. The Detector Output Signal as a Function of Pressure

_ 4 4
Hl_EO‘(Tf-Td)s
: -8 4 4
= 0.4 x 5.67 x 10°° x [(400) - (293) J S
= 412 S
Hy, = /gpd (T - Tg) S <.19x197s = 20 S<<Hy

Thus practically all the power supplied to the filaments

is dissipated by radiation., If I, is the filament current

f

and Ry the filament resiétance,



-
b
=
o)
1Y
M
)
=
1N
t
|
o,
1N
S—
[05]

I . EJ(Tf4 - Td4) S
Rf

(Eq. A-8)

When Py = 0, the four filaments, if identical, each
have resistance‘Rf. When a molecular beam is:directéd into
Cl’ Pd > 0 and each of the two filaments in Cl,"Ri and Ro,

(Figure 2), decreases its resistance by

dR = Ry c dTy

where ¢ = temperature coefficient of resistance of the
W-2 filament = 0.005, |

and dT, is given by Eq.mA-7.

f

A1

&+dh

In the bresent case the bridge galvanometer G has
resistance muéﬁ greater than'Rf, and so draws ﬁégligible
current. If the bridge is supplied with a constant-current

source, the detector output signal, in volts, is

av If (Rg + dR) - I; Ry

Substituting Eqs. A-7 and A-8 in Eq. A-9, and

 ﬁropping the minus sign,



4 4
4V = Ea’(Tf - Td ) S /g (Tf - Td)
; Ry c 3 de
R¢ 4 €9 T¢
(Tf - Td) T 4 T 4) R- S CQ dpd
(Eq. A-10)

The voltage output increases with increasing Tf.

However, as discussed on page 11, the maximum Tf to congider

is T, = 560°K. Substituting this value for T,

Td = 293°K and K =1, a He3 beam of intensity 1013Vatoms/f

' sec/cm2 will produce a signal

then at

ay = 1260 293) V(560)4 - (293)% x 92
(560)° :
0.0377 x 6.45 x 10-4 0.005 x 0.73
X X - r
5.67 x 10-8 4 0.4

X 8.5 x 10-9 X 133

0.15 microvolt.

At Ty = 77°K and K = 1, the same beam intensity

will produce a signal of dV = 0.28 microvolt,as‘shown

by a calculation similar to the above.
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APPENDIX B

TRANSISTORIZED IONIZATION GAUGE CONTROL CIRCUIT

1. Introduction

Several control units were required for the many ioni-
zation gauges which had been installed in vacuum systems in
this laboratory. Since commercially available units cost at
least $450 (U.S.) each, it was decided to attempti.to con-
struct suitable control circuits at considerably less ex-
pense. Eleven control units were built at a cost of about
$110 each for components, electrical and mechénical. The
710 - cu.in. chassis can be rackmounted (19" rack)sand
weighs about 16 1lb. The prototype unit has operated for
more than one year without failure of any kind, while the

others have operated succeesfully for many months.

9. Operation of the Hot-cathode Ionization Gauge

Detailed descriptions of ionization gauges and the
requirements of their electric controls can be found in
several books on vacuum technique (e.g., Pirani and Yarwood,
1961; Dushman and Lafferty, 1962).

Basically, the Bayard-Alpert ion gauge (Bayard and
Alpert, 1950) consists of three electrode@~(Figufe.27). The
directly-heated filament F emits electrons which are accele-

rated toward the positive grid G. The positive ions produced

by collision of these electrons with the residual gas mole-



Collector, C—

Filament, F
Grid, G —+

Vg - VE = +150 to +200 Volts
-5 to -30 Volts.

<
Q
|
<
]
il

FIGURE 24 Schematic Diagram of the Bayard-Alpert
Ionization Gauge.
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cules are aftracted to the negative collector C. The posi-
tive ion current is directly proportional to the gas pres-
sure P, if P, < 10°% mm Hg. 1f P, > 10"% mm Hg, the ion
current may be a non-linear function of Pv’ and above 1
micron discharges may occur,

The ion gauges in this laboratory have a sensitivify
for dry air of IOO/LA/micron when the grid current is 5.0
mA, provided the grid is maintained at +180-200 V_and the

collector at about -25 V with respect to the filament.

3. General Description of the New Control Circuit.

A transistorized circuit was designed specifically to
control the ion gauges of this lab., although most commercial
ion gauges could be controlled with this unit with minor
modifications, if any.

In this circuit the filament is maintained at about
28 V with respect to ground, while the.grid'ié supplied with
a regulated 210 V. To produce a constant grid (or emission)

current, I a transistor-controlled saturable reactor is

g’
.used to regulate filament current in the range 1.6 to 6.0 A
with no significant heat dissipated in the control box.

The ion current, Ic’ to the collector, maintained at
-23 to -28 V with respect to the filament, is measured with
a simple current-feedback transistorized dc amplifier, which

is useful down to Ic = 1 nA, The pressure range is divided

into four decades, the most sensitive being 10-6 mm Hg F.S.D,,
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corfesponding to 100 nA Ic (dry air) when Ig = 5.0 mA,

A safety circuit shuts off the filament current when
the pressure rises to some preset value, thus preventing
damage to the filament and to the sensitive meter of the

I. amplifier,

C

4. Detailed Description of the New Control Circuit.

The complete circuit diagram is shown in Figure 25 .
T10 and T11l with the saturable reactor and filament trans-
former comprise a grid-current-regulated filament supply.

Ig may be set to any value between about 2 and 20 mA by

potentiometer R4. I_ is maintained at this value by com-

g
paring the voltage drop produced by Ig across R4 and RS
with the zener-regulated 28 V applied to the base of the
comparator T10 (D. Skaperdas and H. Tomaschké, 1961;
Winkler, 1963). If, for example, Ig decreases, the conduc-
tion of T10 drops, thereby iﬁﬁreasing the conduction in T11
and raising the current through the dc coil of the saturable
reactor. The core of the saturable reactor is then driven
furfher into saturation so that its ac reactance decreases .

and a largegr voltage is applied to the filament transformer,

thereby increasing Ig'

_The filaments used have been both 5- and 10- mil tﬁng—
sten filaments which required currents in the range 1.6 to

6.0 A at voltages of 3.0 to 6.5 V to produce Ig from 2 to

20 mA. Once set;:I_ remains constant as the pressure varies

g
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over the range of 1 x 1077 to 1 x 10-4
4

mm Hg, but increases
by 3% between 1 x 10”~ and 5 x 10°4 mm Hg.

The'GE 2n2712 and Philips BCZ1ll in the I. amplifier
are inexpensive transistors with leakage currents of less
than 1 nA and current gains of more than ten at a coldector
current of 1 uA. The epoxy casing of the 2N2712 must be
shielded from light (e.g., by wrapping the casing in bl@ck
tape or’coating with black paint) to obtain the low leakage
currents quoted.

In each range—switch position, the portion of I, which
passes through R6<into.the virtual earfh input of the ambli-
fier is 6-100 nA. Variation in the base voltage of Tl for
these signal currents are less than 20 mV above the quiescent
value of about 350 mV. A constant propbrtion of the input
current floWS*throughvthe feedback resistér R7, producing
an output voltage change of up to -0.95 V;

The céntertap voltage of Rl is set to the base voltage
6f Tl by first turning off the filament, then adjusting R1
so that the re@ding on the 103 mm Hg scaie is the same as
the reading on the 10-6 mm Hg scale, which is unaffected
by R1l. The large resistance R6 prevents significant éurrent
flowing between R1 and T1 due to changes in the base-emitter
voltage of Tl with moderate temperature variations. The
voltage drop across R6 due to the ion current causes the
collecfor voltége to vary between -28 and —23.V with respect

to the filament, but with the gauges of this lab. this
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results in an error of less than 2%. For a gauge whose sensi-
tivity is I, fA at 10-4 mm Hg, the centertap voltage of R2 (set
Cal) is set to 0.5 x I, V above the base voltage of Tl. After
setting the zero by adjusting‘RQ, the amplifier is then cali-
brated on the CAL position by adjusting R8 until the meter
reads 100 uA.

To eliminate:: the problem of leakage currents in the
chassis, the I, amplifier is contained in a small Aluminum
box with the input resistors mounted on the steatite range
switch. Several teflon-insulated standoffs are used and the
‘collector lead is well-shielded.

After initial warmup of 15 to 30 minutes, the zero
drift of the I, amplifier in 24 hr is less than 3% of full
scale, while variation in Ig is less than 1%. For a line-
voltage variation of 100 to 130 Vac, the I, amplifier zero
changes by 3%vof full scale, while-Ig changes by less th%n 1%.

The filament power is automatically shut off by the
protective relay RY when the Ic amplifier output exceeds the
value set by potentiometer R3. The range of values allowed
for are between the zero of the pressure meter and more than
five times full scale. Because T6;is normally biased off, T8
conducts 7 mA, a value determined by the bias resistors R10
and R11 and the emitter load R12, When the base voltage of
T6 falls below that of T7, T6 is turned on, T7 and T8 are
turned off, and the relay contacts open. The 1N459 diode pre-

vents the leakage current of T6 from interfering with the
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I. amplifier.

c
The power transistors, TS5, T9 and Tll, which dissipate
less than one watt each, are mounted on simple heat sinks.

The total power consumption is less than 100 W, of which about

10 W are dissipated in the control box.

5. Deficiencies of the Circuit

With some filaments in certain vacuum systems, Ig tends
to oscillate for pressures greater than 5 x 10—5 mm Hg, pre-
sumably because the control circuit cannot compensafe for
the time iag of filament emission, which is especially trou-
blesome when there is some contaminant on the filament sur-
face. This problem has often plagued hot-cathode contrbl
circuits (Leck, 1957).

A more sensitive ion current amplifier is needed in
order to extend accurate pressure measurements below 10-7
mm Hg.

For operation at pressures beilow 10”7 mm'Hé;Tfﬁére
should be provision for degassing the gauge before use, pre-
ferably by direct heating of the grid (Pirani and Yarwood,

1961). At presént only the filament surface can be degassed,

by increasing the filament current.
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APPENDIX C

MEASUREMENT OF FLOW RATE THROUGH NOZZLES

Figure 26 shows the apparatus used to measure flow rates
through nozzles. V3 is closed, while Vl and V2 are initially
open, thus maintaining a constant gas flow to the oven and
nozzle. The manometer pressure is initially Pa + hy, where
Pa is the atmosphepié préssure. Vo is then closed, so thaf
after time t the pressure in the measuring system is reduced
to P, + h,.

Let V, be the volume of the measuring system when the
pressure is P, and suppose each arm of the manometer has cross-
sectional area A. Then the gas flow per unit time (throughput)

through the nozzle, in units of pressure X volume, is

G = LB +h) (kr £hA) - (Reh)( v dak)]

. RAV bh (W k»”u)} )
f {% v 2ah (3. ¢1)
where A}n,:'l\-l'lké - and AV: AAJ’! |
1t Vo >>‘h.+,m2 and Yo A_,') 5> 1

AV 24k AV Fa 2
then (7 ., Ah\), mmHg - cc or micron-liters
T4 sec | - sec
(Eq. C-2)

v, was measured to 1% accuracy by filling the system

to a pressure of about 2 atmospheres with argon, and then

¢

expanding this gas through V3 into an evacuated container of
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'FIGURE 26 Apparatus for Measuring Rate of Gas Flow
through Nozzles.
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exactly known volume. The value of V, thus found was 538 cc.
" The system was leaktested by puﬁping through Vz and observing
readings of a thermocouple gauge attached at V3.

By working out a few cases in the range of interest, it
appeared that Eq. C-2 gave values about 2% smaller than the
 accurate values calculated from Eq. C-1, so all measured flow
rates obtained from Eq. C-2 were increased by 2%. t was always
chosen long enough to enable Ah to be measured with 1 to 5%

accuracy; during this time interval, Py decreased by 1-2%.
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