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1.0 INTRODUCTION

Accurate density and pressure measurements in the
region of medium to high vacua (1073 - 1078 Torr) present a
variety of problems. Normally, an investigator relics on
elaborate ion gauge calibrations which are ultimately refoerred
to McLeod gauge measurements, at pressures necr 1073 Torp.
Nonlinearity of ion gauge response makes extrapolation f{rom
the 1073 - 107" Torr region'extremely ditficult. Ton gaupges
possess two additional shortcomings: The first arises from
the difficulty in predicting gauge sensitivity as a function
of gas composition. Ion gauge "pumping" imposes the second
liﬁitation; a measurement made with an ion gauge determines
pressure in a region where considerable perturbation exists
due to the presence of the measurement pfobe.

In order to surmount some of these measurement prob-
lems, we undertook a theoretical and experimental program to
establish the feasibility of density (and hence pressure)
measurements at low préssures by means of a relatively novel
(Ref. 1) yet straightforward approach. The technique con-
sists of observing the soft X-ray radiation produced when
gases are bombarded by monoenergetic electrons in the § to
20 kev energy range. We considered both'continuum X=-ray pro-
duction (thin target bremsstrahlung) and characteristic Ka

emission. The continuum X-ray yield measures a composition




averaged density; the intensity of characteristic radiation
(e.g. the carbon Ka line at uuﬁ) reveals elemental densities.
We can deduce pressure from these density measurements if
suitable assumptions are made regarding the chemical state
of the gas.

In the analysis of the bremsstrahlung production
process, we used the Sommerfeld Theory (Ref. 2) as extended
for computer calculation by Berger (Ref. 3). This non-
relativistic theory neglects orbital electron screening of
the nuclear charge.

We used a computer program, developed under a re-
lated contract®*, and based on Berger's numerical tables
(Ref. 4). The program first calculates I(v,8) where I(v,0)
is the number of photons emitted per nucleus per frequency
per interval per steradian at angle 6 to the electron beam
direction. We then compute the anticipated count rate per
nucleus by integrating over v and 6. The integration over
v includes the variation of counter efficiency with photon
energy, while the 8 integration includes variations of
counter solidiangle along the electron beam path.

Input parameters such as solid angle, detector ef-
ficiencies and angle of observation were defined by the ex-

perimental facilities at our disposal. We considered both

argon and krypton proportionél counters having 0.5" diameter,

%% Air Force Contract No. F19(628)-67-Cn0278

SR e e 2 e

E
!
i

%




0.002" thick beryllium end windows. Typical counter solid

angles were 102 - 1073 steradians.

Using suitably weightad values of atomic number

and atomic weight, we then computed expected count rates per

mA per gm per cc of residual gas for several typical gas

compositions.

As a result of our analysis we reached the follow-

ing conclusions:

(1)

(2)

(3)

(4)

Over the electron energy range of 5 to 10 kev, the
count rate per mA per gm per cc varies by less

than 10%. Thus a relatively inexpensive electron
beam power supply suffices,

The X-ray yield is proportional to density Aand
varies linearly with Z.

The X-ray yield directly measures pressure (defined
as a mechanical quantity) only if the chemical com-
position of the gas molecules is known. For
example, at a given pressure and temperature, X-ray
yields from monatomic, diatomic and triatomic oxy-
gen vary as the ratio of moiecular weights, i.e.
1:2:3,

Spurious background count rates and the time avail-
able for an observation determine the miniﬁum den-
sity and pressure that can be measured. For a 10

mA electron beam and a counter solid angle of 0.1

7




steradian, a density of 5 x 10715 gm’~~ will pro-

duce a count rate of one per second. for diatomic

nitrogen, this density corresponds to a pressure

nf 3 x 1072 Torr at 20°C. If the background arises

solely from cosmic rays (1 per minute) then an ob-

servation time of 100 seconds yields a measurement
accurate to 10%, in the absence of instrumental
errors,

We undertook a program of laboratory measurements
to verify some of the above predictions. In addition, we in-
vestigated, both experimentally and analytically, the problom
of spurious X-ray background. This study resulted in design
guidelines for a prototype gauge.

Finally, we explored the feasibility of using char-
acteristic X-rayes to determine gas composition. The main
problem, when using electron excitation, arises from the con-
tinuous bremsstrahlung background. Using spectrally selec=-
tive counter windows (e.g. a polypropylene window for obser=-
vation of the carbon line at uuﬁ), band~width/insertion-loss
tradeoff calculations allowed us to determine signal -to noise
ratios. For a 12 um polypropylene detector window, a typical
signal to noise ratio was 7.75 x 10 2, The Low character-
istic X~-ray yie.d results from the unfavorable competition
with Auger electron production‘typicallof light elements.

Thus, we conclude this technique is;impractical.




2.0 EXPERIMENTAL ARRANGEMENT

2.1 Vacuum System

Figure 2-1 :illustrates the vacuum system in block
diagram form. An 800 liter per second diffusion pump and a
425 liter per minute mechanical pump evacuate the manifold
through a liquid nitrogen cooled elbow. This elbow pumps
water vapor and provides a trap for back streaming oil. Dif-
fusion pump foreline pressure is monitored by a thermocouple
gauge. Two-inch butterfly valves isolate the manifold from
the test and gun chambers. An additional 150 liter per min-
ute mechanical pump functions as a roughing pump for the two
chambers. This arrangement also permits the diffusion pump
to operate while the chambers are open to air.

The roughing line contains a one-inch cross with
two gas inlets and needle valves. An additional needle valve
between test chamber and cross allows fine adjustment of
chamlLer pressure, A good quality, one-inch, globe water
valve isolates the roughing pump from the cross when desired.

The electron gun chamber contains the gun mount,
ion gauge port, and viewing port. A one-inch ball vaive pro-
vides isolation from the test volume. The liquid nitrogen

cooledkcasing of the gun chamber pumps water vapor.
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A variety of electron guns are adaptable to the
system. We used a Griffiths Electronics Model GE=-63 mounted
in a standard one-inch I.,D. glass tubé, five and one-quarter
inches long. GC Electronics TV Tube Koat, painted on the
inside and also on the open end of the tube, provides a
ground return for the third and fifth grids. An eight pin
male plug at the base mates with the control cable.

The gun mount allows two degrees of freedom each
in translation and rotation and also maintains a vacuum seal.,
A standard one and one-quarter inch vacuum coupling, held in
a gimbal arrangement, provides electrical and vacuum inter-
faces with the glass tube.‘ A thin stainless steel bellows
mates the coupling with a flange seal on the titanium pump.
The gimbals mount inside a stainless steel cylinder welded
to a movable plate. A screw arrangement, permitting lateral
movement, mounts the plate to the flange. Four screws,
fhreaded through the cylinder, bear against the glass tube
and provide the two degrees of freedom in rotation. Manipu-

lating both sets of screws allows beam centering through the

tubulation and into the Faraday cup.

Ion gauge and vieQing ports complete the gun char
ber. At 10™* Torr the beam is faintly visible in the viewing
port, facilitating rough gun alignment.

The test chambér contains akParadaybcﬁp,“ion and

thermocouple gauge ports and detector and exhaust ports. A




one-half inch thick Plexiglass cover allows visual monitoring.

V7

GC TV Tube Koat completely covers the inside of the chamber
to minimize wall fluorescence. Figure 2-2 illustrates this
section in detail.

A nine 1liter liquid nitrogen reservoir, vented to
atmospheric pressure, mounts to the system through a wood
framework. Separate valves and tubulation are used for each
cooling coil. This container must be replenished from a

large capacity tank approximately every 45 minutes.

2.2 Electronics Rack

This assembly provides bias and control voltages
for the electron gun and also monitors beam cubrent collected
by the Faraday cup. The rack contains an Electron Gun Bias
and Control Unit, an Indicator Unit, a Spellman PN-30 high
voltage power supply, and a twelve volt automobile storage
battery. |

We have already described the gun's physical char-

acteristics in the previous section. Connections to the

heater, cathode, control grid, accelerator grid, and focus
ring run through a five conductor shielded cable. Each con-
ductor consists of 18 gauge wire covered by 50 kilovolt DC

rated insulation. Aluminum zipper tubing provides an easily

installed outer shield which must be grounded to allow safe
handling. Safety is essential since all gun elements operate

at or near the negative high voltage potentiai.

8
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Gun operation is controlled by the Electron Gun
Bias and Control Unit., Figure 2-3 (drawing number 100851)
shows the circuitry. Filament current is adjusted by a rheo=-
stat and monitored on a one ampere AC meter. A dry battery
(radio "B" battery) and a potentiometer supply variable con=-
trol grid bias from zero to minus 130 volts. This, in con=-
junction with the accelerator voltage, controls the flow of
cathode current., A one milliampere DC meter monitors cathode
current,

The positive high voltage connects to systlem
ground, Negative potential is applied to a bank of 46, H70K,
two watt resistors acting as a bleeder and providing one arm
of a voltage divider. A pair of parallel connected two meg-
ohm potentiometers make up the other arm. The wiper of one
potentiometer supplies accelerator voltage and the other
supplies focus voltage.

A solenoid, operating from the AC line, turns on
the bias and filament voltages. The solenoid plunger oper=-
ates a DPST snap-acting switch through a nylon cord, since
negative high voltage is present on all components.

The main chassis for the. control unit is a piece 5
of three-eighths inch plywood and a sheet of Plexiglass on
which are mounted the meters, controls, and resiStor bank.
Angle brackets mount this assembly to a rack panel. All

controls use Plexiglass couplings to the panel,(;

10
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A 95 ampere-hour car battery powers the gun fila-
ment. Since negative high voltage appears on the terminals
it must be insulated from the rack. A satisfactory instal=-
lation results by placing a few inches of polystyrene foam
on the rack floor and resting the battery in this location.

We used a high voltage supply capable of 30 kilo-
volts at two milliamperes but ten to twenty kiloveits at one
milliampere would be sufficient. Voltage regulation of 0.1%
would ease some exrerimental difficulties.

The Indicator Unit measures the beam current col-
lected by the Faraday cup. Figure 2-4 (drawing number 100850)
shows the circuitry. A Philbrick P65AU solid state opera-
tional amplifier and a 50 microamp DC meter provide full
scale ranges of 0,5 to 500 microamps. Two fifteen volt dry
batteries power the operational amplifier. We used this am-
plifier with its sensitive response, to monitor Faraday cup

current. The most sensitive scale aids initial gun alignment.

2.3 Detection

X-ray detection requires a charge-sensitive pream-

plifier, a monitor scope, multi-channel analyzer, and most
any unsophisticated event or frequency counter. A propor-

tional counter, producing a charge pulse for each incident

X-ray, is mounted through a port in the test chamber. The
‘preamplifier shapes the input pulse and produces a voltage

output to drive fhe‘analyzer.

e — SR —— ——. ’ o
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The charge sensitive preamplifier uses a commercial
wide-band integrated circuit (IC) to obtain small size, re-
duced circuit complexity, and predictable performance. The
circuit configuration, shown schematically in Figure 2-5
makes the output voltage proportional to the input charge.

Cg and Cq determine the charge sensitivity of the preampli-
fier. The other components provide de=-biasing, stabiliza-
tion, and protection.

Cf, Rf, Cs’ Rs’ and RDC form a frequency-independent
feedback network (above a few hundred kHz) permitting the 51
pf lead capacitor between pins 5 and 6 to stabilize the am-
plifier and allow 40 dB of closed-loop gain with about 45°
of phase nargin. The measured phase margin at 0 dB loop gain
was about 40°, Maximum bandwidth capabilities are realized
from the operational amplifier by using lead-compensation
only.

Closed~loop bandwidth of this amplifier is about 9
MHz (-3 dB) resulting in a 40 nsec rigse time (rr = &gé). The
fall time, defined (tF = 2,2 rF) by the time constants Cf,

Rf and Cs’ RDC’ equals 3.1 usec.

Since the input pulse rise ‘time is 125 nsec, cor-
responding to a bandwidth of 3 MHz, the open-loop gain and
the closed?loop gain of the amplifier will be given at this
frequency. The loop gain of the preamplifier iS'about 15 dB
with an expected variation of :5 dB for the distribution of

uA702C's., The tolerances of the feedback capacitors plus

14
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the locp gain causes a worstecase gain variation from unit-
to-unit of t20%.

The closed=loop gain of the preamplifier is given
by:

;% = E_TU'%ITKT (volts/coulomb)
i 3 °f
where A = open-loop gain, Qi = input charge and e, = output
voltage. For the open=loop gains in this circuit, eo/Qi is
most nensitiv:cio changes in Ce zgd A. For a low-gain

N rre : - S _ .t
ph702C, with —5; = 200 ppm and —U; = 0 to +70 ppm, the gain
slability from 0 to +50°C is +1.5%, -2.4%. Using an NPO ca-
pacitor for Cs and a 300 ppm negative temperature coefficient
capacitor for Ce will yield stabilities of +0.39%, -0.9%.

The 1N4148 diodes protect against large, possibly
destructive, input voltages. Arcing in the counter tube
could otherwise destroy the preamplifier. An additional 100
ohm resistor and shunt diode render these occasional tran-
sients harmless.,

The output is transformer-coupled to prevent frans-
mitting the offset voltage of the preamplifier. Since the
output returns to the zero reference, a 100 ohm series resis-
tor limits the current drawn throughjthé,IC output transistor

by the dec offset voltage.,

16
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3.0 3YSTEM ANALYSIS

\J?

We wish to establish the relationship between X-ray
count rate and mass density of the residual gases under study.
Input parameters should include a specification of gas compo-
sition, detector-electron beam geometry, proportional counter

efficiency, electron beam current and voltage., We first de-

do
dadE

the number of photons produced per second per unit photon en-

fine the differential bremsstrahlung cross section, as
ergy increment per unit solid angle per incident electron per
target atom per cm?. g%dE is a function of electron energy
To’ photon energy E, atomic number of the target atom, Z and
the angle of observation, 6, where 8 is measured relative to
the electron beam direction. If the counter has an efficiency
e(E) and subtends a solid angle Q(8) with respect to point X
along the electron beam path, then the number of X-rays pro-

duced per electron per atom per cmd is given by
Y =Ez }2 do o e(E) + 2 ax aE
A ‘f' dEde © € dax
B X

Xy and X2 are defined by the detector field of

view;'B2 equals To’ the electron energy and E, is defined by

the long wavelength cut-off of the counter. Then, if there

are na atoms_pervcm3 and an electron current of i (mA), the

.' itotal Yield,YT“iS given by

o




- . do | dQ
YT'Klnafja?TdE e(E) dE q¢ dX cps

where

- 15 electrons
K 6.25 x 10 YRR

This formula is correct under the assumption that
both electron and X-ray attenuation by the residual gases in

the system is negligible. The stopping power of air for a

10 kev electron is 20 &Y . At a pressure of 10~ 3 Torr, a
gm/ cm? |

10 kev electron loses only 0.3 ev over a 10 cm path length;

at the same pressure, a 1 kev X-ray has a mean free path of

2 km. Clearly absorption is negligible at these pressures.
N
Now, n, = Kg p where A is the atomic weight of the

gas under study, N_ is Avogadro's number and p is the mass

o
density in gm/cc.

Then
N o

- s )
Yp= KiYy 7
and we can see that the total count rate is proportional to

the mass density. The determination of %%HE will now be

considered.

3.1 The Bremsstrahlung Cross Section

We consider first %%, the differential bremsstrah-

lung cross section integrated over angle. The simplest for-

mulation is that described by Evans (Ref,us; pg;;éﬂé),'for

18
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the case of non-relativistic electrons interacting with a

nucleus of charge Z. The effect of atomic electron screen-

ing is ignored.

where

Thus
2
do _ g g2 Totmee® \ 1 op2
daE o TO F nucleus-kev

rest energy of the electron

kinetic energy of incident electron

a slowly varying function of TO and Z, having a

value between 5 and 20

photon energy (kev) < E max = hv max = T,

1 6222
137 2

= 0.58 millibarn/nucleus

m.cC
o]

We see that the cross section depends on the nuc-

lear species primarily through the 22 term.

Since we would like to calculate the expected X-ray

yields as accurately as possible, we have developed our anal-

ysis using the bremsstrahlung theory of Sommerfeld (Ref. 2),

as later extended for computer calculation by Berger (Ref.

4-5).

The resulting cross sections exhibit a functional de-

pendence on Z, T,s and E which is similar to that predicted

by Evans' formula; the higher order variations contained in

B, are automatically accounted for.

A RS B TR T 1 L, R TN G N T N TR AR T

s NSRS PTG T3 Y Y L




The Sommerfeld theory is basically a Distorted Wave
Born Approximation (DWBA) where unbound coulomb wave func-
tions describe the incoming and outgoing electron. The theory
is non~relativistic and screening is ignored.

Using Berger's terminology,

- Z 2 1 XO d 2}
We = A {(a) (e2M%.1)(1-e"2"B) K3 dX, [ FCx,)|

Where W_ = total energy radiated in energ’ range

d (hv) by an electron of velocity vy incident on one atom
per cm? of atomic number Z., The electron has velocity V?

after the interaction.

mV
1l 2 Z
K, = wm—m a = q:r_.
1 h moe2 18
and
\Y)
y/ Vs
B = where K, = e
Kpa 2 x
also
2 2. -
X, = da8 A=87me BT . 3 704 x 10 48 epg cm? sec.
(B-a)? c3 mo2

F(Xo) is a hypergeometric function. Berger calcu-
lated F(Xo) over a wide range of o and B. This resulted in

a computer print out of intensity, Ws, as a function of B

and a. «Ws is related to %% by the relation
do _ Ve
dE - EdE

do

where E is the photon energy in ergs. Thus = can be obtained

“dy -




from Berger's compuzer print out for a given value of o and a
range of 8. a and B are related to To’ incident electron en-

ergy, and E, the outgoing photon energy by the relations:

0 = 0.1166427 8 = 0.1166427

Vex VTE

For a given a, B is allowed to vary in the range

defined by 0.1T <E<T_ . Using the formulation of Kirkpatrick

and Wiedman (Ref. 6), we find

do cm? _ 6 -19 do ) 2
a's'z'dE('s_f'e'r-kev)' = X 10 ar (1+42D) !'[sin‘4e+D(l+cos<0)]

where D is Sommerfeld's depolarization factor given by
_ u'2.'.82 o+ 82"0'2 a+B =1
P [W in 35% -1 e n(35) 2

3.2 Detector Efficiency

For the case of an ideal counter, the product of
window transmission and gas absorption yields the efficiency
e(E).

e(E) = e Mwtw (1 - e”Hgte)
where u  and “é are the lineap absorption coefficients of the
counter window and gas respectivelyg tw and tg are the thick-
nesses of window and gas respectively.

We considered two different detectors. Botb were

cylindrical proportional counters having 0.5 inch diameter,

0.002" thick beryllium end windows and an active counting gas




depth of 0.5 inch. ‘bne was filled with 90% krypton and 10%
COZ; at a total pressure of 1 atmosphere; the other contained
a standard P-10 mixture (90% Ar and 10% CHu) at atmospheric
pressure. We obtained % values from Henke's (Ref. 1u4) work
and incorporated the Ar and Kr absorption edges at 3.2 and

14,35 kev respectively.

3.3 Solid Angle of Observition

'The calculation of solid angle subtended by the de-
tector at a point X along the electron beam path divides into
two parts; the solid angle Qo of the collimator and the re-
duction P in solid angle because the detector sees only part
of the radiation entering the collimator. We obtained for-
mulae for these factors from Reference 7 (R and D Design Eval-
uationj Density Measurement Rocket Payloads Using Brems-

strahlung).

3.4 Computer Program

We modified a computer program developed under a
related contract (see Reference 7). The program calculates
system response in counts per sec per mA of electron beam
per gm per cc of target gas. The calculation was performed -
for several gas chpositiohs and atielédtrpp enérgies, Tos
of 5, 10, 15 and 20 kev. We now 1i$f'the‘reiévahffinphi'  |

parameters.
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l.) Cross Section Calculations
TO, o, and Z 3 a table of WS vs B for given a values.
7 is a suitable average of elemental atomic numbers. We de-
termined it in the following way.
To first order,.

g%dE « 72 for the case of a single element. Then

for a mixture of gases, the average cross section is

I Ny o,
a?z'dz“;?_N“zi

where Ni and Zi are the number density and nuclear charge of

th

the i~ elemental ~~ecies. We then use 72 = & Nl Zi, along

with T,s to specify the appropriate o and hence the W, and 8

values.
No
SRR AR
where
NO' = Avogadro's Number = 6.02 x 1023 molecules per mole
A, = Molecular weight of‘kth molecular species
Py = density of kth molecular species
Ny = no. of ith species -atoms in the xth species of
molecule |
and
N,
N = i N, = Eg K; Py MN3i o




J7

N
n
[
~
=

But, for an ideal gas Pr ® Ak P, where Py is the partial pres-

sure of the k' molecular species. Then
EL (P npy) Z
22=lk F
zlr ( nkl

Similarly, we showed that A, the average atomic
weight in a composite gas is given by

I (P Nys) A
x . ik ki

T T T (P
ik

nk.n.

We calculated 7 and A for the gas compositions shown in Table
I. In addition to air and hydrogen, we considered two com-

positions typical of residual gases in vacuum systems evac=-

uated by an oil diffusion pump and mercury diffusion pump
respectively; liquid nitrogen traps are used ir. both cases.
The analyses were tabulated by Dushman (Ref. 8, pg. 208).

We chose dibuiyl phthalate [C6 H, (coocC, Hg),] as a typical

M
pump oil,
2.) Counter Efficiency
Input data included the window and counting gas
thlckness in mg/cm2 and a table of & Y vs.'B’over the energy

range of interest (Ref 14).
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TABLE I

7Z AND A FOR REPRESENTATIVE GAS MIXTURES

Residual 0il Diffusion|Hg Diffusion Pump
Mixture Air Pure H, & -78°C Trap & -78°C Trap
VA 7.3108 1 4,566 71.526
A 14,55 1.008 6.6401 161.816
% by Partial Partial Partial
Gas Volume |Pressure % Pressure % Pressure %
H2 100.00 16  —
N2 78,08 B —  ——  —
O2 20,947 R e J—
Ar 0,934 B  — e
(610) e E — 5.5 0O.u48
Aip —_— _— 8.8 —_—
Hydro-
carbons
(COOCqu)2




3.) Solid Angle
The following parameters were used to represent
the laboratory situationj with reference to Figure 3-1

00 = angle between counter axis and electron beam

direction = 135°

Onin = minimum angle just outside detector field of

view = 122°

Onax = maximum angle just outside detector field of

view = 147°

Gamma = distance from cuilimator to electron beam along
the detector axis = 3.75"
Rad 1 = radius of collimator = 0.1"
Rad 2 = radius of detector window = 0,25" %
D = distance from collimator to detector window = 2,25" i

3.5 Results of Computation

We list the results of 20 computer runs in Table II,
and plot the variation of X-ray yield with electron energy in
Figure 3-2, We can immediately estimate the ultimate pres-
sure limits we can achieve with our laboratory set up. If we
consider pure air, at 20°C, the density at i Torr pressure is
1.5855 x 107% gm/cm®. Now 0.5 mA is a reasonable beam cur-
‘rent at 5 kev. Therefore, at a pressure of 10”7 Torr, we Ob-

tain a count rate of 1.81 x 10!2 cps/mA-gm per cc x 0.5 mA
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CALCULATED X-RAY YIELD

TABLE II

IN COUNTS PER SECOND PER MA PEZR GM PER CM3#
MULTIPLY VALUES FROM TABLE BY 10!2

To (Electron Energy)

5 kev

10 kev

15 kev

20 kev

Conditions

H,
A = 1.008
Z =1

Ar Counter

0.358

0.365

0.295

0.219

Air
A = 14,55
Z = 7.3108

]Ar Counter

1.81

1.54

1.17

0.853

Hg Pump & =78°C Trap

A =

7 =
Ar Counter

161.816
71.526

14,4

12.1

6.63

0il Pump §&
A = 6.6401
7 = 4.566

Ar Counter

-78°C Trap

l.43

1.25

0.981

0.714

0il Pump §
K = 6.6401
Z = 4,566

Kr Counter

-78°C Trap

2.22

1

2.08

1.71

1.35

*Calculated for ge°metry‘defined in text - 0-1"1Q°llimatdr,
(See Figure 3-1) | , o o S




x 1,5855 x 10™ * gm/cc per Torr x 10~ 7 Torr or 8.6 counts per
minute.

Figure 3-2 also reveals that yield is quite insen-
sitive to electron energy To’ in the 5 to 10 kev range. The
advantage of using a krypton counter, with its somewhat

higher efficiency is also apparent.
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4,0 CONTROL OF SPURIOUS BACKGROUND

We considered the following sources of spurious
background:

1.) Cosmic rays

2.) Bremsstrahlung and characteristic X-ray production
from electrons striking parts of the chamber in
field of v7iew of the detector.

3.) X-rays produced in the electron collector and which
are seen dibectly by the detector.

4.) Secondary scattering of collector produced X-rays
from parts of the chamber within the detector field
of view.

5.) Secondary scattering of collector produced X-rays
from residual gas atoms in the field of view of
the detector.

An optimum gauge design should aim at a background
level determined only by the local cosmic ray flux (12 per
minute). As we shall see, such a goal is indeed feasible if
we impose certain simple geometrical constraints on the gauge
design.

Consider the electron beam° electrons 1mp1ng1ng on
the chamber walls w1th1n the detector fleld of v1ew represent
a prodigious source of background. The oqu solut;pn is to
eliminate:them.kkSpuriéus electfons.afise‘fr¢m7the’fqllowing |

mechanisms:

J7
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l.)

2.)

3.)

Poor electron gun focussing, with considerable scat-
tering from the exit electrode.

This effect should be negligible for a properly
aligned electron gun and an appropriate choice of
focus voltage.

Secondary electron production within the beam col-
lector. Application of a suitable positive poten-

tial (100 volts) in series with the collector cur-

rent meter will suppress secondary emission entirely,

Deviation of the electron beam trajectory by local
magnetic fields. When the magnetic field, H, is

perpendicular to the initial beam direction

. X2 Y
Y=,2—p-for'x<<l

where Y is the electron beam deflection at right
angles to the initial beam direction, X‘is the dis-
tance from the electron gun exit to rear of collec-
tor cup, and p is the radius of cﬁrvature of the
electron trajectory in magnetic field. For a 5 kev
electron in a 0.5 gauss field, p = 480 cm. Thus,
for a path length X = 10 emy Y = 0.1 cm. Y de~-
creases as electron energy increases.

The earth's magnetic field (~0.5 gauss) does not

present a problem as long as the collector diameter

J7




4.)

is greater than 0.2X. However, one must exercise
due care in the vicinity of larger fields.
Rutherford backscattering of incident electrons
out of the collector.

The cross section for non~relativistic Rutherforda
backscattering from target nuclei is given by

Evans (Ref. 5)

eLectron velocitx
velocity of light

my .~ 1 Z2 -
0(6>-2-) s E-‘;—:where B =
Then, the fraction, n, of incident electrons back-

scattered from a thin foil of element (Z,A), den-

sity p, and thickness dS is given by

n NO
n = G(6>-2-) . . * pdS

For a thick target, let us assume that pdS equals
R,»> the range of an electron in the material.
Then, for a 10 kev electron energy in Al, R, = pdS

= 0.2 B&_ (Ref. 5, pg. 624).
cm?

‘Thus, for aluminum

) N
n:L-K‘l-pdsglz%

T gt
For carbon, this will be down to about 3%. Con=~
trast this to the measured backscatter data pre-

sented by Duscumb and Reed (Ref. 9). (See Figure




EL

4-1l.) For carbon n = 7% and for Al, n = 16%. But
the energy distribution of electrons backscattered
from light nuclei in a thick target, peaks at about

% T,, where T is the incident electron energy.

As far as X-ray producing capabilities are concerned,

our crude model is remarkably accurate.

We can also see the advantage in lining the collec-
tor with a 1light element like carbon. If the col-
lector length is 10 times its diameter, the solid
angle for escape is ~10°2 steradians, and n %; ®

4 x 10”5 for carbon. The geometry should be such
that none of these escaping electrons strike the
chamber wall within the detector field of view.

We can always add some baffles to the collector
interior to reduce 2, the solid angle of escape.-
Auger electron prbduction in the collector also
represents a potential source of background. This

is true especially for low Z materials where fluo-

-rescence yields of less than 1% are encountered.

We can estimate'nA, the number of Auger electrons

produced per incident primary electron by

N |
ny 2 Q- X ° pdS
= the k-shell ionization cross segtiQh,r

where Q

-
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Using the equations presented in Section 6.0, we
calculate that Q = 1 x 10726 cm? for 10 kev electrons on Al.
Again, assuming pdS = Ro’ the range of a 10 kev electron in

aluminum, we deduce

e 2 x 107% = y,u4 x 10”8

= 1n=26 , 6 _x 10283
= 10 27

"A
a completely negligible quantity.

In addition to backscattered electrons, the collec-
tor serves as a copious source of thick target bremsstrahlung.
We can get a feeling for the intensity in the following way.

| From Evans (Ref. 5, pg. 617), we find that the frac-
tion of the electron energy converted into bremsstrahlung
from a thick target equals 7 - EZ x 1077, We may also write
this fraction as the ratio of ¥-ray intensity to electron
energy, é. Thus we arrive at

% =7 EZ x 10”7,

For 5 kev electrons incident on a carbon target

% = 2,1 x 10”5

Now, a 1 mA beam corresponds to 6.25 x 10!5 elec-

trons per second. Hence, the total bremsstrahlung energy is

- 15 ol kev . 11 kev
I =6.25 x.201% x 2,1 x 1075 x 5 32X = 6.57 x 10} Z=Y

Let us assume that all the X-rays have the same

energy,E, equal to the energy at the thick targef sPectral

36
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Then, the number of thick target X-rays produced
per second is n = 2 x 10! 22%%%55 into 2n. If the solid
angle of the collector cup is 10" 2 steradians, then the num-
ber of X-rays per second escaping into the chamber is 2 x 108
per second. Assume that all of these photons strike the
chamber wall within the detector field of view. We then es-
timate the number which are scattered into the detector. At
the low enérgies being considered, the predominant mechanism

is classical Thompson scattering. The Thompson cross section

is given by

2
- =24 cm
Oy = 0.665 x 10 sTeotron °

If the chamber walls are coated with carbon (Z = 6),

2
. ° -214. cm
then the cross section per atom is Goo or 4 x 10 =Tom °

The fraction of incident X-rays scattered into 2r steradians
is

Zo_. N
I_.._Al’l_

T n T '79'K2 * ety
Pty = The "effective" thickness of the chamber
wall. We assume this equal to one absorption length of a
3.3 kev X~-ray in the material. For carbon, this equals

18.13 mg/cm?,
4,0x6x%x1023%0,0181x10"2%

Then F = A=T7 = 1.8 x 10”3 and
An = 3.6 x 10°5 23%%%25 are Thompson scattered’from the wall.

If the detector subtends a solid angle of 103 steradians,

scattered photons will reach the detector face at a rate of

Q,'37ff»'1f,‘
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36 per second. Recall that this is if gll collector produced
X=-rays strike the chamber wall in the detector field of view.
Again we arrive at the conclusion that detector and collector
fields of view should not intersect at the chamber wall.

Finally, we considered Thompson scattering of col-
lector produced X=-rays from gas molec'les within the detector
field of view. The ratio of Thompson scattered collector
X=-ray flux to bremsstrahlung yield within the detector field
of view is at most 0.01%.

The following statements summarize the results of
the above analysis and represent a set of dggjign guidelines.

l.) The detector field of view and the collector field
of view (as seen from the rear of the collector)
must not intersect at the chamber wall.

2.) Liné the chamber and collector with a low Z mater=-
ial to reduce electron backscattéring and spurious
bremsstrahlung production.

3.) The collector field of view must be as small as
pbssible.

4,) Produce a narrow, well defined beam with the %lec-'
tron gun. |

5.) Use care iﬁ the presence of mbderate magnetic

38
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++0 EXPERIMENTAL RESULTS

Most experimental programs suffer from delays, un-
foreseen difficulties and equipment breakdownsj; this one was
no exception., In spite of this, we were able to take suffi- .
cient data to demonstrate the feasibility of constructing a
vacuum gauge in a small chamber.

Figure 5-1 shows the energy calibration of the
multi-channel analyzer and proportional counter. Operating
conditions for this experiment appear in Table III. The
source consisted of an 80 uCi Fe5% source (5.9 kev X=-rays).
In addition, we found no spurious background counts when the
source was placed in the chamber at high vacuum, but out of
the detector field of view (Refer to Figure 5-2)., We present
a typical measured bremsstrahlung spectrum in Figure 5-3,
which should be compared with the spectrum predicted by the
computer program and shown in Figure 5-u,

The discrepancy in shape between the experimental %

spectrum and the predicted spectrum results from the argon

fill gas. Approximately 10% of the photons entering the
counter deposit 3.2 kev less than their full energy as argon
fluorescent X-rays escape. Figure 5-~5 shows a calculated
spectrum, corrected for the argon escape peak. This distri-
bution matches the general features, such as relative peak

heights, better than the uncorrected version. Counter reso-
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TABLE III E
3
EXPERIMENTAL CONDITIONS .
Equipment: TMC Gammascope II Model 102 E
Settings: Expansion X1 ?
Threshold 5
Gain 1000

Pulse Height Analysis:

Multiscale:

HV = 1490V

Calibration Source:

Upper Level 10

Baseline 0

Use .4 min. live time

Use 1 sec., dwell time, 0 threshold,
490 window

Counter = 310 PC with Ar and CHu

5.9 kev X-rays from 80 uCi Fe35

source
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lution tends to fill in the absorption edge in the measured

. Pl TP L d -

>
curve,

Previous work, performed in a larger chamber at
Langley Research Center, demonstrated linearity of response
and, ultimately, low backgrounds (Ref. 10). Our problem .
here centered on producing results in a chamber only 4 inches
in diameter and 2 inches long.
In such a small chamber, X-rays generated by elec-
trons striking the Faraday cup constitute the largest source
of pressure-independent counts. Natural background radiation
gives a lower bound to the achievable reduction and limits é
the ultimate sensitivity of the gauge as discussed elsewhere
in this report. |
The electron beam entered the chamber at an angle,
apparently because of deflections by the earth's magnetic

field. Because of this, a small magnet was necessary to de-

flect the beam into the Faraday cup. All data presented

hereafter assumes the use of such a magnet unless otherwise
specified.

Initially we removed the collimator from the de-
tector (See Figure 5-8) and we also removed the screen and
aperture plate of the Faraday cup. We could not otherwise
position the beam inside the Faraday cup reliably. We used

a magnet at the’collegtor,kadjuStedjtd mihimize the count
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rate at a low pressure. All surfaces except the top plate

-

were carbon coated to reduce X-ray production and electron
backscatter,

Then we varied the pressure, as read from the ion
gauge, and recorded the number of X-rays detected each second.
We took three points at 90, 30, and 3uTorr, from which a
least squares fit gave 6091 cps/mA independent of pressure
and 87,14 cps/mA/uTorr as 4 slope. This data comprises the
static calibration plotted in Figure 5-6.

Using the multiscaling feature of the pulse-height
analyzer, we prcceeded to take a series of 100 one-second
ogﬁnts as we raised the pressure to 385 uTorr, then decreased
it, We plotted this data in Figure 5-6, Dynamic Resporse of
sauge.,

From this data we see that one-seccond measuring
times can yield significant sighal to noise ratios. Also,
the time scale indicates a smooth gauge response. At the
highest pressure, the observed dynamic count rate differs §‘7:
from the expected value by only 10%. That may result from
calibration uncertainty rather than a true dynamic response.

In any event, this curve clearly shows the practi-
cality of our gauge in a small chamber. Even minimal phe~
cautions againsf'baquround reéﬁlt in é gauge usable over
two orders of magnitude, |

Next we installéd a 1/u" diameter cdllimatOﬁ‘aS'

shown in Figure 5-7. We again varied the préésure, over the

4g
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range from 4% uTorr to 500 uTorr as indicated by the ioniza-
tion gauge. The ion gauge controller does not regulate the
emission current to exactly 1.0 mA on the 1000 uTorr (full
scale) range; we corrected the reading by a factor of 1/1.3
to account for this discrepancy.

We measured this correction factor by setting the
system pressure to 100 uTorr as measured on the 100 uTorr
(full scale? range, then reading the gauge on the 1000 uTorr
scaley since thelgauge then indicated 130 uTorr, we must
divide all readings on the highest scale by 1.3,

Figure 5«9 shows the curve that results from making
a least squares fit to the three highest points only. All
data points show error bars corresponding to expected one=-
sigma statistical variations of the number of observed X-rays.,
The obvicus flattening of the curve at low pressure justifies
excluding them from the curve fitting; the resulting esti-
mate cof the pressure independent intercept lies below the

" served values. We did not include the highest pressure
point in the analysis because the beam current was unstable.

Although the measured response per unit pressure
should have ?roduced changes of count rate below 10 uTorr,
the observed count rates were constant. Also, the experimen-
tal data at low pressures exceeds the background'derived by
extrapolating the slope to zero‘pressure. This requires that

we postulate another response which decreases with increasing
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pressure. X-ray attenuation at these pressures cannot pro-
vide the 50% reduction necessary to account for the observed
change, sc¢ .e must look for another mecharism.

We felt that the higher response at low pressures
resulted from either a change of composition or a pressure
induced variation of beam position. To differentiate between
these alternatives, we made another pair of tests.

First, we repeated the experiment as run before,.
Second, we filled the reservoir with liquid nitrogen, hoping
that composition changes would be revealed.

Prior to repeating the experiment, we had to repo-
sition the collector magnet *o minimize the X~-ray background.
In addition the proportional counter bias was accidentally
set to 1480 volts rather than 1l490. In spite of these varia-
tions, the measured values fall close to the original curve
as seen in ligure 5-10,

When we added liquid nitrogen to the trap, the
count rates fellAdramatically at the lowest pressures. As
we varied the pressure, we observed increasing count rates,
These points appear in Figure 5-10 well below the points
taken without cooling the system.

This last data presents some puzzling gquestions.
Even by eye, we see that the response per unit pressure de=-
creased with cooling. Since the readings correspond to equal

pressures on the ionization gauge, between 50 and 90 uTorr
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we expect the same slope. In each case, we admitted room air
to generate pressures at least ten times the baseline pressure.
Composition should have remained constant, thus yielding equal
slopes. This portion of the data argues for a change of beam
position, perhaps induced by the temperature difference be-
tween gun chamber and test chamber., Such a change in rela-
tive position could also reduce the X-ray background.

An alternative effect results from the increase of
differential pressure between the gun and test chambers.

Since we adjﬁsted thé beam current to 250 pA for each condi-
tion, the cathode current variation with pressure could have
been different. Using nitrogen cooling would tend to create
less poisoning of the cathode as the pressure is increased.
This would provide.a more constant load for the unregulated
power supply that sets the beam energy. A quick test revealed
that small (10%) changes of beam energy varied the background
count rate by at least one order of magnitude.

This strong relation of the background X-ray pro-
duction to the beam energy results from the magnetic deflec-
tions of the beam. First, the earth's magnetic field acts
on the beam to give it an initial deflection. Secondly, we
minimize the background by sharply deflecting the beam, at
the collector, with a strong magnet. Experimentaily, we Ob-
serve a very sharp minimum as the magnet position changes,

as well as a sharp minimum when the voltage varies.
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In terms of the ratio of gas-induced counts to back-
ground, the data at the lower part of Figure 5-10 may repre-
sent a factor of two reduction of “he pressure at which the
gas-induced counts equal the background counts.

Thus, in spite of the limitations of our experimen-
tal apparatus and the brief time available, we are very en-
couraged to find reasonable signal-to-noise ratios at pres-
sures as low as 50 uTorr,

Additional effort, of the kind outlined elsewhere
in this report, will further reduce the background and may
simultaneously increase the slope, permitting extensions to

lower pressures.
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6.0 THE POSSIBILITY OF USING CHARACLZRLISTIC X-RAYS
TO DETERMINE GAS COMPOSITION

If the electron beam energy is greater than the k
ionization potential of the target gas, charccteristic k X-
rays are produced; discrete lines are superimposed on the
bremsstrahlung continuum. By measuring the intensity of
these k lines, we can determine the atomic composition of
the gas under investigation.

The feasibility of this technique clearly depends
en the ratio of k X-ray flux to bremsstrahlung flux reaching
the detector. Our analysis considers the situation in which
characteristic X-rays produced in CO2 are detected by a pro-
pertional counter having a spectrally selective window to

filter out much of the bremsstrahlung background.

6.1 Carbon K Radiation (44A)

We considéred the intensity of carbon k radiation
at MHX (282 ev) produced by 500 volt electrons. This low en=-
ergy was chosen to enhance the k shell ionization cross sec-
tion and to inhibit the bremsstrahlung yield at higher en=-
ergies. An expression for the ionization cross section was
first derived by Bethe (Ref. 1l1) in 1930; we used the treat=-
ment by Worthington and Tomlin (Ref. 12) as a basis for our

calculation. The appropriate formula is
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2 2 1 4U
Q Vk = 0.7 1 e T In T

where Q i1s the ionization cross section, i.e. the number of
ionizations per atom per incident electron per cm?,

v

” ionization potential of the k shell, i.e. 282 ev

for carbon.

e = electronic charge = 4.8 x 10 10 esu

V = electron acceleratirg potential = 500 volts in
this case.
v

U = = 1.77
T

B = [1.65 + 2,35 exp (1=U)] = 2,737

We performed the calculation and arrived at

Q = 3.425 x 1072% cm?,
Not all of the k shell ionizations result in X-rays; we must
consider the competition with Auger electron prbducfion. In-
deed for light elements, Auger production is the prime mode
of de-excitation. The fluorescence yield is defined as the
number of k X~rays produced per k shell vacancy, and varies
approximately as Z% for light elemerts (Ref. 13). We were
unable to find a value of the carbon fluorescence yield in
the literature and we therefore extrapolated from the theo-
retical value for oxygen, i.e. 0.0045., In this way we ob~
tained a value of 0.001l4 for carbon. Multiplying Q by the
fluorescence yield produces o, = 5.32 x 10727 cm?, the cross

section for characteristic X-ray production.




Let us now consider a counter having a polypropylene
(CHi,) window. The counter efficiency, e(E) is given by the
window transmission coefficient, since at the low energies
being considered, the counter gas may be considered opagua.
We calculated the counter efficiency as a function of energy
using the experimenta. data of lenke et al (Ref. 1l4). Figure
6-1 illustrates the results.

On the same figure we plot the differential cross
section for bremsstrahlung production from CO0,. The cross
section per molecule is given by

do
dt

do
+ 2
e de

_ do
R of
2 .
For simplicity, we used the non-relativistic formula given

Co 0

in Evans (Ref., 5).

do _ 16 2 1
ar T 9% 4 r

where E is the photon energy.
Z is the atomic number of the target nucleus.

o, * 0.58 x 10727 cpm?

Then for CO,, and dE = 0.01 kev

2
5.07 x 10727 cm?
E (kev)

do =

We then calculated the number of photons detected per molecule
per electron per cm?, i.e. the integral fe(E) do (E) was eval-

uated graphically. (Figure 6-1.)
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For a 12 um window, fe(E) do (E) = 8,31 » 10725 cm?,

This must be compared to o ¢ € (282 ev), i.e. the signal to

noise ratio is given by

g 0, c€(282 ev) -5
(N) = JeXEy & ° 7e78 x 10
12 um 12 um

For a 6 um window, fe(E) dop(E) = 27.4 x 1026, Then,

s uk-e(282 ev) _
(N) = "7?7!7"3?""" = 6.78 x 1077
6 um 6 um B

The signal to noise ratio is quite small (~7%) and does not

vary significantly with window thickness,

6.2 Oxygen K Radiation (23.6A)

We calculated the cross section for k production in

oxygen, using 800 volt electrons. Here Vk = 525 volts,
U=1.52 and B = 3,05, Then Q = 0.832 x 107%"% cm?, Multi-
plying by the fluorescence yield (0.0045) we obtain

) = 3,74 x 10727 cm?
We then calculated the efficiency of a counter having a
0.0625 mil mylar window., Mylar was chosen because of its
oxygen edge at 525 ev. ¢(E) is plotted as a function of en-
ergy in Figuvre 6-2, As before, do(E) is plotted in the same
figure, We evaluated /e(E) do over the range 0.310 to
0.525 kev. Clearly this underestimates the background.

Then fe(E) do = 1.6 x 10728 and with (525 ev) = 0.21 we
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obtain

S/N < e(E) « gk

- fe(f)doB = 0.1

10% is too small to be promising considering that we under-
estimated the background by considering neither the region

below 310 ev nor above 525 ev.
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7.0 CONCLUSIONS

We now summarize the results of our investigations,

and indicate a direction for possible future development.

7.1 Composition Sensitivity of Bremsstrahlung Gauge

In Section 3.0 we showed that Y,» the average X-ray
count rate per atom per cr’ per incident electron is, to
first order, proportional to Z2, where 7 is th. average atomic
number of a gas atom having an atomic weight of A. Then, if
n_ is the number of gas atoms per cm3, the total flux is

a

. - 2
given by Y, cZ n,.

C contains only information regarding electron beam
current, voltage, and path length along with detector effi-
ciency and solid angle.

But

N

n -

-2 [ ]
a K P

where NO is Avogadro's number and p is the mass density in

gm/cmd. Therefore

. L2
YT-CE NO P
Thus, for hydrogen, where g =1, Z =.1
A

Yo = o (hydrogen)

6




and for all other light nuclei, where

eSRIN
bt
N

Yo = % 7o

Now, from elementary kinetic theory
P = K/m p T, where
K = Boltzmann's constant

p = mass density

o
]

pressure

T = absolute temperature

and
m = mass per molecule
Then
. Z2 m
YT = ir-No T P
but

m = Eﬁé where g is the average number of atoms per
o

molecule. Therefore

P
= 2
Yp=CZ% gr ¢

or
.YT « £ 722 P,

Thus we see that in pressure measurements, the yield depends

on the chemical state‘of the residual gas as expressed in &.

Density measurements are'indépendent of the chemical state, éf

We computed the response expected on the basis of this simple .

theory, for a vapiéty’of gases including the residual gas
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compositions described by Dushman (Ref. 8). We compare the

W7

relative sensitivities for density measurement with those for
pressure measurement in Table IV. Predictions based on the
Sommerfeld-Berger computer output are listed along with typ-
ical ion gauge responses as described by Dushman (Ref. 8).
This data leads us to the following conclusions:

1. Where computer runs have been made, there is quali-
tative agreement between the simple theory and the Sommerfeld-
Berger computer outputs.

2. Composition sensitivity variations are considerably
less when the bremsstrahlung interaction is used for density
rather than pressure measurements. This is primarily due to
the Z2 dependence of the yield. For denéity measurements,
the ion gauge and bremsstrahlung gauge are competitive, at
least for light elements. Indeed, for hydrogen densities,

the bremsstrahlung technique is an improvement.

7.2 Ultimate Pressure Limits

For air, the calculated density response at 10 kev
is 1.54 x 1012 cps/mA/gm/cc. Experimentally, we determined
a pressure response of 3,94 cps/mA/uTorr using a 0,25" diam-'
eter collimator (Figure 5-7). Our calculations were made

for a different geometry (Figure 3-1), but the difference is

less than a factor of 2. If we assume the gas composition

to be essentially that of dry air, this converts to a density
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response of 2.5 x 10!2 cps/mA/gm/cc. Although the experimen-
tal value is a factor of 1.6 higher than the theoretical
value, the measured result is not inconsistent with the un=-
certainties in gas composition, and the differences in the
various geometric parameters. In any event we observed rea-
sonable signal to noise ratios at 5 x 10”3 Torr. With appro-
priate background reduction, we should be able to measure
pressures at 5 x 10”2 Torr provided that the detector solid
angle is increased. We consider this latter point in

Section 7.6.

7.3 The Possibility of Using K X-Rays in the Determination

of Gas Composition

As we saw in Section 6.0, the possibility of mea-
suring k X-ray intensities in order to determine gas composi=-
tion is not feasible. The high bremsstrahlung backgrounds
and low fluorescence yields of light elements result in ex-

tremely low signal to noise ratios.

7.4 The Possibility of Determining Hydrogen Concentrations

Using the Bremsstrahlung Technigue

If we ask whether the bremsstrahlung technique can
be used to measure the pressure and density of pure hydrogen,
at reduced pressures, the answer is yes. For a given density,

response to hydrogen is about 4 times less than the response
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to air. At a given pressure, the response is 50 times less
for hydrogen. This of course raises the ultimate pressure
and density limits.

If instead, the question is whether hydrogen con-
centrations can be determined in the presence of other gases,
the answer is unfortunately no. In fact, we can determine
pressure and density only if assumptions are made regarding

the average atomic number of the constituent gases.

7.5 Advantages of the Bremsstrahlung Gauge

Advantages of the bremsstrahlung gauge are listed
below:

(1) This gauge does not pump the sensitive volume.

(2) Sensing remote from the electron gun and detector
permits sampling volumes located far from system
walls,

(3) Gauge response computations, starting from physical
measurements and atomic constants, could qualify
this gauge as a primary standard.

(4) As a secondary or transfer standard, this gauge
provides a means of comparing McLeod gauges and
ionization gauges. .Using a favorable geometry, we
could make a measurement with an aécuracy of 1%

(lo statistical error) in 16 minutes for a pressure
of 3 x 10”7 Torr. Once compared with a McLeod

gauge, the bremsstrahlung gauge wi11 maintain its




(5)

(6)

calibration for a particular gas, so long as the
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physical configuration and the operating conditions
remain uvnchanged. Opera*ting pressure ranges, shown
in Figure 7=-1, overlap those available from many
other gauges. Gauges labelled "Parametrics" and
"LTIRF" refer to bremsstrahlung gauges.

Assumptions used for the Parametrics curve were

not specified in the report from which we tcok this
figure. They must include differential pumping of
the electron gun to reach pressures above 1000
pTorr. Curves labelled LTIRF assume: current of

1 mA; electron gun at ambient pressure; detection
of 1/2 the available photons; measuring times of
one to ten minutes. Estimates for the LTIRF gauge
were added to a figure from an unpublished Technical
Memorandum by C. A. Zeigler (1964).

After suitable development, a bremsstrahlung gauge
would need no more space for electronics than a
normal ionization gauge. About five inches of rack

space provides ample room for power supplies, stab- é

ilizers, and counting electronics.
Gas temperature and degree of ionization do not

affect the response of the gauge.
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7.6 A Technique for Increasing Gauge Sengitivity

X-ray techniques suffer from inverse=-square losses
arising from separation of source and detector. This geomet-
ric efficiency becomes the determining factor in accuracy at
low count rates, corresponding in our case to low pressures,
No matter how much we improve the response per unit density
by other techniques, some fraction of the X-rays escape. In
most experiments, the detected energy constitutes only one=-
thousandth of the available flux.

This arises from a simple computation using common
assumptionsj the detector lies 10 radii from a point source
and the geometric efficiency equals the detector area divided
by the surface area of a sphere of radius equal to 10 detector
radii, centered at the source. Under these conditions the
fraction of X-rays detected cannot exceed .0025 of the total!

We would extend the low=-pressure limit by two orders
of magnitude if we arranged the detector to capture one=-
quarter of the emitted radiation.

Assume an experimental arrangement as shown in
Figure 7-2. Electrons passing through the center of the
cylindrical detector interact with ambient gas molecules and
generate bremsstrahlung. Considering the midpoint of the
detector axis, only those X~rays that escape through the‘end
openings go undetected. These constitute only about 0.5% of

the total., At either end, nearly half the radiation strikes
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the detector. Considerable energy ente. from outside the
ends of the counter, and only a tiny fraztiun escapes through
the opposite ends. Contributions to the total response from
regions located outside the counter at distances greater than
five times the entrance diameter can be neglected safely.

Using this detector system, we can detect more than
half the radiation generated along the counter length.

We can raise several questions regarding new error
sources introduced by the improved geometry.

(1) Electrons scattered from the beam create X-rays

when they strike parts of the detector. Bremsstrahlung and
characteristic X~rays from the surfaces struck by the elec-

trons creéet: a pressure dependent response. In a carbon-

coated system, using a beryllium window, we can expect brems-

strahlung characteristic of materials having Z = 4 and 6.

The carbon k X-ray will not penetrate a beryllium window, .

.
;

.
o
i
‘ “%
8
6.5
h:
AR

but of course the beryllium X-ray will. No response will
result from either characteristic X-ray because the energies
lie far below 1 kev, the level at which we would set the elec-
tronic diseriminator.

Thick target bremsstrahlung from carbon approximates
1 x 10!! photons/second/mA, into U= steradians while beryllium
produces 2/3 that number. If even 1% of the beam electrons:
struck the detectof we woﬁld obtain 10? photons/second, pro-

portional to density‘via'thelelectron scatfer cross section.
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(2) Thick target bremsstrahlung from the collector en-
ters the detector at one end and constitutes a pressure inde-
pendent background.

Even though the detector views the collector di=-
rectly, no significant background contribution results if the
geometric efficiency reduces the flux to low values. Since a
tenfold increase in separation produces a hundredfold decrease
in flux, relatively small distances may suffice.

Assume a 0.5" detector aperture; then the radius is
0.250", so a collector 2.5 inches away results in a geometric
efficiency, G, of 2.5 x 1073, 1Increasing the separation to
2.54/I0" gives G = 2.5 x 10™%, while a 25" separation implies
G = 2.5 x 1073, Using a factor of 10 increase over the re-
sult given by Kramer's Rule we assume 4 x 10!2 photons/sec/mA,
which could be reduced to 108 detected photons/sec/mA.

At 5 kev, for air, we expect 1.8 x 10!2 photons/
second/mA/gm/cc.w;th G = 8x 10-“; thus we could expect
1.13 x 10!5 photons/sec/mA/gm/cc with improved geometry.
Since air density at normal temperatures equals 1l.56 ugm/cc/
Torr, we would expect 1.76 x 10° photons/second/mA/Torr.
Clearly we cannot permit direct viewing of the collector by
the detectob. The rétio of thick%target X-rays to gas-target
X=-rays outweighs any practical reduction in geometric

efficiency.
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These preceding comments apply only when the X=-rays

J7

originate in the direct view of the detector. Deflecting the
electron beam with a local magnetic field at the collector
eliminates this problem.

Using a collector like that shown in Figure 7-2, we
can bend the electron beam onto a target hidden from the de-
tector. Now only Thompson scattering from the gas can deflect
the X-rays into the counter. Using a low-Z target with poor
geometric efficiency for X-ray output, and locating the col-
lector far Ifrom the detector, one could reasonably provide
geometric attenuations of 108 for photons produced at the
Faraday cup. Thompson scatter from the gas contributes a
pressure dependent background. From the ratio of cross-sec-
tions, this factor approximates 10 *. As a result, using a
deflecting collector could reduce the pressure-independent
background to zero, and permit only one or two counts/second/
mA/ gm/cc from Thompson scatter. Correspondingly, unit signal/
noise ratio occurs at about 10~!! Torr due to cosmic ray
background. |

Additional Thompson scatter reduction wesults from
bending the electron beam a second time after it enters the
collector, thus making the X-rays in a region not directly

visible to the entrance aperture. This forces another

Thompson scattering event into the chain, giving a further

SRR R S R e e e

background reduction of 107 *,
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