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ABSTRACT

The apparatus used in the experiment is described in
detail and the calibration of the instruments is discussed.
The procedure followed in the experiment is described. Exper-
imental results are presented in the form of curves and the
analysis of the curves is given in detail. The final value

of the ratio h/e obtained in this experiment is

h -17
— = 1.37912 + 0.00007 x 10 = erg-sec/esu
e
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I. BACKGROUND OF THE EXPERIMENT

Measurement of the short wavelength limit of the continuous
X-ray spectrum provides one of several methods for determining the
natural constant g[go The small group of h/e experiments in turn
is a member of a somewhat larger group of experiments which together
determine, and in fact overdetermine, the so-called fundamental
atomic constants. These constants have been variously taken as
1) the charge on the electron e, the mass of the electron m, and
Planck?s constant of action h and 2) the Faraday F, the Avogadro
number N, the mass of the electron m, and Planck?s constant ge(l)

It is to be noted that most of the experiments on the atomic
constants determine numerical values for functions of the fundamen-
tal constants rather than for the constants themselves, 1If ome
makes a least squares fitting of all of the experimentally deter-
mined quantities, one may solve for any constant or any function
of these constants and obtain the same results without regard to
the choice of explicit fundamental constante used in making the
least squares adjustment. The complex of experiments can in fact
be used to determine an ellipsoid of error. Clearly the character-
istics of this ellipsoid can be specified with equal validity by
alternative sets of axes.

The importance of the g[g (or gﬁ[@) experiment lies in the
significant reduction it can effect in the size of the above-
mentioned ellipsoid of error. In comnsequence of this reduction
our knowledge of those constants which are less accessible than

h/e to physical measurement can be improved.
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As mentioned above, the method employing the continuous
X-ray spectrum is but one of several methods of measuring h/e.
There are two basically different methods available. One consists

of a measurement of the second radiation constant

2
he Fc h
Cn = T . T

2 =k =R (1)
where the auxiliary constants ¢ and R are respectively the velo-
city of light and the gas constant. The radiation constant appears
in the Planck radiation intensity equation and in the Wien displace-
ment law The other basic method is founded on the Einstein photo-
electric equation

1/2mv2 =hy*- W (2)
where W 1is the work function of the photoelectric emitter, 1/2mv
is the maximum kinetic energy of the emitted photcelectrons, ¥~ is
the frequency of the incident radiation and h is Planck's constant
of action. The method of the continuous spectrum is, of course, a
case of the inverse photoelectric type. Furthermore this X-ray
method is to date the most accurate method for the direct measure-
ment of Elg.

A partial list of previous experiments on EZE with their
results is given below:
1. Duane, Palmer and Yeh(g) (1921)

1.3749 x 10’17 (re-computed by DuMond(B))
(&)

2. Feder (1929)

(3)

=i
1.3759 x 10 7 (re-computed by DuMond ~ )

3, P. Kirkpatrick and Ross(5)(1954)

(3)

1.3754 x 10_17(re~computed by Dubiond )
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L, Schaitberger(6)(l955)
L.9TTD % 10—l7 (re-computed by’DuMond(5))
5. DuMond and Bollman(7)(l957)
(3)

17
1.3765 x 10 (re-computed by DuMond ')
8
6. Ohlin( )(1959)
_17
1.3800 x 10 (corrected for cathode work
function by Birge)
7. Bearden and Schwarz(9)(l9hl)
wll T
1.3775 = 10 T (mean value of copper and
tungsten values)
(10)
8. Panofsky, Green and DuMond (1942)

)
1.3786 x 10 T

(11)
9. Bearden and Schwarz (1950)

<A
1.37938 x 10 ! (mean value for copper, nickel,

molybdenum, tantalum, tungsten

and gold)
(12)
10. Bearden, Johnson and Watts (1950)
1.37928 x 10_]'7 (computed by the authors with
0
c = 2.997898 x 10t cm/sec in-
10
stead of ¢ = 2.99776 x 10 cm/sec)

=l
To this list should be appended the value 1,37926 x 10 erg

(1)

sec./eos.u, calculated in 1947 by Dumond and Cohen by least squares
analysis of eleven of the most accurate experiments on functions of
the fundamental atomic constants. In all cases but (10) the values

for h/e have been computed with

11

%g_ = 1.00203%0 x 10 cm/x.u.

and

10
c =2.99776 x 10 cm/sec



In the present experiment, new and more precise values for both

auxiliary constants have been used.



II. APPARATUS

The main elements of the apparatus are the X-ray tube, the
power supply, the voltage measuring equipment, the monochromater,
and the detection and counting equipment. A block diagram of the
comnlete system is shown in Fig. 1.

A, The X-ray Tube. The X-ray tube used in the experiment

is commercially manufactured by the Eureka X-ray Tube Corporation
of Chicago. It was intended primarily for industrial radiography
and has a modest rating of 150 kvp on a half-wave rectified supply.
The tube is of the "shockproof" type. That is, it is mounted in
an oil-filled housing, and the electrodes are reached by means of
co-axial cables which enter the housing through large, well-
insulated bushings. The housing is equipped with a water jacket
which permits continuous cooling of the oil in which the X-ray
tube is immersed. The tungsten target is inlaid in a massive copper
block; the filament is also of tungsten and is in the form of a
coil one centimeter in length.

The X-ray tube is in fact rather ordinary compared with
the tubes used in most of the previous X-ray measurements of ng,
and therein lie both its advantages and disadvantages. Among the
advantages should be mentioned the compactness and general conven-
ience of the "shockproof" type, freedom from the burden of a vacuum
pumping system and, most important of all, cleanliness of the target
surface. On the other hand, the tube has very definite power limi-

tations - no rotating target -, the target material cannot be changed,
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and the filament cannot be center-tapped. Though the tube is easy
to work with, compact, portable, insulated against the high voltage,
it is nonetheless not a versatile tube from the experimental point
of view.

Of the disadvantages mentioned above, the power limitation
is certainly the most important, since the EZE experiment is con-
cerned with the X-rays emitted at the very edge of the continuous
spectrum, at the point of theoretically zero intensity. However,
the high luminosity of the gamma-ray spectrometer used in the
measurement helped to offset this severe disadvantage. Furthermore,
the use of any but the "shockproof" type tube with the spectrometer
would be at best exceedingly difficult. The suitability of the
tube for use with the spectrometer, the absence of the need for
continuous pumping, and the certainty of cleanliness of the target
in the hard vacuum of a sealed tube made the sacrifice of power
and the sacrifice of interchangeability of targets seem both nec-
essary and desirable,.

B. The Power Supply. ©Since voltage is one of the two

quantities measured in the experiment, it is necessary to have the
greatest possible stability in the accelerating voltage applied

to the X-ray tube. The elements composing the stabilized power
supply are the primary voltage regulator, the main transformer and
rectifiers, the filter, the electronic stabilizer, and the filament
supply. 'These elements will be taken up in turn in the following

sections.
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(1). Voltage Regulator

The first stage in the voltage stabilization consisted of
a 2 kva Sorensen electronic voltage regulator, Model 2000-2S, which
regulates a nominal line voltage of 220 volts to 0.1% for large
variations in both line voltage and load. The abilities of the
Sorensen unit were not heavily taxed by our use. We imposed prac-
tically no change in load and our line voltage varied at most by
about 5%. Nonetheless our success in achieving very high stability
would have been considerably diminished without the help of this
primary regulator. The beneficial effects of its use were particu-
larly noticeable in the case of the X-ray tube current which,
owing to the exponential dependence of emission on temperature,
is extremely sensitive to very small changes in filament power.
Of itself, variation in tube current, while undesirable because of
the direct proportionality of X-ray emission to tube current, would
not be crippling. Owing to the series resistance between the
rectifiers and the X-ray tube however, variations in tube current
appear also as variations in voltage applied to the tube. These
variations in applied voltage can be partially bucked out by means
of the electronic stabilizer, but the operation of the system is
greatly enhanced by good regulation of the filament power. Both
the high voltage and the filament power were taken through the
Sorensen regulator.

The principle of operation of the Sorensen regulator can
be mentioned briefly. The main elements consist of an autotrans-

former in series with a saturable core reactor across the regulator



input. A part of the output voltage is fed through a transformer
to the heater of a special diode located in one arm of a resistance
bridge. The resistance of the diode is very sensitive to heater
voltage. Any unbalance voltage in the bridge is applied to the
grid of a pentode whose plate current flows through the secondary
winding of the saturable reactor. A part of the input impedance

is therefore controlled by the output voltage, and in this way

the regulation is achieved.

(2). Main Transformer and Rectifiers

The main transformer and rectifiers are contained in a
commercial unit manufactured by the North American Philips Company.
The unit was intended to be operated, when used in an orthodox
manner, from a control panel mounted in a handsome console. All
of the necessary controls are mounted on this panel provided that
the unit is used as intended. Our experiment required a few al-
terations.

The first alteration involved the rewiring of the rectifiers
in order to provide a full-wave rectified output. ZFor this modifi-
cation it was necessary to pull the entire unit out of its tank of
0il, cut the rectifier leads and insert banana plugs and banana
couplings. It is now possible to convert the output in a few
minutes from 180 kvp half-wave rectified (normal operation) to
either positive or negative 75 kvp full-wave merely by reconnecting
the banana plugs, which are accessible through ports on the top of

the tank, and by placing a brass Jjumper bar between the corona
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cups atop the feed-through insulators. Fortunately the unit was
designed for double-ended operation of an X-ray tube (both cathode
and anode remote from ground potential), and both filament windings
for the rectifier tubes are thoroughly insulated from the tank as
well as from each other.

One side of the secondary winding of the X-ray tube filament
transformer in the Philips set was permanently connected internally
to one of the two leads through the cathode feed-through bushing.
This connection was nét disturbed. Our original intention was to
disconnect the primary of this filament transformer, short out the
secondary, and merely allow the secondary winding to ride at the
high voltage. With our tube operating with grounded cathode, we
could see no use for this built-in filament transformer. We later
put it to a singular use which will be discussed in a later section.

A second alteration of the Philips set was not remarkable but
proved to be a great convenience. The primary voltage for the high
voltage transformer is taken from a large Variac. The high voltage
can therefore be adjusted continuously over its entire range pro-
vided one does not regard a Jjump of several hundred volts as a dis-
continuity. In order to improve what we regarded as an awkward
situation, we broke the lead from the Variaé to the primary winding
of the high voltage transformer and inserted the 6.3 volt winding
of a filament transformer whose primary was supplied through another
small Variac. We thereby achieved a very fine control of the voltage

applied to the high voltage transformer. Through the use of this



fine adjustment we could easily set the high voltage at the proper
point for optimum operation of the electronic stabilizer.

(3). The High Voltage Filter

A filter was inserted between the high voltage output from
the rectifiers and the electronic stabilizer. The filter consists
essentially of three 0.25uf condensers separated by two 1000h
chokes. Three resistors of large power capacity were later added
to the filter in order to provide protection to the X-ray tube
in the event of a breakdown. Two of these resistors were placed
in series with the first two filter condensers respectively. The
third was inserted between the output filter condenser and the
input to the electronic stabilizer. The smoothing action of the
filter for the 120-cycle ripple was thereby decreased approximately
by a factor two (to 0.1 volt peak to peak at 25 ma), but sad ex-
perience with four successive X-ray tubes forced us to make this
sacrifice.

The 0.25uf condensers were formed by combining four O.25uf
50 kv DC Cornell Dubilier condensers in series-parallel to give
0.25uf at a rating of 100 kv DC. The two 1000h chokes are immersed
in oil and are mounted on stands of well-seasconed wood. The con-
densers and chokes were equipment originally used in the Watters
Memorial Generator(lﬁ) formerly in use in this laboratory.

The elements of the filter were connected by 5/8-inch flex-
ible copper tubing equipped with special fittings to reduce corona

losses to a minimum. Furthermore, all elements save the three
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three resistors were protected by sphere gaps to prevent damage in
the event of overload. The high voltage power supply and filter
circuits are shown in Fig. 2.

(4). The Electronic Stabilizer

An electronic stabilizer was placed between the 50,000-ohm
series resistor at the output end of the high voltage filter and the
load. The load consisted of the 100-megohm voltage divider in
varallel with either (1) the precision megohm divider or (2) the
X-ray tube depending on whether the object was to check the divi-
der ratio or to measure the continuous spectrum limit.

The stabilizer (Fig. 3) is a three-stage direct current
negative feedback amplifier whose output stage is in series with
the load. The basic design resembles that of Panofsky(lO). The
control signal is developed across 100,000 ohms (Rg) at the high
end of the 100-megohm divider (Ro and. ro). The signal is amplified
primarily in the first two stages. This amplified signal is then
apylied to the grid of the series control tube (Vs).

Certain rather special features of the stabilizer will bear
more extensive discussion. First, though battery supplies are
generally considered more reliable for operation of a high gain
DC amplifier, we found that for our purposes the battery drain
was too great to be satisfactorily supplied by a sensible number
of batteries. We therefore decided to provide the amplifier with
a regulated power supply of the ordinary kind, at least for the

plate and screen voltages. Rather than acquire an additional
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transformer rated to withstand 30 kv between two 110-volt windings,
we decided to take our primary power from the unused filament
transformer in the Philips set. This transformer, it will be
recalled, had one end of its secondary winding already tied to the
high voltage at the input end of the filter. ©Since the transformer
was capable of supplying the necessary power (about 20 watts) at
5 volts, there remained only the problem of finding a power trans-
former whose windings could withstand the drop across the stabilizer
and filter (up to 2500 volts). A standard power transformer proved
adequate. Its 5-volt winding was used as a primary, its 6.%-volt and
300-volt windings as secondary. Two condenser input filtered power
supplies were made, one half-wave with an output of -255 volts
and the other full-wave with an output of +255 and +150 volts.
The two rectifier tubes were heated through the 6.3-volt winding.
Since the amplifier power supply was regulated by VR tubes,
whose performance is not notably precise, we felt that the ampli-
fier should be balanced in such a way that spurious signals from
the power supply should have the least possible effect. The de-
sired result was accomplished by using two carefully matched tubes
instead of a single tube for each of the first two stages and by
tightly coupling the cathodes of the two tubes in each stage*.
For a legitimate signal the amplifier behaves almost as if the

balancing tubes (Vg and Vh) were not present and there were no

*This modification was suggested by Mr. James E., Kohl of this
laboratory.
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cathode resistors. On the other hand, if a spurious signal arises
from the power supply it will be applied symmetrically to the grids
of the second stage, and, owing to the large cathode resistor, will
be amplified very little.

The pentode heaters and the triode filament were supplied
by two large storage batteries (E6 and. E7) of approximately 200
ampere-hour capacity. Since the longest continuous demand on these
batteries was only about twenty hours at about three amperes apiece,
they did not need trickle charging during the runs on the experiment
but could be charged between runs. The additional leakage due to
the presence of a small motor-generator set could therefore be
eliminated. No trouble from drifting heater voltage was encoun-
tered during the experiment.

Another comment about the stabilizer concerns its inherent
stability. Stability in a high gain DC amplifier is not easy to
come by, and our case was no exception. We found that so long as
we attempted to retain a wide frequency band the stabilizer would
oscillate spontaneously. We therefore sacrificed the wide band
and eliminated the oscillations by placing a O0.luf condenser (Cl)
from the plate of the second amplifier tube (VB) to the stabilizer
ground. The performance of the stabilizer was much improved by
this addition; the high frequency response proved unnecessary after
visual examination of the stabilizer output on an oscilloscope
trace.

The complete stabilizer, including the regulated power supply
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and the storage batteries, was housed in an aluminum-paneled box
which afforded both electric and thermal shielding. The box itself
was well insulated from ground. The output end of the high voltage
filter was connected to the plate of the bucking triode (V5) through
a porcelain feed-through insulator on the top of the stabilizer box.
The 100,000-ohm signal resistor Rg was also mounted in the stabili-
zer box, next to the first pentode (Vl), and the connection between
this resistor and the 100-megohm divider proper was made through a
second feed-through insulator. The body of the box itself (stabili-
zer ground) was connected to a copper mercury cup mounted on the
100-megohm resistor rack for a reason which will be mentioned in

a later section.

Proper operation of the stabilizer depends upon the setting
of the grid bias of the input tube. The stabilizer was equipped
with a range selector switch permitting operation between 20 and
30 kv and, though this second range was not used, between 62 and
72 kv. Since the normal cathode potential (above stabilizer ground)
of the first stage was about 50 volts and the normal drop in the
100,000-chm signal resistor, for the 25 kv range, was about 25 volts,
provision was made to have the 25 kv position on the selector switch
insert a 67.5-volt bucking battery (El). No current flowed in this
battery under operating conditions. Its positive terminal was
connected to the midpoint of a 12-volt battery (eight 1.5-volt
flashlight batteries) across which there was a constant resistance

of 30,000 ohms composed of two ganged 25,000-ohm Mallory controls
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(Pl and P2) whose sliders were connected to the fixed ends of a
5,000-ohm ten-turn Helipot <P5)' The grid of the input tube was
connected to the Helipot slider. Since the Helipot could be set
to any 2-volt range in the twelve, the arrangement described above
permitted a very delicate setting of the bias of the input grid
over about a 12-volt range. All switches and controls, except

for the filament power switches, could be operated by means of two
removable lucite rods 42 inches long. The ends of these rods
touched by the operator were permanently grounded.

Once the various elements of the experimental apparatus had
reached thermal equilibrium, the electronic stabilizer could main-
tain a preset voltage, for several minutes at a time, within limits
of 5 parts per million and even under rather poor conditions could
hold a part in one hundred thousand. With a moderate amount of
tending we were able to maintain each of the voltage settings in
the experiment, stretching over a period of about twenty hours for
the longest runs, to five parts in a million.

The amplifier gain without feedback for DC and for audio
frequencies was measured at approximately 5 x 105. Since the input
signal to the amplifier was attenuated in the ratio of 100,000 ohms
to 100 megohms, the overall gain of the stabilizer was 500. Though
the stabilizer would perform satisfactorily over rather wide limits
(about * 500 volts at the output of the high voltage filter), we
found that its operation was optimum at a setting slightly above
the midpoint of the range. In setting the high voltage we there-

fore took care that the drop across the stabilizer should have



its proper value for the best operation. The small changes in
voltage to one side or the other of the initial setting required
by the exploration of the isochromat could be made by turning the
Hzlipot control rod alone. The high voltage vernier Variac did
nct need to be reset during the runs except after bridge measure-
ments to check the ratio of the 100-megohm divider.

(5). The Filament Supply

In view of the close connection between voltage stability
and tube current fluctuations, the filament supply warrants dis-
cussion under this more general heading. The filament supply is
shown in Fig. L.

As mentioned above, the primary power source for the fila -
ment supply was the Sorensen regulator. The output of the Soren-
sen was first passed through a step-down transformer in order to
give 110 volts RMS in place of 220. The primaries of three trans-
formers and two Variacs were connected across the 110 volts. Two
of the transformers had four 6.3-volt windings each. The third
put out a secondary voltage of about 24 volts. The secondary
voltages of the three transformers were connected in series, and
each Jjunction was tied to a contact on a selector switch. This
switch had silver contacts of very low resistance. The Variac
secondaries were connected to the primaries of a 12.5- and a
2.5-volt filament transformer respectively. The variable 12.5
and 2.5 volts were connected in series with the voltages on the

selector switch. This arrangement provided nine coarse steps and
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two continuously variable controls for the power supplied to the
X-ray tube filament transformer. We found that a small isolation
transformer between the filament transformer primary and the array
of supply transformers was a desirable modification, since the
voltage at the primary of the filament transformer was also used
to activate the gating circuit on the differential discriminator.
This gate will be described in section E below.

The filament transformer proper was of the standard type
for X-ray tube operation. That is, its windings were insulated to
withstand about 50kv, and the whole transformer was immersed in
oil. This degree of insulation was, of course, not necessary for
our work. One terminal of the primary was at ground potential,
while one terminal of the secondary was grounded through the very
low resistance of the tube current meter. The potential drop
across this meter was about 0.03 volts for a tube current of
10 milliamperes; this voltage was in our case all that the fila-
ment transformer had to insulate.

Across the secondary of the filament transformer were
connected the X-ray tube filament and, in series with the filament,
a Selenium rectifier. The voltage applied to the filament was
about Y volts peak and was half-wave rectified. The filament was
heated only during half a cycle. During the other half-cycle
the filament, though still emitting electrons because of its
slow thermal response, was essentially at ground potential over

its entire length. The counting equipment was gated to record
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counts only during the intervals that the X-ray tube filament was
not being supplied with power.

The power for the X. ray tube was piped from the supply in
one room to the tube in an adjacent room. The high voltage and
current return were Amphenol coaxial cables. The high voltage
cable was RG 18/U armored cable with 0.188-inch diameter solid
copper center conductor and 0.680-inch outside diameter polyethyl-
ene insulation. Though intended for radio frequency power trans-
mission, this cable is reputed to withstand 150kvp without diffi-
culty The current return cable was RG 8/U. The filament power
was transmitted through a shielded multi-conductor cable which
carried in addition the twc leads to the over-heating cut-out
microswitch on the X-ray tube and the two leads to the solenoid
valve in the tube water-cooling lines. All three cables were
approximately fifty feet long and ran between the two rooms in a
metal trough. Voltage drop in the H.V. and current return cables
was negligible.

The high voltage transmission line was terminated in two
100kv stand-off insulators. Connections from these insulators
were made by 5/8-inch flexible copper tubing. On the power supply
end the copper tubing led to a copper mercury cup mounted on
lucite on the 100-megohm resistor supporting rack. It will be
recalled that the electronic stabilizer box was connected in
similar fashion to another mercury cup on the resistor rack.

These two cups, mounted ten inches apart and both well insulated
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from the resistor rack, were joined by a semi-circular link of
5/8-inch copper tubing. The X-ray tube could be disconnected
simply by lifting this link out of the mercury cups.

The tube end of the cable was connected by copper tubing
to a corona cup on one end of a polystyrene bar which supported
the flexible "shockproof" tube cables. This polystyrene bar,
2k inches long and 1 1/2 inches in diameter, was itself supported
by a lucite bracket fastened to a tall metal stand.

The power supply was satisfactory except in one respect.
The electronic stabilizer was not able to buck out completely
the fluctuations in tube voltage which appeared as a result of the
half-wave rectified heating power supplied to the X-ray tube fila-
ment. Under working conditions a ripple of about 2 volts remained.
Ripple does not, of course, affect the mean value of the high vol-

tage, but it does reduce the sharpness of the quantum threshhold.

C. The Voltage Measuring Equipment. The elements of the
voltage measuring equipment were the 100-megohm voltage divider,
the precision megohm divider, the potentiometer and the galvano-
meter. The potentiometer and galvanometer were commercially man-
ufactured instruments, whereas the two voltage dividers were built
specifically for this experiment.

(1). The 100-Megohm Divider

The working divider, by means of which the voltage applied

to the X ray tube could be continuously observed, consisted of
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100 Shallcross l-megohm Nichrome resistors connected in series
with a 100,000-ohm Riteohm wire-wound resistor at the high vol-
tage end (RO in Fig. 3), which provided the control signal for the
electronic stabilizer, and with a specially wound Manganin low
resistance (ro in Fig. 3) across which the voltage applied to the
potentiometer was developed at the low end of the divider.

The 100 Shallcross resistors were mounted in six lucite
tubes each 1 1/2 inches in inside diameter with 1/4-inch walls.
These tubes were held in a horizontal position, one above the
other, by bakelite brackets extending out from two wooden posts
and gripping the lucite tubes 10 inches from their ends. The ends
of the tubes were threaded and fitted with standard brass pipe
caps (which proved to be porous; the condition was corrected by
tinning the surfaces with solder). The backs of these caps were
threaded to receive Imperial couplings for 5/8-inch flexible copper
tubing which Jjoined each tube with its neighbor above or below.
This switchback mounting minimized the shunting effect of the
oil which was pumped continuously through the entire system. The
resistors were centered in the tubes by means of lucite spacers
1 1/2 inches in diameter and 1/2 inch thick. Five holes were
drilled in each spacer. The center hole held a short piece of
brass tubing threaded to engage the studs on the ends of the
individual resistors. The remaining four holes permitted the oil
to flow through the tubes. Three spaces at the low voltage end

of the 100-megohm resistor were made of brass rather than lucite.



Electrical contact could be made to any of these three spacers in
order to permit & reduction in the fixed value of the big resistor.
These taps were not used in the experiment. Instead, all 100
resistors were used and & 100,000-ohm decade box (not shown in
Fig. 3) was inserted, for bridge balancing, between the bottom
Shallcross resistor and the low resistance member of the divider.
Both the 100,000-ohm singnal resistor in the stabilizer box and
the decade box were included in the nominal 100 megohms of the
high resistance arm.

The oil was pumped through the lucite resistor tubes and
through a heat exchanger by & small motor-driven gear pump backed
by & reservoir with a 6-foot head. The oil flowed into the resis-
tor tubes at the low voltage end and returned from the high end
to the pump through a long lucite fall pipe.

The heat exchanger, originally built to be connected to
e water faucet and drain, was converted into a closed circula-
tion system. Water was circulated past the heat exchanger coils
and past a thermoregulator and heater by means of a small bilge
pump driven by the oil pump motor. The mercury regulator control-
led the water temperature within 0.1° ¢c. at 31o even with water
flowing past it. Such a regulator will, under static conditionms,
hold & temperature within O.Ol0 C. Owing to the relatively large
temperature coefficient of resistance of the Nichrome wire, the
fluctuations introduced by the original tap water cooling system

were intolerable. Though admittedly the thermo-regulator and
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heater should properly have been installed directly in the oil
line, their location in a water bath was achieved with a good
deal less disruption of equipment already completed at the time
of the change than would otherwise have been incurred. It should
be added that the system as used performed very satisfactorily
once the fins on the Neoprene impeller in the bilge pump had been
broken in.

As mentioned in the previous section, the 100,000 -ohm
stabilizer signal resistor at the top of the 100-megohm resistor
was mounted in the electronic stabilizer box. The low resist-
ance member of the divider was, on the other hand, immersed in
0il (at room temperature) in a lucite box adjacent to the poten-
tiometer and galvanometer. This resistance, of Manganin wire,
was very insensitive to temperature changes compared with the top
part of the divider. Any variations in the divider ratio could
therefore be attributed with negligible error to the 100-megohm
arm alone,

The electrical characteristics of this divider, as well
as of the precision megohm divider, will be treated in the chapter
on calibration.

(2). The 1l-Megohm Precision Divider

The continuous measurement of the working voltage by means
of the 100-megohm divider depends upon a very accurate determina-
tion of the divider ratio. The 1-Megohm precision divider was

built in order to determine this ratio. Since the precision
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divider will be the subject of a separate paper, it will be dis-
cribed only briefly here.

The megohm divider consists of one hundred coils of 10,000
ohms each and twelve of low resistance, five 80-ohm, four 100-ohm,
and three 133 l/B_Ohm coils. The 10,000-ohm coils were wound with
#%6 Manganin wire and the low resistance coils with #30. All the
coils were wound on enameled brass tubing 1 inch in diameter and
21 gauge. The 10,000-ohm coils occupy seven inches on each coil
form.

The coils are mounted in the false bottom of a spacious
lucite box. A well containing a thermoregulator, a heater and an
impeller and shaft was placed in the center of the box with the
impeller itself below the level of the false bottom on which the
coils were mounted. The entire box is filled with oil. The rows
of coils are separated by lucite baffles in such a way that oil
forced up inside the coil forms is drawn down the outside of the
coils before returning to the impeller through the central well.

The entire unit is maintained at its optimum working tem-
perature in the oil bath. Since, in this divider, all of the wire
has the same temperature characteristics, the resistance variation
is very regular. In * QOC, from the operating temperature the
divider changes by as little as 3 parts per million. The tempera-
ture control of this divider is therefore not very critical,.
Furthermore, because of the low heat loss through the lucite walls

of the box, the heater power consumption is quite low.
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Though the divider was intended to be operated at 10 kilovolts,

the design was so generous that operation at 25 kilovolts for 1limi-
ted periods proved quite feasible. This happy circumstance per-
mitted a determination of the 100-megohm divider ratio directly

at the working voltage and thereby eliminated the necessity for
making an extrapolation by means of the 100-megohm load coefficient.

(3). The Potentiometer

The potentiometer used in the experiment was a Rubicon
High Precision Type B. This instrument has been carefully design-
ed with compensating slide wire contacts which serve to reduce
thermal emfs developed by the usual single slider to a very low
value indeed. ©Since a part of the voltage developed across the
low end of the 100-megohm divider was bucked out by a standard
cell, the instrument could be used in its O to 160 millivolt range.
At our settings the limit of error of the potentiometer was 10
microvolts.

(4). The Galvanometer

The galvanometer used for the voltage measurement (but not
for calibration of the dividers) was a Leeds and Northrup 2430-D
self-contained unit. This galvanometer has a sensitivity of
0.0004 microamperes per milliﬁeter. In our work a deflection of
one millimeter represented a deviation from the set voltage of
2 parts per million, With the potentiometer key locked, this
galvanometer permitted continuous observation of the voltage on

the X-ray tube as represented at the low end of the 100-megohm



" oW

divider. The instrument was located next to the control rods of
the electronic stabilizer for the convenience of the operator in
setting the voltage increments and in maintaining the high voltage
at the desired values.

D The Monochromater. An essential part of the experiment

is the selection of a narrow wavelength band from the continuous
spectrum emitted from the X-ray tube. The narrower one can make
this band the more faithfully one reproduces the precise features
of the spectrum. In the present experiment monochromatization was
effected in two stages, firstly through the use of balanced fil-

ters, and secondly by the 2-meter curved crystal focusing spectro-

meter.
(1). Balanced Filters
The principle of balanced filters, an invention of P. A.
Ross(lu), may be aptly described as elegant. It is well known

that two elements of adJjacent position in the periodic table have
their X-ray absorption edges slightly displaced in wavelength.
Furthermore, the ratios of specific absorption on the two sides

of these edges are very nearly the same. It is therefore possible,
by choosing the proper thicknesses, to obtain two filters such

that their absolute absorptions are almost identical on the long
wavelength side of an absorption edge of the filter of lower

atomic number and on the short wavelength side of the corresponding
edge of the filter of higher atomic number. Between the two filter
edges the absolute absorption of one can be made very different

from the absolute absorption of the other. One should, of course,
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bear in mind that the selection of a wavelength band through the
use of balanced filters does not correspond physically to band
pass electrical filtering. The balanced filter technique is in

a sense artificial inasmuch as the transmitted band is obtained
oy subtraction of the intensities observed through the two filters
separately.

For the purposes of the present experiment, in which one
expects zero intensity on the short wavelength side of the limit of
the continuous X-ray spectrum, one adjusts the filter balance on
the long wavelength side of the band and in addition chooses the
thicknesses appropriate for the greatest difference in transmissicn
within the band. The very simple calculation given in the follow-
ing paragraphs shows how cne obtains the proper thicknesses of the
two filters.

Let Io be the incident intensity in the narrow wavelength
interval which includes the K absorption edge of element number Z.
On the long wavelength side of this absorption edge, where the
absolute apsorptions are tc be identical, the transmitted inten-

sities are given by

(1)

and

) X
Mz.1 Pzy1 “z4l
IZ+1 = Ioe (C)

where |, p and X are the mass absorption coefficient, the density,

and the thickness respectively. Clearly in order to have identical



=

transmissions through the two absorbers one must have

Mz,1 Pzl Fzel T Mg Pg %y (3)

On the short wavelength side of the absorption edge of Z the
absorption of Z will increase by the factor rZ which is known

as the absorption jump ratio. On the other hand the absorpticn
of Z+1 will change practically not at all. On the short side of

the edge the transmitted intensities will therefore be given by

U X
' Mz4l Pri1 “za

I 741 = IOe (ll»)
for element Z+1 and
! [+
, g 0y % (5)
I 5 = Ie
Z o)
or, since
1 (6
Wz =Tzl )
Ix _ 1 '}J,Z pZ XZ rZ (7)
7 = “o®

for element % The primes indicate that the intensities are those
transmitted on the short wavelength side of the K absorption edge
of Z. To find the proper thickness of the two absorbers under

the conditions that they shall have the same transmissions on

the long wavelength side of the K absorption edge of Z and the
greatest difference in transmission on the short wavelength side

of this edge, one maximizes, after using (3), the expression
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J ' -uz, P, X, -uy Py X, rr]
- ) Z % Y& T T A
Tz "tz IO[e & (8)

with respect to the thickness XZ' The result of this process is

In rs

X, = z (9)
(TZ -Lu, P,

and, from (3) for the other filter

In r
X = Z
Ztll (I’

] 10
Z ) Hz.11 pZ+l (18]

In our experiment the filter elements were silver (Z=L4T)
and palladium (Z=46). The thicknesses calculated from the above

expressions were

= 0.00109 inches

w5
o
i

0.00113% inches

>
Q
I

Since the rolling of the foils even to an accuracy of 0.5 mils

is not easy, the foils were rolled approximately to the right
thicknesses and were then mounted in such a way that the effective
thickness of either could be increased by tilting the foils away
from the perpendicular —the X-ray beam was then transmitted obli-
quely. The silver foil turned out to be almost exactly the right
thickness as predicted by the ratio IAg/ Io for the calculated
value of XAg' The palladium foil was a little bit thin and had
to be tilted about 150 from perpendicular before good balance

was achieved. Both filters were mounted on a turntable which



~33~

by remote control inserted them alternately into the beam.

The use of filters does, it is true, cut down still further
(to about 0.7 IO for our silver filter) an intensity which is already
very low, and for this reason may be undesirable. On the other hand,
there is considerable advantage in being able to measure the back-
ground radiation in the presence of X-rays rather than the pure
cosmic ray background which one measures by putting a lead block
in the beam. The long wings of the spectrometer "window", which
will be discussed in the following subsection, continue to admit
radiation to the counter long after the short wavelength limit has
receeded to wavelengths much longer than that correspoading to the
center of the "window". The long tail on the observed isochromat
can be virtually eliminated by the use of balanced filters, and
the features of the true spectrum can in some cases (26} be
sharpened.

(2). The Spectrometer

The spectrometer used in this experiment was the 2-meter
curved crystal focusing spectrometer designed by DuMond. Since a
complete discussion of this instrument and of work done with it

(15, 16, 17, 18)

is available elsewhere, a very brief description

should be sufficient at this time. A simple diagram is shown in
Fig. 5.

The instrument is of the transmission type. A quartz crystal
2 inches square and 2 millimeters thick is mounted in a stainless

steel holder and bent to a cylindrical surface of radius of curvature
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equal to 2 meters. The (310) atomic planes of the crystal lie in
vertical planes which include the axis of the cylindrical surface.
The focal circle of the crystal has a diameter of 2 meters. Apart
from small aberrations, radiation from a source on the focal circle
strikes all the crystal planes at the same angle. Conversely
(whence the name focusing) radiation from an extended source on
the far side of the crystal will appear on the focal circle as a
line spectrum in focus. The center of the diffracting crystal

also lies on the focal circle, but the ends of the neutral axis
are, of course, slightly displaced therefrom.

The great advantage of the focusing spectrometer, particularly
for X-ray spectroscopy, lies in the large solid angle from which
monochromatic radiation is collected. It was also this feature of
high luminosity which enabled us to do our X-ray experiment with
the intrinsically low power delivered by our commercial X-ray tube.

The spectrometer is so designed that the diffracted radia-
tion has a fixed direction independent of its wavelength. The crys-
tal is rotated and the focal point is moved by two high precision
drive screws of the same pitch‘(about 1 millimeter) which are
geared together. For every setting of the spectrometer the crystal
takes on the proper angle for first order Bragg reflection from
the atomic planes. One of the drive screws is equipped with a care-
fully divided drum and vernier which enable one to set the screw
to 0.001 revolutions. The dimensions of the instrument are such

that one revolution of this drive screw corresponds very nearly
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to 1 Siegbahn X.U.* The calibration of the spectrometer will be
discussed in the next section.

For‘x-ray work a line source of small width is mounted on the
spectrometer and is carried along the circumference of the focal
circle. For most X-ray work the radioactive source is replaced Dby
a narrow slit and the X-ray source, whether tube target or fluores-
cer, is mounted behind the slit on the same steel beam. The wavelength
search is carried out in the same way for both radioactive and X-ray
sources, namely by moving the focal line (the ¥-ray source or the
slit) along the circumference of the focal circle. For our work,
in which interest centered on the intensity distribution in a very
small wavelength region near the limit of the continuous X-ray spec-
trum, it was more convenient to change the voltage than to shift the
spectrometer, though both methods of studying the limit are about
equally feasible at the relatively long wavelength we used.

The "window" of the spectrometer is the fold of the selective
diffraction curve (essentially a witch) into the slit (a rectangle)
and the curve describing the aberration