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INTRODUCTION.

An attempt is being made here to investigate the
more fundamental processes involved in the effects of
x-rays on living matter.

The greatest value which might

be expected from such studies would be in the direction
of understanding and contributing to x-ray irradiation
therapy problems.

The experiments considered here in-

volve the use of controlled electron beams and relatively
simple forms of living matter.

In the end,

it

is hoped

that it will be possible to integrate electron effects
of equivalent effectiveness to x-ray dosages producing
electrons of known energy distribution.

It will further

be necessary to extrapolate the data on the simpler
organisms to that of the more complex living matter
dealt with in irradiation therapy.

If such integration

or extrapolation is not possible, the value of the work
from a purely academic point of view seems justifiable.
This attempt to resolve x-ray effects into those of
secondary electrons comes from the knowledge of fundamental
processes involved in the absorbtion of x-rays in matter.
The biological effectiveness of x-rays is attributed to
ionization of the molecule in cells,

The ionization due

to a beam of x-rays can be considered as essentially that
due to photoelectrons produced by the primary x-ray beam.
Even though an atom is ionized (one ion pair formed as a
result of the ejection of an electron by a photon), there

2.

may be several hundred ion pairs produced by this photoIn the case of argon gas, a

electron.

as a result of

X

K

electron ejected

radiation of 0.71 A* (17.3 KV) will pro-

duce 490 ion pairs.(') This ratio is so large that for all
practical purposes the biological effectiveness of x-rays
may be considered as an effect of secondary electrons.
It should then be possible to artificially reproduce
the x-ray effectiveness by bombarding a biological target
with a beam of electron of the same energy distribution as
would result from a primary x-ray beam.

If the effects of

electrons are additive in the sense that a given dosage
(coulombs per cm2 ) at one voltage will produce the same
effect as two half dosages at the same voltage, the integration becomes simpler from an experimental point of view.
The irradiation work can then be carried out with homogeneous electron beams and biological survival curves obtained.

With a complete set of such curves it should be

possible to find the equivalent effectiveness of an x-ray
beam producing secondary electrons of known energy distribution.
The biological effects may be selective for certain
electron energies.

This could be found from the curves

referred to above and the x-ray beam giving a maximum of
secondary electrons of this energy should turn out to be
the most effective biologically.

It is hoped that such

information will be possible from the general problem.

3.

At lower voltages, it

is necessary to irradiate

organism in vacuum so as not to appreciably decrease the
energy homogeneity of beams as would occur in electrons
passing through the thin window of a cathode ray tube.
This of course limits the range of organism possible for
the work.

It

is hoped that experiments will be extended

to electron voltages which will allow the use of a sealed
off tube.

The previous work,

. described in the

Historical section below was of voltage range (1 - 9 KV).
The present problem was undertaken for the development of suitable apparatus for studying the biological
effects of electrons of energies from 10

-

100 KV.

The

apparatus has been completed and its physical characteristics have been demonstrated to be suitable for the work
proposed.

Whereas time did not permit obtaining a complete

set of curves, typical biological survival curves have been
obtained at 30 and 40 KV.

The remaining curves from

10 - 100 KV can be gotten by following the same procedure
as that used for the 30 and 40 KV curves.

4.

II

HISTORICAL DEVELOPLENT OF THE PROBLEM.

The history of quantitative studies concerning the
effects of radiation on living matter is comparatively
brief.

Until very recently no quantitative work on

electron irradiation had been reported with the single
exception of a preliminary paper by Wells")

on the

effects of extremely low voltage electrons (19.5 - 30
volts) on Staphylococcus albus.

No evidence of the com-

pletion of this work has been found.
In 1936 F. S. Cooper completed his Ph.D. thesis on
the Biological -Effects of Slow Electrons(s)

in which spores

of Penicillium M. were irradiated with controlled electron
beams of 1 - 9 KV.

The writer assisted in this work during

the time of the completion of Cooper's thesis and at that
time decided to carry the problem through a higher voltage
range.

The data presented in Cooper's thesis is admitted-

ly preliminary.

The biological survival curves that he

obtained have been published(5)
The low voltage work was continued through recent
years by Mr. C. E. Buchwald, research assistant at M.I.T.
Mr. Buchwald has been irradiating aspergillus n, with
electrons of 1

-

15 KV.

5.

III
1.

APPARATUS.
General.

The present apparatus was designed f or the purpose
of supplying biologists with the necessary equipment for
the irradiation of certain types of living matter with a
controlled electron beam of voltage range, 10 - 100 KV.
Flexibility was incorporated wherever possible from the
biological as well as the physical point of view,

Great

care was taken in the general design to make the operation
semi-automatic and in so doing to reduce the possibility
of personal errors in making runs.

The operator is able

t6 carry out the manipulation from a single seated
position.

The equipment is quite rugged except for the

sensitive measuring parts which are well shielded mechanically and electrically.
The general arrangement of the set is shown schematically in Figs. 1 and 2 and in the Photograph.

Fig. 3.

These plates indicate the essential parts of the apparatus.
The electron gun A is attached to the three stage high
voltage accelerator B which is in turn sealed to the raying chamber.

The controlled electron beam is collimated

by means of a final slit separating B and C.

The auxiliary

parts; H, J. etc. namely, the pumping system,

control panel,

galvanometer suspension and battery table (at high voltage)
are also shown.
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Key to Fig. 2.

Complete Set Right Side View.

N.

Galvanometer suspension, hanging from ceiling

0.
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Galvanometer light
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Plane mirror
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Corona screen for high voltage table

U.

High voltage table

V.

Control panel insulators
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Table insulators
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Panel Chasis

Y.

Battery supply
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Glass porte for observations into chamber

2.

High voltage wall bushing between set and high tension
room.

3.

1/2" copper lead encasing
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high tension leads.

electron gun leads
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2.

THE ELECTRON GUN.

The details of the electron gun are shown schematically in the front and top view of Fig. 4.

The Photo-

graph, Fig. 5, shows the partially assembled tube.
The general -requirements of such a tube are to supply
a beam of electrons of sufficient intensity to cover the
complete killing range of organism used, for a given voltage range.

It is further important that the beam be quite

homogeneous in cross section both in electron velocity and
in current density.

It is also necessary that biological

effects due to heat and light coming directly from the
filament be reduced to a minimum.

With these conditions

maintained any biological effects can then be attributed
to the action of homogeneous primary electrons.
early tube described by Cooper

In the

the method of magnetic

deflection was employed in which the electrons accelerated
to the desired voltage (1 - 9 KV) were bent into a circular
path which made the filament "non visible" to the spores.
The problem encountered in such a tube resided in the difficulty of maintaining a stable homogeneous magnetic field.
The increasing field required for the higher voltage
electrons intended in the present work makes the magnetic
deflection method even more impracticle.

A tube based on

the principle of electrostatic deflection was investigated
and developed.(5)

This tube makes use of electrostatic

12.

deflection of low voltage electrons (50 - 100 V) and subsequent high voltage acceleration of the deflected electrons
to the collimating slits.
of this type.

The tube used in this work is

However an account of the design of the

accelerator and raying chamber described below, the tube
is operated differently from that referred to
3.

above.(5)

DESCRIPTION OF PRESENT GUN.

The filament (1) Fig. 4 is a straight tungsten wire,
7 mil in diameter and ca 5/8" long supported on 2 - 50 mil
tungsten leads (2).

The leads (2) extend for about 1"

from the end of the glass press.

For this reason it is

possible to put the leads under spring tension just before
spot welding the filament in place.

This tension then

keeps the filament from buckling when the latter is at the
proper emission temperature.

The filament is easily in-

serted by first spot welding a small bit of 10 mil nickel
sheeting to the end of each of the large tungsten leads
and then spot welding the filament to' the nickelled ends.
The grid (4) which is attached to the third of five
50 mil tungsten leads, passing through the press is set
in place before putting in the filament.

This grid is

of the cylindrical type - about 1/4" in diameter and made
up of a coil of light nickel wire with about 3/64" between
adjacent turns.

The length is so adjusted as to clear the

filament leads and yet supply a fairly uniform cylindrical
field for the filament electrons.

13.
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Key to Fig. 4.

The Electron Gun.

1.

Tungsten filament

2.

Filament support

3.

Symbollic spring tension on filament supports

4.

Cylindrical grid

5.

1st accelerating plate

6.

Upper deflection plate

7.

Lower deflection plate

8.

Glass insulating supports for plates 6 and 7

9.

Bracing and coupling wire for upper plate

10. Coupling wire from lower deflection plate
11. Straps for 9
12. Brass wire connector
13. Brasswire connector showing bevelled edge
14. 2nd accelerating plates
15. Grind joint sealed with picein wax
16.

Tube seal to accelerator

17. Electrostatic shield pan

/
:7

~-~'

WOW

Fig. 5

Partially Assembled Electron Gun.

I-j
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The first accelerating plate (5) is made of 10 mil
nickel, 3/4" wide and 1" long.

It is spot welded to the

upper of the deflection plates (6), and clears the lower
deflection plate (7) by about 1/16".

A slit in the center

of the plate (not shown) which is as long as the exposed
filament and 1/32" wide allows the accelerated electrons
to pass into the region between the deflection plates
(6)

and (7).

Careful alignment of this slit

with the

filament is necessary bo as to obtain maximum intensity
and minimum defocusing.
first

Attached to the bottom of the

accelerating plate is a small "pan"

(7)

(10 mil

nickel) to prevent electrons from being pulled vertically
downward by the stray fields below.
The deflection plates (6)

and (7)

(10 mil nickel)

are 3/4" wide with a separation of 3/16".

The separation

is provided by four glass insulators (8).

These are

clipped from vacuum tube insulators of standard type.
The deflection plates are given the proper curvature by
bending the plate nickel over a pair of brass cylindrical
moulds.

The deflection plates are attached to the two

remaining 50 mil tungsten leads (into the glass press)
by means of 60 mil nickel wires (9) and (10).

Wire (9)

is strapped to the back of deflection plate (6) by means
of the straps (11).

These straps are about 20 mil nickel

and are spot welded to (9)

and to (6).

serves as a brace for the plate (6)

The strap (9)

as well as part of

17.

the connection unit.

Both supports (9) and (10) are

coupled to their proper leads by means of two small brass
couplings (12) and (13).
the upper one (13)

Note that the bottom surface of

is slightly beveled so as not to dis-

turb the field due to the grid.

This type of tube is

easily taken apart for the replacement of filaments or
for any other repairs.
The electrons on being deflected through plates (6)
and (7) are then given a second acceleration by means of
the plates (14), the position of which is best shown in
Fig. 5.

This plate is attached to the upper high voltage

electrode by means of three 1/4" screws.

This pre-accel-

erator then delivers the electrons to the high voltage
accelerator described below.
The press is sealed into the glass gun housing with
Picein wax at (15) and the housing sealed to the top of
the accelerator at (16) also with picein.

The complete

allignment is estimated by eye with the aid of a plumb
bob.
Preliminary operation of the tube indicates that the
life of the filament is about 300 hours.

The operating

conditions of such a tube which is pumped out from atmospheric pressure to ca 5 x 10-6.mm. Hg. daily (every 2-3
hours of filament operation)
ments.

is particularly hard on fila-

Even at this rate, the tube is good for about

three months operation without filament trouble.

Replace-

18.

ments are easily made as is indicated above.
4. THE ACCELERATOR.
The accelerator, Figs. 6 and 7, is made up of three
glass cylinders separated by four electrode holders.

The

glass cylinders were cut from a large pyrex cylinder 4"
outside diameter and

1 /4 "

wall thickness.

The electrode

holders (1) Fig. 6 were machined from 1/2 brass plates,
with a 1/4" groove sufficient to form a close fit

with

the cylinders at (2).
The electrodes (3) were bored from solid brass rods;
and the edges (4) were rounded to have 1/2" radius.

The

cylindrical electrodes were pressed into the holders
while the latter were hot.
of a brass cylinder,

The lower section (5)

is made

the parts of which are soldered to-

gether and acts simply as a support for the accelerator
pumping lead.
box (C)

The accelerator is attached to the raying

of Fig. 1 by means of the cylinder (6) Fig. 6,

which slides into the cylinder on top of the raying
chamber.

The accelerator chamber seal is made air tight

by means of a thin layer of "soft waxt
20/0 venice turpentine) at (7).

(804/o

beeswax and

All of the glass to

brass seals are made with hot picein except the glass
cylinder end which fits

into the lower brass section.

Ordinary red sealing wax is used here so that the entire
brass section and lower part of third cylinder can be

19.

ELECTRODE

RECESS for GLASS CYLINDER

TOP VIEW OF TOP ELECTRODE
HOLDER
Note small pumping holes which
are not present in other holders
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SYSTEM

CHAMBER
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THREE STAGE ACCELERATOR
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Key to Fig. 6.

Cross Sectional Front View of Three Stage
Accelerator.

1.

Electrode holder

2.

Glass seal to holder

3.

The electrodes

4.

Rounded edge of electrodes

5.

Brass chamber supporting vacuum pump lead

6.

Connecting cylinder between accelerator and raying
chamber.

7.

Sealing surface between accelerator and raying
chamber.

8.

Connector between electrode holder aad high voltage
lead.

21.
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Fig. 7

The Raying Chamber with Three Stage
Accelerator and Electron Gun.
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painted with red glyptal so as to insure a leak proof seal.
The connections between the electrodes and the high
voltage potentiometer (L)

Fig. 1 are made by means of the

1/2" long, 1/2 1 diameter rods (8) Fig. 6 which screw into
the sides of the electrode holders.

Attached to these

small cylinders are 1/2" diameter leads made by slipping
shielding wire over 1/2" rubber tubing.

One end of each

shielding wire is soldered to the small brass connectors
(8).

The other ends are attached to clips which go to

the proper points on the potentiometer (L).

The large

diameter leads are used to cut down corona near the tube
unit.
It

Their mechanical flexibility is quite convenient.

was found that small amounts of corona caused 15-204

fluctuation in the beam as measured by the Faraday cage
(see below).

Precautions against corona were also necess-

ary at the junction between the electron gun and the high
voltage leads to the table supporting the battery supply.
A large cylinder 4" diameter 6" long and 3/4" wall thickness with edges rounded as in the case of the high voltage electrodes was cut from a rod of light magnesium
metal (Dow metal).

The cylinder adequately covered the

electron gun lead junction.

The leads emerging from the

shield pass through a 1/2" copper tube, the latter being
used as one of the filament leads.

This tube (3)

Fig. 2

passes to the batteries via wooden support (3) Fig. 2 to
the table (U) Fig. 2.

Note in Fig. 2 and in the photo-

23.

graphs that the high voltage table is completely covered
with a screen wall, one side of which forms a gate.

This

minimizes corona from the battery terminals and small
diameter wire connectors.
100 KV.

This tube was tested at ca

No gas flashes occurred.
5.

THE GUN AND ACCELERATOR CIRCUIT.

The circuit diagram for the electron gun and accelerator is shown in Fig. 8 with a schematic diagram of the
various electrodes.
The high voltage supply is a 100,000 volt 50 m.a.,
positive end grounded, Kenetron testing set, (Made by
General Electric ComPany) full wave rectified having a
100,000 volt 0.3 mfd. capacitor filter.

The voltage is

led in from the high tension room by means of the wall
bushing (2) Fig. 2 and (A) Fig. 8.

Attached directly to

the bushing is a large brass switch (B) which is essentially a pivoted, swinging, 1/2" brass rod, which swings
between the high voltage terminal and a ground point.
The swing is controlled by means of a white cord which
comes through the third from top panel shown in Fig. 3
and Fig. 9.
Fig. 3.

The switch is also partially visible on

It is shown resting on the ground point attached

to the wall, and lying between the panel and the upper
wooden supports of the high voltage table of the figure.
The circuit is continued from the pivot of the high

24.

voltage switch by means of a fuse wire (C)

(No. 40 copper

wire) to the insulated high voltage table.

This was suf-

ficient protection for the kenetron set in the case of
even relatively small gas flashes.
The filament (F) is heated by means of

six volt

a

storage battery in series with a 3 ohm rheostat (maximum
The filament passing about four amperes

current 9.1 a).

gave high enough controlled yield to cover the dosage
range required,

0.01 - 1.0 x 10'8 ampere through the final

slit to the raying chamber.

This corresponds to a tube

current of about 25fA, measured by means of a microammeter
in the high voltage line.
The grid (G)
The adjustment of

(not shown).

voltage runs between
R2

over the desired range.

0 and -22.5 V.

is sufficient to vary the dosage.
In the actual setup,

R2

is

made up of a 10,000 ohm and a 200 ohm rheostat in series
so as to provide fine and course adjustment of the dosage
currents.-

The fine control greatly fascillitate the setting

of small dosages, currents of the order of 10-13 amperes.
For making a run the filament is so adjusted as to give
enough emission for the maximum dosage even when
several volts negative.

gv

is

A major requirement of the tube

is that fluctuations in the beam intensity should not exceed 15% for the time required to set the current intensity
and carry out the irradiation of a single specimen.
usually takes about one minute.

This

This is seen at once since

B

DA

C

Fl
6 V.

S

ELECTRON

R6a

Re

+]

R3

90 v

R7

22.5 V

+jlll

0

R4

135 V'

GUN

0

S

450 V

AND ACCELERATOR.
FIG. 8

0

CIRCUIT DIAGRAM
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I
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Key to Fig. 8.

Electron Gun and Accelerator Circuit
Diagram.

A.

High voltage wall bushing

B.

High voltage on and off switch

C.

Fuse for protection against gas flashes

F. IF-Lament
G.

Grid

P.

1st accelerating plate

D-D. Deflection plates
P2

2nd accelerating plate

f.

Fuses for all

S.

On-off switches.
switch

R-

circuits
All on 6 circuit 2 point gang

3 ohms

R2

-

10,000 ohm + 200 ohm in series

R3

-

10,000 ohm

R4, R5, R 6 - 5 x 108 ohms
R 7 , R 8 - 1 x 109 ohms
a

-

0-50 microammeter
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the organisms to be irradiated pass a slit through which
Any such fluctuation with time

electrons are passing.

would vary the dosage among the spores on the target and
thus give erratic biological effects.

The author has

found that an exceedingly constant beam (t24/o variation
in 5-8 minutes) could be obtained by operating the tube
under conditions least approaching saturation plate currents.

Hence the tube was always operated with the maxi-

mum negative grid voltage which would give the dosages
desired.

The maximum negative bias is sufficient to bring

the plate current to zero and hence provides a means of
completely cutting off the beam.

The plate is set at

+90 V and the deflection at 0-45 V with respect to the
plate by means of

R3

(10,000 ohms).

No attempt was made to employ 1270171 focussing.
The deflection plates subtend an angle of 90*.

As can

be easily shown, for the given geometry used in this
unit, the deflection voltage should be set at 123 volts
with respect to cathode for maximum beam intensity in
order that the trajectories of the electrons be circles.
This point was checked experimentally.

However in actual

operation the deflection voltage is set at 108 V for intentional defocussing which produces a beam of maximum
homogeneity.

See below.

The second accelerating plate,
drives the beam into the accelerator.

P2

set at 450 V,
The accelerator
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electrode voltage is supplied by the potentiometer made
up of 3 - 500 megohm resistors (50,000 V)
in series, end grounded.

)

(R 4 , R 5 , R 6

The voltage at the tube is

measured by means of the 50 microammeter

in series with

2 - 100,000 ohm, (50,000 V) resistors.

(R7 , R 8 ).

shorting out

in parall, the

full

R8

or using

R 7 , and R 8

By

scale reading of the micrometer can be made to

indicate 25,000, 50,000, or 100,000 volts.
Both potentiometer and voltmeter resistors

are

attached to fiber rods by means of 2" stand off insulators;
the rods are in turn hung from the wooden extensions (4)
Fig. 2 of the high voltage table.
is completely fused (f).

Note that the circuit

The switches

six circuit two point gang switch.

S

are all on a

For calibration of

the voltmeter see Appendix II.
The fiber rods

V

Fig. 2 --

6 Ft. long, 1/2" diameter)

serve as excellent manual controls of the rheostats on the
high voltage panel.

The third panel (Fig. 1) is an exact

duplicate of the panel on the table.

The extensions are

capped by grounded bushings at the front panel, the latter
having been designed to fit into standard rheostat knobs.
By means of this mechanical connecting system the operator
is well protected from the high voltage and can at the same
time make almost as sensitive adjustments of the tube voltages as are made on any of the other panels in the rack.
The accelerated beam (a) Fig. 1 enters the raying
chamber through the final slit shown 2 Fig. 11.
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TIMM'
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Fig. 9

The Control Board. Aote the Large !icroammeter at the Ton and the Eloctrometer
T~ube Housing Between the Panel and the
Raying Chamber.

4I
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6.

THE RAYING CHAMBER.

The raying chamber is shown schematically in Figs.
10, 11, 12 and in the photographs, Figs. 7, 13, 14, 15.
It

was designed from the point of view of flexibility

with respect to the physical operation and the biological
specimens.

The large rayable area of the target tray,

39 square inches makes possible the irradiation of many
organisms from the same culture.

This is equivalent to

from 300 to 900 rayable areas depending on the clearance
spacings chosen.

This minimizes certain biological

variables introduced in the handling of the organisms.
The 1/4"1 height adjustment of this horizontal tray (1),
Fig. 12 gives flexibility to the type of platform employed
to support the organismnas well as allows for possible
application of the apparatus to the study of transmission
coefficients of certain substances to high energy electrons.
The two degrees of freedom of the tray for movement in a
horisontal plane in conjunction with the two degrees of
freedom of the Faraday cage facilitates the general operation and makes possible certain types of desirable physical measurements described below.
The main body of the chamber box (1)
the tray.

Fig. 10 houses

The inside dimensions are 16 5/8" x 21 5/8" x 4"

deep, 3/4" wall thickness.

Attached to the bottom of the

center of the box is another smaller chamber (3) Fig. 11,
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6" x 6" x 6", which houses the Faraday cage.

The tray

housing is covered by chamber lid (2) Fig. 10; (30) Fig.ll
to which is attached the final slit

and slit

Fig. 11 and the seat for the accelerator

(3)

holder (2)
Fig. 10.

The

Faraday cage housing is covered by a 1/2" brass plate (31)
Fig. 11 so as to facilitate the installation and service
of the Faraday cage.

The tray housing and large cover

were cast from special "vacuum metal" 85*/ Cu, 111o tin,
2% lead and 2 0/ Zn.

The chamber lid and bottom of the

chamber are both ribbed toward the center with 1/2"? tapered
right angles (4) Fig. 1.

This precaution is necessary as

a result of the large area exposed to atmospheric pressure.
(Total force--5300 pounds).

The tray housing and Faraday

cage housing covers were sealed in place with soft wax and
the joint finally painted with glyptal.
(5)

Pressure screws

Fig. 10 (those on Faraday cage housing cover not shown)

simplify the breaking of seals.

In the top view of the

chamber upper Fig. 10, the quadrant (6)

is shown.

It is

through this quadrant that the spores are loaded into the
chamber before each run, thus eliminating the necessity
of removing the large chamber lid.
pressure screws (9)

Note the ribs (7),

the

Fig. 10 for breaking and wax seal after

each run, and the plate glass (8) which with the aid of
the glass porte (1)
make observations

shown in Fig. 2 allows the operator to
into the chamber at any time during a run.

The inside of the chamber is shown in Figs, 11 and 12,
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13, 14, 15.

The slit

holder (2) Fig. 11 is held firmly

to the chamber top by the screws shown.
has its

The final slit

plane in the lower horizontal plane of the holder.

This slit is removable from its holder and is so constructed
as to allow for change in the slit

width.

The tray (1)

Figs. 11, 12, is made to move in the x-direction by means
of the rack and x-pinion (4), (5) Fig. 11 and in the
y-direction by means of the y-screws

(6).

The tray (1)

sits on top of four screw posts (7) which are firmly Screwed
into a carrier (8).

By means of nuts (9) and loose fitting

collars(10), Fig. 11 the plane of the tray can be lowered
or raised through 1/4".
frame (11).

The carrier (8)

The rack (5),

slides on the rod

soldered to the carrier over-

hangs by just the right amount to have the pinion clear
the rod frame.

The rod frame is attached to the y-nuts

(12) through which pass the y-screws.

The screws and

x-pinion have one end fit into bearings (13)
in the chamber wall.

respectively

The other ends pass through vacuum

grease joints (14) to the outside of the chamber.
In this way, when the rod frame is made to move in
the y-direction, the tray, resting on the rods, moves with
the frame.

When the x-pinion is turned the tray moves in

the x-direction.

These motions are independent and can

take place separately or together.
The vacuum grease joints (14) Fig. 12 are packed with
a mixture of flaked graphite and stop cock grease.

The
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grease is maintained under pressure by means of small
screw type grease cups (10) shown in Fig, 10.

No appre-

ciable air pressure change in the chamber from 5 x 10-6
mm. Hg. was observed during the course of a run as a reFor

sult of the shafts moving in these grease joints.
this purpose, they seem adequate and stable.

The spores are placed on the small numbered slides
These in turn fit into five

(15) shown in Fig. 12.

positions of the frames (16).

See also Fig. 16.

The

frames are then mounted onto the tracks (17) of the tray,
Fig. 12.

The frames are held in place by means of the

pins (19) and the spring clamps (18).
frame resting on the outside tracks.
squares (20)

and (21) have slits

Fig. 13 shows a
The auxiliary

as shown, the application

of which is discussed below.
7.
The Faraday cage (22)
in Figs. 13, 14, 15.

THE FARADAY CAGE.
shown in Fig. 11 is also visible

It is essentially a cylinder 6" long,

1/2" diameter with a 1" x 1"! cylindrical head fitting into
the top.
a slit

The head is capped by a disc into which is cut

1/8n by 3/8".

covered.

The bottom of the Faraday cage is

It is well insulated from its carrier (23)

by means of the amber cylinder (24).

Fig.ll

On account of the way

the cylinder is cut, the minimum leakage path is 3/4" long
and the minimum thickness of amber is 1/4".

The Faraday
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cage is then connected to the grid of a Western Electric
vacuum tube by means of the spring contact (25)

and the

brass rod lead (26) which is insulated by means of the
amber plug (27) and the single wire glass press (28).
The Western Electric electrometer tube is housed in
the brass tube housing (E) Fig. 1.

The grounded tube

housing is essentially a cylinder with a removable top
and a side arm.

The side arm acts as a shield for the

wire connecting the grid to the inside of the chamber.
All other wires entering or leaving the chamber are ground
shielded so as to reduce pick up by the grid to a minimum.
The Faraday cage carrier is operated by means of a rack
and pinion (29) Fig. 11.

It is controlled from the out-

side by the hand wheel (11)

Fig. 10.

This moves the cage

up or down so as to clear the tray above when necessary.
It

is also possible to swing the cage from out of its

normal position by means of the rod (22) Fig. 12.

The

cage is attached to the arm (23) which also rotates on
the axis (24) Fig.
8.

12.

THE MECHANICAL CONTROL SYSTEM FOR THE CHAMBER.

In order to irradiate any section of the spores on the
slides it

is necessary to have adequate control of the two

directions of motion of the large tray.

The A, B, C, col-

umns shown in Fig. 12 are uniformly irradiated by allowing
these columns to intercept the beam (0)

Fig. 11.

The col-

umns are placed into proper position by the rack and pinion controlled from the outside.

The uniform movement of

any desired section during irradiation is powered by the
motor and gear box (F) Fig. 1.
Inasmuch as all operations are carried out by means
of shafts leading through air tight packing boxes, it

was

necessary to devise a convenient and yet simple control
system.

The outside mechanical controls are shown best

in Fig. 10.

The two gears 12b and 12c are attached to the

ends of the long y-screws passing out from the packing
boxes.

They are coupled by the center idler.

of gears meshes with gear 12a of the gear box.

This system
The speed

of the gears 12a, b, c, can be varied by the box.

The

power is supplied by a 1/6 H.P. synchronous motor (1800 RPM)
(F) Fig. 1 through a 30:1 reduction gear (19) Fig. 10.
Three speeds are available--12,
(12).

The gears (18)

24 and 60 RPM--at the gears

slide along their slotted shaft so

as to engage in either gear (14), (15), or (16), all of
which are rigidly attached to their shaft (20).

The clutch

(17) has a small disc with two projecting pins also attached
to the shaft (20).

Another disc of the same size having

holes to receive the pins is free to move on the shaft (20)
as is gear (120).

Thus, the long screw controlling the

y-direction can be started or stopped almost instantaneously
by means of lever (21).

It is this y-directional motion

which enters into the dosage equation given below and is

---
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the direction of motion which the slides are in when being
irradiated.
12 RPM.

For normal operation the screws turn at

The exact y-position can be read directly on a

small counter (22).

It can also be determined electrically

as described below.
The x-directional motion, locating the desired column
to be moved in the y-direction,
the hand wheel (23)
chamber.

is controlled by means of

which connects to the x-pinion in the

The gear (24) attached to the same shaft is

likewise geared to a small counter (28) which accurately
gives the x-location.

This too in addition can be known

electrically as described below.
9.

METHOD OF STOPS FOR LOCATING COLUNNS FOR IRRADIATION.
In order to reduce the possibility of error in properly

locating the x-position of the columns,
was developed.

a method of stops

A small gear (25) is also attached to the

shaft which meshes into an idling gear (26).

The gear (26)

has six small clamps (27) attached to its periphery which
limit the motion of (25) and hence that of the inside pinion at any of the six desired columns to be irradiated.
See "Accurate location of column position by Beam survey
method below."

The use of this will be better understood

after reading the procedure of raying as described below.
The Faraday cage movement up and down is controlled
by the hand wheel (11).
disc (29)

Two stops (30) attached to the

determine the proper limits of motion of the

I
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Faraday cage so as to either clear the tray or come into
proper position for measurement of the beam.
is limited by the arm (31)

The motion

which projects into the path

of the stops (30).
10.

ELECTRICAL CONTROL FOR THE- TRAY.

It was more convenient to be able to determine roughly
the x and y-positions of the tray by reading milliammeters
instead of the small counter figures.

This led to the in-

stallation of slide wire resistors made of resistance wire
attached to glass plates for insulation and properly located in the set.

The slide is attached to the moving

elements on the tray and by means of a battery and series
resistance, a calibration is possible which gives the location of the tray as a function of the length of the wire
traversed, to a good approximation.
are shown in Figs. 12 and 13.
lower part of Fig. 16.

R1

and

The glass plates (25)

The circuit is given in the
R2

are adjusted until

the 0-1 milliammeters read full scale for the complete displacement of the tray in either direction.

The 0-100 Ma

is set in so that the current required for this condition
may be determined for the extreme tray position and thereby
simplify future calibrations.
The reversal of the motor, a method of stopping the
tray at its extreme position and a set of pilot lights for
determining the four end points of motion of the tray is
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Key to Fig. 10.

Raying Chamber, Top and Front View.

1.

Raying chamber and tray housing

2.

Raying chamber cover

3.

Seat for attaching high voltage accelerator

4.

Ribs to prevent collapse of chamber when evacuated

5.

Pressure screws for breaking wax seal

6.

Small quadrant cover for loading spores

7.

Ribs for protection of quadrant cover

8.

Thick plate glass as observation window

9.

Pressure screws for removing quadrant cover

10.

Small grease cups for maintaining pressure in vacuum
packing boxes

11. Hand wheel for controlling Faraday Cage position
12a.Power transmission gear from gear box to y-screws
12b,c, Power gears for operating y-screws
13. Three speed gear box and clutch
14. Gear for producing 12 RPM At y-screw
15. Gear for producing 24 RPM at y-screw
16. Gear for producing 60 RPM at y-screw
17. Pin type clutch
18. Connecting gear between reduction gear shaft and driver
19. Reduction gear 30:1
20. Slotted shaft for gears 14, 15, 16.
21. Clutch handle
22. Counter for location of y-position of tray

6

V
40.

Key to Fig. 10.

Continued.

23. Hand wheel for controlling x-position
24. Auxiliary gear for engaging small counter 28
25. Auxiliary gear for engaging idler carrying stops
26. Idler gear carry stop clamps
27. Stop clamp
28. Counter for location of x-position of tray
29. Disc for supporting F. C. stops
30. Stops for locating extreme positions of Faraday Cage
31. Small arm for intercepting stops
32. Glass grinds, shown schematically for allowing circuit
wires to enter chamber
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Key to Fig. 11.

Cross Sectional Front View of Inside of
Chamber.

0.

Electron beam - symbolically

1.

Tray for supporting the spore covered slides

2.

Removable slit holder

3.

Faraday cage housing

4.

x-pinion

5.

x-pinion rack

6.

y-screws

7.

Carriage screw posts

8.

Carriage for tray

9.

Carriage post adjustable screws

10. Carriage post collars
11. Rod frame for support of carriage
12. Nuts for y-screws
22. Faraday cage
23. Faraday cage carriage
24. Amber insulation between Faraday cage and carriage
25. Spring contact between F.C. and lead 26
26. Brass lead from spring contact to amplifier tube grid
27. Amber insulation for 26
28. Glass grind for sealing F.C. lead outlet, also acting
as insulator
29. Rack and pinion for moving F.C. up or down
30. Chamber cover
31. F.C. housing cover
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Key to Fig. 12.

Top View of Inside of Chamber,

1.

Tray for supporting the spore covered slides

4.

x-pinion

6.

y-screws

7.

Carriage screw posts

8.

Carriage for tray

11. Rod frqme for support of carriage
13. Bearings for y-screws and x-pinion
14. Vacuum grease boxes
15. Slide for supporting spores - in perspective
16. Frame for supporting slides - in perspective
17. Tray track for slide. frames
18. Spring clamp for holding slide frames in place
19. Pins for holding slide frames in place
20. Auxiliary slides for locating irradiation columns
21. Auxiliary slides for surveying the beam
22. Handle for swinging Faraday cage out of beam
23. Faraday cage carriage holder
24. Faraday cage shaft for rotation
25. Slide wire resistors for localing tray position
26. Slits in slides 21 for making beam survey
27. Contact points for operating motor control circuits
28. Slits in slides 20 for locating irradiation columns
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accomplished by the circuit of Fig. 16, due to Mr. C. E.
Buchwald.

The AC power coming into the lower panel power

supplies the switch board along With the DC supplies shown
(See Fig. 1)

for the general operation of the circuit.
The relay
motor.

32

controls the starting and stopping of the

The forward or backward rotation of the motor is

P2

The push buttons

33.

controlled by the relay

will start or stop the motor from rest.

left running, the switches

S5

and

S6

and

P1

However, if

open at each end

of the traverse and will automatically open the circuit so
as to stop the motor.

The push buttons

P3

and

P4

will

control the direction of motion by means of the relay
Likewise when the tray gets to its
switches

37

and

S8

S3.

extreme positions the

will cause the motor direction to

stop and reverse itself.

The pilot light circuits are

shown in the inset and on the principle circuit for the
go, forward, reverse and four extreme tray positions.
system acts as a safeguard to the apparatus.

This

In actual

running the tray is never in proximity of its extreme
y-positions, from the motor drive, unless allowed to become
so through carelessness.

The extreme x-positions are

checked by mechanical stops (not shown) on the gear (25)
Fig. 10.
Note the glass presses (31) Fig. 10 and Figs. 14, 15,
on the side of the chamber for bringing the control leads
from the inside racks to the control panel (Figil, and 9).
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Key to Fig. 16.

1, 2, 3, 4

Position Indicator Circuit and Motor
Control circuit

Motor terminals

1 + 3; 2 + 4

Forward direction

1 + 4; 2 + 3

Reverse direction

S3

Commutating relay for reverse and forward

P1

Switch board start button

P2

Switch board stop button

P3

Switch board reverse button

P4

Switch board forward button

S2

Starting switch

3l

A.C. on-off switch

84

Opens with P4 so as to automatically stop motor when
changing direction

85

Automatically stops motor when tray reaches front

86

Automatically stops motor when tray reaches rear

87

Automatically reverses motor direction when tray
reaches front

38

Automatically reverses motor direction when tray
reaches rear
Position indicator circuit

89, Slo

Trows slide wire circuits in and out of calibration circuit

Ri

12 ohms

R2

12 ohms

R3

200 ohms

R4

200 ohms

S.W. 1

8 ohms

S.W

8 ohms

2

/4,

Ii
iL*~

p

7

Fig.

17

Slide; Slide Fraie, Loaded and Unloaded;
Cutter for Locating Rayed Areas on the Agar.
H:5

52.

11.

IEASUREMIENT OF THE BEAM,

Measurements of the beam to the Faraday cage are made
by means of the vacuum tube electrometer.
Electric tube D96475)

(Western

See Figs. 1, 17, 18.

The modified

Barth circuit(6) employed is reproduced Fig. 18 in the
particular detail for this adaptation.
11.1 ohms.

R6

was varied so that

Eg = .3 V and

Thus making

Vp1 P 2 = 8.5 V when the f ila-

and

VPJP,

to 4 V, by adjustment of

is set for

R6 + R 7 = 27.8 ohms.

ment is passing its normal 270 mils.
ometer circuit open,

R1

R1 0

and

With the galvan-

VPlP4

are made equal

R8.

The circuit is

then balanced for fluctuations in filament current by
varying the filament current in equal steps and determining the minimum galvanometer deflection per unit filament current change.

It is sometimes necessary to vary

the potentiometer setting which varies the plate potential

in order to get a good balance point.
The calibration voltage supplied at

Sl

can be taken

off a dry battery supply as shown or from the standard
cell of a student potentiometer.

In practice the cali-

brating voltage is used to bring the galvanometer reading
back to zero.

shall be referred to as such in all that follows.
R

set at 108 ohms and using a type R Leeds

Northrup galvanometer,

currents of the order of 109 to

10-12 amperes are easily measured with the one value of
For calibration of

R,

See appendix 1.

R1

.

With

it

is not strictly speaking, a nul

&

voltage,

Whereas it

*

-

A. TO F.C.

P3

Rio~4

R11A~<

iti

R5

I

R
4

B

si

R2

R3
C
A

0-1 M.A.

AAV.

A

Ra

R14
12 V.
S3

THE ELECTROMETER
FIG. 18

+

3 V.

CIRCUIT
C'7
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Key to Fig. 18.

The Electrometer Circuit
-

10 8 ohms

Western Electric tube

D96475

R

High resistance

R2

20 ohms

R3

750 ohms

R4

2500 ohms

R5

5000 ohms

R6

20 ohms

R7

20 ohms

R8

5,000 ohms

R9

200 ohms

Ri 0

20,000 ohms

RH1

200 ohms

R1

25 ohms

R13

3000 ohms

R1 4

2500 ohms

Type R Galvanometer C.D.RX. 8700 ohms

B

Position of S, for using st. cell in nul voltage
circuit

0

Position of S, for using calibrated milliameter and
resistance R 1 3
.

G
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12.

ThE PUMPING SYSTEM.

The electrQn supply and the raying chamber have their
separate pumping systems as indicated in Fig. 1.

Note

the gate valve for isolating the pumping system from the
chamber.

This gate valve is of the ordinary type which

has had an auxiliary grease box and pressure cup attached
to the handle so as to make the hand shaft packing air
tight for high vacuum.
in trackin'g down leaks.
of a 60 liter

This valve is of great assistance
The chamber is pumped out by means

per second diffusion pump

a cenco hypervac.

and backed by

The hypervac also acts as a roughing

pump and brings the entire system to about 103 mm. Hg. in
several minutes.

The accelerator and gun are pumped by

a single system consisting of 30 liter

per second diffusion

pump( 7 ) backed by a jet pump(8) and then by a hyvac.

Note

the spherical liquid air traps which have a large pumping
speed with respect to the other leads.

The net speed of

the chamber system plus pumping leads is about 30 liter per
second according to the calculations(8 ) and that of the
accelerator system about 18 liter per second.

Note the

pumping holes in the top electrodes so that the gun and
the accelerator may be easily pumped by the single system.
The total volume of the system is of the order of 28 liters
and with the pumping system described, the set can be
pumped down from atmospheric pressure to l0-5 mm. Hg. in
about two hours and to about 5 x 10- 6 Mm. Hg. in about
three hours.
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The pressure is measured by a McLeod gauge and an
ionization gauge.

The McLeod gauge is standard.

The

ionization gauge is a General Electric product FP62.

The

circuit employed for maintaining constant grid voltage for
the range of low pressure is shown in Fig. 19(.

This

is essentially a reproduction of the published circuit.
The operation is explained in detail in the publication.
The collector current is recorded on a wall type galvanometer which is attached to the same galvanometer suspension as is used for measuring the electron beam to the
Faraday cage.

The suspension is hung from the ceiling as

indicated in Fig. 1 and the Faraday cage current and pressure are easily read on the long galvanometer scales suspended above the apparatus.

C2

L

FP-6

R.
R2

2A6

80

--D110

R24

A.C.

f

C

R4

C

TT

2A3

S.
T2

2A3

THE IONIZATION GAUGE CIRCUIT
FIG. 19
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V
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IV

THE GENERAL OPERATION OF TE

SET,

The general operations for making a run constitute
manipulations which quickly develop a simple habit pattern so that after only several runs the author was able
to irradiate forty-eight biological specimens in 1 1/2
hours.
The numbered slides properly covered with spores are
carried from the biological laboratory on the frame shown
in Fig. 16, well shielded in Petri dishes.

The frames are

loaded into the chamber through the opening (6)
onto the tracks (17)
lid (6)

Fig. 10

as shown in Figs. 12 and 13.

is replaced and sealed with soft wax.

The

The rough-

ing pump is started and several minutes later, the diffusion pumps.

After about ten minutes the ion gauge is

turned on and remains on during the run so that any tendency toward change in pressure can be noted before serious
damage is done to the gun filament.

The high voltage is

slowly raised to the desired value and read from the calibrated voltmeter at the tube.
The tray is then moved to extreme position of
y = 200 and x = 371 measured on the respective counters.
This corresponds to the front right quadrant.

Fig. 14

shows the tray in the rear right quadrant, clearing the
Faraday cage which is in proper position for measuring the
beam.
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The position x = 371, allows the upward movement of
the Faraday cage into the proper position for measuring
the beam without the danger of striking the tray.

The

spacing of the bars (11) Fig. 12 were so chosen that even
for the extreme y-positions of the tray, the Faraday cage
would always clear the bars when it.is

moved upward.

With the tray clear, the Faraday cage is brought into
position below the slit
tween slit

with a clearance equal to that be-

and slides during irradiation.

The filament is

then brought to an emission point which gives the maximum
current required for the given run.
The Faraday cage is lowered and the x-position changed
to No. 35 counter reading; the sensitivity of the electrometer is increased and a survey of the beam is made to be
sure of its homogeneity.
of the Beam"%)

(See section below on "The Analysis

Any sudden drop in the plate or deflection

voltages might introduce inhomogeneity.
After assurance is made of the homogeneity, the tray
is moved again to x = 371 and y = about 190.

The six stops,

(27) Fig. 10 are then placed in proper position on the calibrated gear (26).

By rotating the hand wheel (23) clockwise

until it stops (due to the first of the six stops) the
column A of slides 1-10 are in proper position to begin
irradiation of that column.

(See below "Accurate location

of columns by Beam survey method).
shown in Fig. 10 which gives 12 RPM.

The gear box is set as
The stop on the gear

-I
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(not shown) prevents the tray from moving past x = 371
when the tray is moved out of the way f or bringing the
Faraday cage into position for measuring the beam.

By

means of these stops the tray is easily moved from x = 371
the
to/proper raying column.
The stops (30) on the Faraday
cage wheel (29) in conjunction with the stationary arm
(31)

locate the proper up and down positions of the Faraday

cage.
The stops having been placed in proper positions, the
galvanometer is brought to balance by setting the electron
gun grid to -22.5 V so as to cut off the beam and by varying

Ri 0

and

Rll

in the plate circuit of the electro-

meter until the galvanometer scale light is back to its
rest position (zero).

The gun grid is then made less

negative and the nul voltage intermittently increased until
the galvanometer again reads zero and the N.y. is at the
desired value for the given dosage.

N-.

in grid circuit = current measured.

The two hand wheels

x high resistance

are then turned clockwise until the stops engage in proper
turn.

First, the Faraday cage is rotated, moving the

Faraday cage out of the way, and then the tray wheel is
rotated, which brings the proper column into position.
Thus the spores are properly located for irradiation.

The

gear box clutch is then engaged and the tray moves in its
forward y-direction.

As the slide intercepts the beam,

the galvanometer scale indicates a deflection which auto-
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matically tells
radiated.

the operator that the slide is being ir-

After the "shot", the light beam returns to

zero, the clutch is disengaged, the tray moved to 371, and
the Faraday cage brought into position for final check on
the stability of the beam.

In practice for reasons of one

kind of surge or another, about 2/o of the shots are discarded because of failure of beam intensity to check within
5/ of the originally set value.
The beam is then reset to another value and the procedure continued until column A of slides 1-10 have been
irradiated.

The first

of the six stops is removed and on

turning (23) again to its extreme position, column B of
slide 1-10 is automatically in proper position for irradiation.

Note that it

is unnecessary to cut off the beam

during the course of a run on account of the fact that the
one-quarter separation between slides allows the beam of
0.3 mm. thickness to easily pass without endangering any
of the slides to additional irradiation.

In most instances

several shots are taken at the same dosage.

In such cases

the beam is allowed to pass from one slide to the next in
the same column position without rechecking.

As the beam

passes through the inter slide spaces, the stability of
the beam can be observed on the galvanometer scale.

The

intermittent deflection on the galvanometer scale indicates
the irradiation periods and can be easily checked at any
time by the calibration chart which gives the counter
readings of each specimen position.

-J
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V
Forz

TIE ANALYSIS OF THE BEAM.

irradiation work in which a beam of 6.37 mm.

length and .350 mm. width is used it

is very important

that the beam be homogeneous so far as current density is
concerned.

Or from a biological point of view, that sta-

tistically the same number of electrons strike each spore
for a given dosage.

This occurs then, if the same number

of electrons strike a given spore as it

traverses the

slit in the direction perpendicular to the slit length.
This happens when the same number of electrons per second
fall through an element of length
that of the slit,
along

w

dl

and width equal

even though the number of electrons

for any given

dw

is not uniform.

This suggests

that if a scanning slit were devised to move across the
collimating slit

so that the two slits

had their long axes

perpendicular, the current to the Faraday cage at any
section of the collimating slit, as it is being scanned,
would have to be equal in order to satisfy the homogeneity
conditions described above.
These measurements were made in the following way:
A plate such as that shown in Fig. 14 which is lying
on the upper tray track and (21)

Fig. 12 has a slit

ca 1/80" wide (ds) and relative length shown.
the hand tray control in the x-direction,

(26)

By moving

the scanning

slit is made to pass over (and perpendicular to) the final
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collimating slit (2) Fig. 11 and allows a section of the
beam

dsdl

to pass to the Faraday cage.

It

that for the extreme counter readings (28)
the slit

turns out

Fig. 10 used,

is completely scanned through the counter read-

ings 35-51.

Readings of beam intensity were recorded for

every unit counter reading in this range; however the
readings could represent a continuous rather than discontinuous scanning as is seen from the nature of the experiment.
With the deflection voltage
plate voltage

V

Vd

set at 121 V fdr

at 90 the maximum beam intensity was

observed for a given filament current and grid voltage.
This checks roughly with calculations.

However our

analysis of the beam under such conditions gave the very
irregular shaped dotted curves shown in Figs. 20 and 21.
By experimenting with the various electrodes it

was found

that by defocussing the beam with the deflection voltage,
very homogeneous beams could be obtained as shown in the
flat

curves of the Figs. 20 and 21.

The flatness of the

curves hold for all values of total dosage currents used
and for any accelerating high voltage or grid voltage.
The series of curves shown are a summary of typical ones
taken.

The tabulation sheets I, and II, give the exact

values.
In all the measurements, a galvanometer setting was
used such that the currents coming through

dsdl

gave a
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scale reading of ca 30 cm from zero for complete obstruction of the beam,
measurements.

This gives considerable

accuracy to the

-I
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VI

ACCURATE LOCATION OF IRRADIATION COLUMNS.

The exact position of any columns for irradiation can
best and most accurately be determined by the application
of the same principle utilized in the determination of the
homogeneity of the beam described below.
squares (20) each have three slots (28)

In Fig. 12, the

which fall on the

center line of the lettered areas of the slides to be irradiated.

By passing the tray across the slit

so as to

intercept the beam, a current is indicated as soon as the
first slot reaches the edge of the collimating slit.
causes the galvanometer to deflect.

This

The deflection is

maintained until the scanning slit crosses the other edge
of the collimating slit.
to zero.

The galvanometer then goes back

X-counter readings are observed for these two

edge positions and the average of these two readings gives
the center position of the corresponding column.

This

process is repeated for the six columns shown and give very
accurate setting for the x-location of the targets.
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VII

BIOLOGICAL PHASE OF TBE PROBLEM.
1.

Introduction.

The only other quantitative works on the effects of
electrons on living matter have been given in the introduction.
tially

As has been pointed out, the problem is essen-

the simplest reduced form of the problem of x-ray

interaction with living matter.

This simplification has

been accomplished by first working with a controlled
homogeneous beam of electrons and secondly by irradiating
a relatively simple organism.
The organism chosen in the present work was the
common bread mold.

Aspergillus niger.

Diagrams of the

spores are shown in the sketch made from microscopic examinations.

Fig. 23.

The outside diameter of the spore

is 3.25 t .25 microns.

Very near the center one sees the

single nucleus which is ab6ut 0.7 microns and composed
essentially of nucleic acid, water and other organic
compounds.

Outside the nucleus is the cytoplasm which is

essentially extra-nuclear protoplasm.

The very outside

cell wall is also shown (order 0.25 microns thick).
This organism has many of the essential properties
desired for such studies.

The energy of the electron

given up in producing ions within any cell is calculated
on absorption data.

It is therefore necessary to work

with an organism that has a simple geometrical form and
uniform size.

These spores are almost perfectly spherical
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and reasonably uniform in diameter.

If any of the phen-

omena observed would be attributed to changes taking place
in the cell nucleus or cytoplasm, or both, it is certainly
more conclusive to deal with an organism such as this which
has a single, centrally located nucleus.

Another of the

principal advantages lies in the ability of the spore to
withstand vacuum.

As it turns out there are certain con-

ditions, as yet undetermined which cause Aspergillus niger
to be very sensitive to vacuum.

This situation is dis-

The spore is also easily cultured and after

cussed below.

only a few hours the observer can determine whether or not
any biological changes have taken place.
media employed is standard.

The culture

The organism grows first

swelling and then by exuding a small germ tube.

by

This

serves as a growth criterion and measurements of its length
at equal time intervals give information of certain retarded or stimulated growth phenomena which may be present.
2.

Routine of Preparing the Spores
Prior to Irradiation.

The culture media is potato-maltose agar made freshly
in accordance with a standard formula(10) .
autoclaving,

it

Just after

is poured into round Petri dishes and

allowed to set till

cool.

In the center of the dish,

transfers of spores are made with a sterile transfer needle
and are allowed to grow undisturbed.
two to five days.

Fruiting begins after

After several weeks (2-4) the spores are
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ready for spreading.

Under certain conditions, the spores

become covered with a somewhat sticky, watery exudate.
When these conditions prevail, the culture is rejected as
unsuitable.

Spores from healthy cultures are then spread

on the clear sterile slides shown in Fig. 16 by means of
a sterile camels hair brush.

The spores, by this means,

are distributed over the surface of the slides in such a
way that no grouping of the spores or multiple layers
occurs.

See Fig. 23.

The spores are then loaded into the

chamber rack as shown in Fig. 12.
3.

ROUTINE OF COUNTING SPORES.

After the 60 sections of spores have been irradiated
by the method described above they are unloaded and returned to the biologist.
The slides are pressed (Spore covered surface, face
down) on the surface of the same kind of agar contained in
square Petri dishes.

The slides were originally designed

so that five slides could easily be worked in a single
dish.

These Petri dishes are then set aside in the room

f or a period varying from 7-9 hours.

At the end of that

time, the spore print is marked by means of the cutter
(Fig. 16) to show the location of the irradiated regions.
The spores are then immediately examined microscopically,
first to see whether or not any irregularities could be
observed in the killing region.

This superficial survey

serves as a double check on the person operating the physical
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set up from the point of view of instability or lack of
homogeneity in the beam.

Any extreme carelessness in

this direction might show up as spotty areas of heavy or
light killing against an opposite background respectively.
After this general examination the spores are counted in
what is normally the x-direction in the chamber and are
counted at several sections along the irradiated length.
A total number of about 500 are counted.
period of 60 slides lasts from 6-8 hours.

The counting
The counting

is recorded on 2 counters of the converted watch type
operated by means of hand telegraph keys.
ate a relay supplied by rectified AC.

The keys oper-
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VIII

EXPERIMENTAL RESULTS.

A. Physical

(1) Mechanical Operation.

It has been shown in the text that the set is easily
operated by a single operator from a single seated position.

The tediousness of locating the target by counter

readings or the like has been removed by employing a
system of stops on the Faraday cage control dial and on
the idle gear in the x-motion control, used for locating
the proper columns for irradiation.

The spacings between

each slide in conjunction with the independence of position
of the Faraday cage which always lies immediately below
the final slit

makes it

possible for the operator to ob-

serve the intervals of irradiation by simply watching a
light beam reflected from a galvanometer mirror.

The con-

structional detail of slide spacing also allows the operator to observe the stability of the beams between rayings
when several slides are irradiated with the same dosage.
(2)

Stability of the beam.

A method of using a gun operated at grid voltages
so as to produce extremely unsaturated plate currents was
employed and found to give very stable beams over several
minutes

t2 */

over 5-8 minutes.

The degree of stability

being essentially directly related to the proximity of the
plate current to saturation value.

This produced homo-

geneity in the y-direction of the irradiated area,

-J
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(3)

Homogeneity of the beam.

The method of measuring the homogeneity of the beam
has been described.

The results are given in Tables 1 and

2 and in Figs. 20 and 21.

In the cases shown, of the flat

curves, the fluctuationsdo not exceed 5*/o.

Even these

fluctuations might well be reduced by more precision in
the construction of the tube.

A longer filament, so as

to reduce errors from cooling ends along with greater
symmetry in the construction and assembly of the accelerating and deflection plates would no doubt reduce this
fluctuation to an almost unobservable amount.

As has

been pointed out, the feature which determines the homogeneity of the beam in its x-direction is the degree of
defocussing of the beam by means of the deflection voltage.
The independence of motion of the tray and the Faraday
cage makes scanning of beams so simple, that the beam can
be checked for homogeneity just before making a run with
all physical and electrical conditions set properly for
making the given run.
(4)

General.

The tube and accelerator have been checked for the
voltage and current requirements set forth in the thesis
outline at the outset of the work.

The accelerator is

flexible and can be extended in range very practically
to 200 KV.

-J
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TABLE 1.
MASTER DATI SHEET FOR BEAM SURVEY CURVES FIG. 20
Current in amperes x 10- 8

Dial
Vd=108
Setting
33KV
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

0. 0000
0. 0000
0. 0065
0.0190
0.0190
0.0190
0.0190
0.0190
0. 0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0170
0.0000

Vd=10 8
43KV

Vd=121
43KV

Vd=108
54KV

Vd=108
65KV

Vd=108
75KV

0.0000
0.0000
0.0152
0.0192
0. 0192
0.0192
0.0192
0.0192
0. 0202
0. 0195
0. 0195
0. 0195
0.0195
0. 0195
0. 0195
0.0195
0.0000

0.0000
0.0000
0.0097
0.0122
0.0122
0.0122
0.0132
0.0130
0. 0155
0.0165
0.0184
0.0262
0.0296
0.0244
0.0395
0.0368
0.0000

0.0000
0-0000
0.0093
0.0207
0. 0207
0.0207
0.0207
0.0207
0* 0207
0.0207
0.0207
0.0207
0.0207
0.0207
0.0207
0.0207
0.0000

0.0000
0.0000
0.0083
0.0200
0. 0200
0.0200
0.0200
0.0200
0. 0200
0.0200
0.0200
0.0200
0.0200
0.0200
0.0200
0.0200
0.0000

0.0000
0.0000
0.0165
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0205
0.0000

Total current to F.C. = 0.400 x 10VP = 90V in all cases

8

amps.
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TABLE 2.
MASTER DATA SHEET FOR BEAM SURVEY CURVES FIG. 21.
Current in amperes x l0-8
Dial
Setting
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Vd=108
43KV
0.00
0.00
0.0247
0.0296
0.0296
0.0296
0.026
0* 0306
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.0319
0.000

Vd=1 2 1
43KV
0.00
0.00
0.0051
0.0126
0.0126
0.144
0.149
0.164
0.236
0.294
0.260
0.391
0.694
0.0484
0.0430
0.0407
0.000

Vd=108
54KV
0.00
0.00
0.0116
0.0297
0.0297
0.0297
0.0297
0.0296
0.0312
0.0312
0.0312
0.0291
0.0302
0.0302
0.0302
0.0302
0.00

Vd=108
65KV
0.00
0.000
0.0110
0.0286
0.0286
0. 0300
0.0300
0.0300
0.0306
0.0306
0.0306
0.0306
0.0306
0.0306
0.0306
0.0306
0.00

Total current to F.C. = 0.600 x 10

V

= 90 Volts in all cases

V =108
d.5KV
0.00
0.00
0.0134
0.0306
0.0306
0.0306
0.0306
0.0306
0.0306
0.0306
0. 0306
0. 0306
0. 0306
0.0306
0.0306
0.0306
0.0306

8amps.
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EXPERIMENTAL RESULTS.
B. Biological

(1)

General observations.

There are several general qualitative observations
which should be mentioned.
1.

Fragments of spores were visible in the general field.
These fragments may have been the results of exploded
spores.

2.

The effect may be due to vacuum only.

Spores irradiated with high voltage electron (15 KV
and higher) do not have the same appearance in their
germination for the same survival ratio as those irradiated at voltages less than 15 KV.

This is a qual-

itative observation of the biologist.
In the case of higher voltage irradiation,

3.

it

is diffi-

cult to find a stage where one can accurately determine whether the spore is living or dead.

These spores

are very difficult to count and exhibit a pronounced
graduated retarded effect in their germination.
(2)

Range data.

Table 3 gives a very rough range table which is an
estimate of the maximum dosages in (coulombs per cm2 )x 10+8
to be used for the voltages shown.

The table is based on

preliminary data and should not be construed as having
been intended to give anything other than a starting working range to future operators of the set.

At these dosages,

the survival ratio of the spores bombarded was very near
zero.
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TABLE 3.
MOST PROBABLE TIRESHOLD DOSAGE
FOR NEARLY ZERO SURVIVAL

Vol tage
KV

Dosage
0Coul/cm x 10 8

33

35-50

43

45-60

54

65-80

65

60-75
75-90
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(3)

Secondary x-ray data,

experimental.

The low efficiency of production of x-rays is discussed in the theoretical section.

A more direct check

on this point was carried out by means of lead box experiments.

Spore covered slides were placed in a small

rectangularly shaped lead box of about 1/8" thickness and
The box was then set in the

having an overlapping cover.

chamber next to uncovered slides and used as standard
vacuum controls.
A comparison of the results of the survival ratios
of the lead covered and non-covered control slides is
tabulated in Table 4.

The columns give the living, total

number and ratio of living to total number for both the
lead covered and blank slides.

The column of per cent

difference is marked + in those cases in which the survival ratio of the uncovered slides is less than that
for the lead covered slides.
would prevail if

This is the condition which

the lead was offering protection to the

respective spores.

The negative per cent difference in-

dicate cases in which the lead offered a "negative" protection.

This would be accounted f'or as the result of

degraded radiation at very high voltages but the voltage
here did not exceed 40 KV.

Actually the fluctuations

between the lead and non-lead covered slides are of the
same order as that among either of the two sets and hence
can be most accurately attributed to statistical fluctuations in the controls.

These experiments however do not

-J
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SECONDARY X-RAY DATA

-

TABLE 4.
USING LEAD BOX CONTROL

lead
liv. Total S.R.

Blank
liv. Total

S.R.

350

585

59.8

302

414

72.9

-1 7.9/

454

612

74.2

428

572

74.8

).80)

230

380

60.4

271

370

73.2

496

582

85.3

417

526

79.3

422

496

85.0

368

440

83,7

276

341

81.0

314

347

90.4

No.1 0

Run
No.1

No. 10, No. 11; -Run
liv. Total S.R.
No.24 432 596 72.5
No.25 247

477

51.8

238

229

51.0

No. 24, No. 25; --

20, 30 KV

-

.50/0

low dosages

liv. Total
4738 6714
211

-l .6%o

+

Run

Yo diff.

412

S.R.
71.2

+.420 h

51.2

+.40*h

30, 40 KV high dosages

0

I 2

/

6

7

A/IPERGI I LUS

Fig.

22

NIG K7R

Diagram of Spore.
Outside Diameter 3.25-0.

25

Licrons.

C)
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00 4

04*
ca

Fig. 23

00

Photomicrograph of Aspergillus
Niger Showing Dividing Line
Between Rayed and Unrayed
Sections.

-
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settle the question of x-ray effects experimentally at
points adjacent to the irradiated areas.

The sharp killing

lines observed at very heavy dosages (see Fig. 24) however
confirm the present results of negligible effect of secondary x-rays.

However, on account of the simplicity of the

experiments, the lead box, along with paper box experiments should be incorporated in many of the future runs
with the set.
(4)

The Survival Curves.

The survival curves shown in Figs. 25 and 26 at

30

and 40 KV respectively are a summary of results of three
runs made just before certain biological difficulties were
encountered as explained below.
The dosage is calculated from the current
passing through the slit

of length I

organism moving by the slit

i

in

and irradiating

with a linear velocity

v.

If the beam of very narrow width sweeps over an area
in time

t,

a total number of coulombs (i-t)

fallen on the area
per cm2 = i t/l V t

A = v

tJ
.

A

will have

Hence the dosage in coulombs
The velocity

v

is given

from the fact that there are twenty-four turns per inch
of the y-screws and the RPM of the screws for the present
work is 12.
The survival ratio (expressed as S.R.)

is corrected

for vacuum killing by taking the survival ratio as the
fraction of the irradiated spores living per unit of the

-
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TABLE 5.
DATA FOR SURVIVAL CURVES FIGS. 24, 25.
30 KV
Current 8
amps x 108

Dosage
coul/cm x 108

0.050
0.100
0.150
0.200
0.250
0.275

o/o S.R.

3.71
7.42
11.13
14 * 82
18.53
20.40

Probable*
Error

95.
76.
42.
27.
26.
28.

4
2
3
2
3
2

87
85
79
60
49
36
25
15

4
4
2
2
3
3
2
1

40 KV
0.025
0.050
0.100
0.150
0.200
0.250
0.300
0.350

*Probable Errors

1.86
3.71
7.42
11.13
14 * 82
18.53
22.26
25.97

,

r' = 0. 6745

E0 2
n1n-1)
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fraction of the spores living in the cQntrol

where

0

(I)L

L--( )L
(CT)
-

S.R. =

(L)L

IL = number of irradiated spores living
IT = total number of irradiated spores
CL = number living in the control
CT = total number of spores in the control.
The column of per cent survival ratio is given in

Table 5 against the current in amperes through the slit
as well as the dosage in coulombs per cm 2
The probable errors were computed on the basis of
the equation

cr'

0.6745

Zd2
d

n(n-1

d = deviation between the actual and the average
survival ratio for nth shot.
The resultant curves are shown in Figs. 25 and 26.
They are of the Sigmoid

type.

These curves are typical

of the set desired ranging from 15 to 100 KV.

However

certain biological difficulties prevented the extension
of the work at the present time.
(5)

Vacuum Killing of Spores.

Extension vacuum tests had been carried out by Dr.
Cooper, Dr. Haskins and Mr. Buchwald, all of which indicated that the spores would give normal germination after

-1
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standing in vacuum (P = 5 x 10- 6 mm. Hg.) for 5-10 hours.
This was confirmed in the early work of the writer; however, shortly after the runs taken for the curves Figs.
25, 26, large fluctuations in the vacuum controls appeared
in a range of low survival ratios.

This difficulty per-

sisted for several months in spite of all variations made
in the biological and physical techniques.
In order to determine whether or not the effect was
due to unusual beam scattering inside the raying chamber,
or to other hitherto unaccountable conditions, a set of
experiments was designed.

The set was loaded with spores

and pumped to 5 x 10-6 mm. Hg. during five hours--the
normal vacuum conditions prevailing during runs.

The con-

trol gave survival ratio of 0.14 - 0.56 with room controls
0.60 - 0.68.

The low room control count was never found

to exist again after the one case quoted above.
Spores were left

in the sealed chamber for thirty-

seven hours at atmospheric pressure and gave high germination as did the room controls (85-90*,).
On suspicion of vapor poisoning, a series of tests
using larger amounts of liquid air, pumping with hyvacs
with and without Hg. pu~ips for varying lengths of time
from 1-7 hours and at pressures varying from 0.1 to
5 x 10-6 mm. Hg. gave completely random survival ratios
varying from slide to slide in a single run and from one
section to another section on the same slide.
vival ratios were less than 50/.

All sur-

Fig. 26

Special Vacuum System. for Studying
Vacuum Killing Phenomena,
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At this point it was thought advisable to build an
all glass vacuum system so as to conduct independent
vacuum tests.

This set consisted essentially of a 5 to

10 liter per second straight nozzle Hg. pump backed by
a small jet pump and then by a hyvac.

The glass chamber

housing the spores during evacuation consisted of a glass
cylinder 50 mm. in diameter with ground end.

The set was

closed by means of a ground to fit, glass stopper.

Vacuum

tests using several different wax seals gave negative
results.
The set was then remodelled so as to have a complete
glass system with a sealed off rather than wax joint end.
See Fig. 26.

The slides covered with spores were placed

in the long tube shown and covered with a black cloth so
as to prevent any effects due to light or heat.

A tightly

rolled sheet of fine mesh copper screening was placed in
the tube after the slides were loaded.

The end of the

tube (8 mm.) was then sealed with a torch.

The roll of

screening reduced the possibility of hot air reaching the
spores. -A long 1/8" brass rod with a hooked end assisted
in the loading and unloading.
All runs with this set up gave low survival ratios.
A variation of slides including sterilized glass
microscope slides were used as spore supports.

All vacuum

tests gave negative results.
Other tests in which the waxes used in raying chamber

----
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were placed in Petri dishes at atmospheric pressure with
spores gave high survival ratio.
The spores were then placed in an independent vacuum
set in another laboratory and low survival ratio were obtained.
It was further observed that several slides appeared
to be streaked with spores giving the appearance
having been spread when wet.

This suggested the carrying

out of dessication experiments.

Spores were placed in a

conventional type calcium chloride dessicator
survival ratioswere low.

of their

and the

This led to the conclusion that

spores which were wet would give this low survival ratio
effect.
Preliminary experiments indicated that the spore age
might have been significant.
At the present writing, the author has been informed
by Dr.Wbbldon of Harvard that spores are now being produced
which give high survival ratio under vacuum conditions and
this seems to be independent of spore age or of any wetting
effect.

The reason for the several month span of low sur-

vival ratio in controls has not been explained as yet.

How-

ever vacuum experiments are being conducted to check the
point.

The author has every confidence in the biologist

and feels that the difficulty encountered above was beyond
his control.

4

~1
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IX

CERTAIN THEORETICAL ASPECTS
1. General

When enough data are available to warrant interpretation of the biological effects observed, a certain
number of physical factors will have to be considered.
The general problem from the physical side may well reduce to a knowledge of the number of ion pairs formed
in the various parts of the cell.

It is a relatively

simple matter to determine the energy given up by a homogeneous beam of electrons in passing through a homogeneous
thin film of matter such as metal foil or collodion.

In

such a case, a magnetic analysis of the emerging beam
gives the energy distribution directly, and from this,
the total energy given up in the film can be calculated
From a knowledge of average primary ionization potentials
and energy lost in radiation, the number of ion pairs
formed could be calculated.
Preliminary work on the transmission coefficient of
electrons in collodion films has been recently reported(12)
The composition of these films approach that of the spores
in question.

However the data is not particularly valuable

in that no energy distributions have been measured.
However, in order to determine the ion pairs formed
in a spore such as aspergillus n, the problem is much more
difficult.

The principal difficulty is due to the proper

corrections for scattering.

The angular distribution for
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p particles by electrons has been

computed both classically(13) and quantum mechanically

.

single scattering of

Our present problem of multiple scattering from a spherically shaped target containing a spherical concentric
nucleus of finite size is correspondingly more difficult
and is here suggested as a very interesting problem in
theoretical physics.

For a complete solution of the prob-

lem it will be necessary to calculate the average number
of ion pairs taking into consideration the variation with
velocity in ionizing power of a moving charged particle.
(The Bragg Curve).
2. Secondary x-rays.
In spite of every attempt to simplify the present
problem to that of irradiating relatively simple biological
specimens with homogeneous electron beams, there are two
inherent physical factors which may introduce errors.
These are the production of secondary electrons and secondary x-rays at the final slit

edges and at the backing ma-

terial of the spore slides.

It should be pointed out that

any secondaries pr.oduced within the spores with energy less
than that required to leave the spore wall is not serious
from the point of view of the present' problem, that of
investigating the effects of primary x-rays by means of
primary electron studies.
Secondary x-rays do not introduce serious difficulty
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as is shown from the equation of efficiency(15).
1. 1 x 10~9 ZV
In the present case, the slides are chromium plated brass,
this selection having been made so as to give a smooth,
non-corrosive, electrically conducting support for the
spores.

For chromium

Z = 24

and f or

V = 100 KV

= 0.26%

This suggests that thin cellophane sheets, coated with
Aquadag for electrical conduction, be employed.

The low

efficiency of production of x-rays plus the small solid
angle subtended by a spoCe at the section of the tray
being irradiated, indicates that the effects of secondary
x-rays would be negligible.

This is further substantiated

by the lead box experiments above as well as experiments
carried on at Harvard in which spores were irradiated
directly with 100 KV x-rays with negligible killing having
occurred.
3.

Secondary electrons.

The effectiveness of secondary electrons in the
present research can be analyzed from two considerations.
Firstly, the ratio of number of secondaries to number of
primaries (S)j secondly, the energy distribution of the
secondaries.
of Bruining

The review paper by Kollath(16)

and the work

give adequate summary of the two aspects
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considered above.

VS

It has been shown that curves of

voltage for various metals have a maximum in the region of
100 - 400 Volts for pure metals and that the value of
approaches a value from 0.5 to 1.0 with voltages exceeding
1000 V.
The reason for this maximum is that electrons of
higher energy penetrate to greater depths in the target
and eject electrons from sub-surface layers as secondaries.
These secondaries then give up part of their energy in
coming to the surface so that at the surface, they may
have zero energy or energy less than that required to overcome the work function of the given metal.
Of the secondary electrons which are able to leave
the surface, the energy distribution curves(4),9(5) have
two maximum.

The first is between (0 - 100OV) volts and

is very broad for 10 KV.

The second peak is at the volt-

age equal to that of the primary energy and is extremely
small in area.- This second peak is essentially composed
of reflected primaries.
Data are not available for the energy distribution
for primary electrons in the range of 10 - 100 KV.

How-

ever from the theory outlined above, particularly the
decrease in

with voltage and the loss of energy of

sub-surface secondaries in coming to the surface one is
led to conclude that most of the secondaries would have
energies of less than 1000V which have been shown to be
ineffective biologically for the specimens used(4).

-J

95.

X

1.

SUGGESTED EXPERIMENTS TO CHECK CERTAIN
OF THE ABOVE POINTS.

As was pointed out in the above section on possible
secondary x-ray effects, the backing material should
have as low a value of atomic number
Aquadag which is essentially carbon

X

as possible.

Z = 6

would

reduce the efficiency of production of x-rays to
about 0.070/o for 100 KV electrons.

On account of

the large probable errors in the biological survival
ratios, it may be difficult to differentiate between
the per cent survival for a given dosage at a given
voltage for chromium and for carbon slides.

If

biological or chemical criteria were available so as
to reduce the probable error to a value which would
make the difference in chromium and carbon slides
observable on the biological specimens, then an extension of this phase of the problem would be justified.

In such an event the values of survival ratio

for a given dosage and voltage as a function of

Z

might be obtained and thus lead to an extrapolation
to zero atomic number.

This should give the effective

result of bombarding spores "suspended in vacuum".
2.

The problem of secondaries from the final slit could
be checked by varying the width of the final slit

and

holding the dosage constant for a given voltage.

This

would change the ratio primaries striking the slit
edge to those not striking the edge.
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3.

The reciprocity law should be checked for electrons
irradiation by varying the speed of the motor, keeping the dosage constant for a given voltage.

4.

It has been hoped that these experiments would allow
the integration of secondary electron effects so as
to obtain the biological effectiveness of primary
x-rays.

It should be possible to check this point

indirectly by raying a given target of spores with
small dosages at several different voltages whose
survival curves were predetermined.

The net survival

ratio of such a target ought to check with the value
obtained by properly adding the survival ratio of
the predetermined survival curves.
5.

The effect of recuperation should also be checked.
Repeated small intermittent dosages at several minute
intervals should be applied to check as to whether
or not the net effect is equivalent to the same dosage
in a single exposure.

6.

The artificial

continuous distribution of electrons

could be obtained by means of thin films placed over
the final slit.

Independent measurements of the

energy distributions from a homogeneous electron beam
passing through a film would give necessary data to
check the possibility of integrating the effect of
electrons of a continuous energy distribution of
energies due to primary x-rays by means of a set of
survival ratio curves taken for homogeneous electron
beams.
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APPENDIX.

Calibration of High Resistor for
D.C. Amplifier.

The exact value of the high resistor (108 ohms) in
the grid circuit of the D. C. Amplifier was calibrated
against a secondary standard.
and the standard

R

The unknown resistor

R.

were in series; the standard being

placed between control grid and ground and the unknown
between control grid and external voltage
in

Rs

is

V

and that in
..

Rx

V.

The drop

is V - Vg.

i R, = V - V
iR5 = V8

SV
Rx

-v
y

R

g
A wire wound precision resistor of 106 ohms was
checked on a Leeds and Northrup bridge.

This was used

as standard for calibration of a secondary standard whose
value turned out to be 1.044 x 107 ohms.

Using this value,

the resistance of the resistor used for measuring the
dosage currents turned out to be 9.992 x 10

ohms.
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APPENDIX (continued)
2.

The calibration of the high voltage voltmeter.

(R, and R 2

order of 109 ohms) and a microammeter (0 - 50

)

The voltmeter, made up of two high voltage resistors

will give full scale readings of 25, 50 or 100 KV depending
on whether the resistors are in series,

in parallel,

or

used singly.
The calibration of the microammeter was made by
measuring the voltage across a standard resistor in series
with the microammeter.

The voltage was measured by means

of a student potentiometer. The calibration curve is
See Fig.27
essentially a straight line/and of slope such that:
true current = 1.05 x observed value
The value of

R, and

R2

was determined against

standards in the General Electric Research Laboratories
through the courtesy of Dr. F. 3. Cooper.

Fig. 28 gives

the current voltage characteristics from which is found:
R, = 1.18 x 109 ohns
R 2 = 1.19 x 109 ohms
When Rl and

R2

are in series with the microammeter,

a full scale reading corresponds to 100 KV approximately.
Or more correctly:
Correct voltage in KV = 2.49 x reading on
microammeter
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XIII

SUdIARY.

Quantitative data is highly desirable for an interpretation of x-ray therapy irradiation data.

The present

work is part of a broader problem in which an attempt is
being made to resolve the biological effects of x-rays
into that of ionization by secondary electrons due to
primary x-rays.

The present work involved the construction

of a high voltage tube (100 KV) and raying chamber suitable
for subjecting relatively simple organisms to controlled
electron irradiation in vacuum.
The operation of the apparatus has been made semiautomatic and many features of flexibility have been incorporated so as to simplify the biological coordination
and increase the range of organisms possible for this work.
The set has been demonstrated to give electron dosages
required for 0-100% killing at the voltage range of the
set.

The beam produced is stable within the allowable

error.
slit

The current density over the final collimating

is quite uniform ( t 54/) for the desired purpose.

Sets

of curves showing this property of the beam are included.
Dosage range data are included.

Tests on controls

with and without lead shielding have been made for possible
secondary x-ray effects.
negative effects.

Data is given which indicate

Typical biological survival curves at

30 and 40 KV are also given.
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Theoretical aspects are considered.

A discussion

of the theory of secondary x-rays and secondary electrons
would indicate that these effects are negligible as
compared to the primary radiation.
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XIV

ABSTRACT.

An attempt is being made to resolve the biological
effects of x-rays into more primary processes of ionization by secondary electrons.

Such information would

prove valuable in the field of x-ray therapy irradiation.
Previous work has been done in which simple forms of
living matter have been irradiated with controlled electron
beams of (1 - 9 KV).

The present work was planned to

supply apparatus for the extension of the problem to the
voltage range 10 - 100 KV.
and its

The set has been completed

physical characteristics have been demonstrated

to be suitable for the work proposed.
An apparatus has been developed for the irradiation
of organisms with high voltage electrons (10 - 100 KV).
The set consists essentially of a raying chamber and a
high voltage tube.

The chamber contains a tray of large

rayable area (39 square inches), carrying slides which
can be covered with certain types of organic cells.

This

is equivalent to 300 - 900 rayable areas for a single run.
The number depends on the intermediate spacings adopted.
The opportunity to make many exposures at a single loading
reduces certain biological errors which occur in the
handling of the organisms.

The tray has two degrees of

freedom in a horizontal plane, the motion of which allows
for bringing any desired section of the organic target in
contact with the electron beam.

The motion of the x-direction
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is controlled by a hand wheel which connects to a shaf't
passing from vacuum to air through a grease packing joint.
The y-motion, also transmitted by a shaft through grease
joints is powered by a gear box and a synchronous motor.
Several speeds are available.

The x-motion sets the proper

columns of the slides to be irradiated.

The y-motion drives

the slides under the beam and the velocity of this motion
enters into the dosage equation.

A Faraday cage in the

lower part of the set can be brought into proper position
for measuring the beam intensity.
The cathode ray tube consists of an electron gun surmounting a three stage accelerator.

The gun is operated

at a maximum negative grid voltage so as to maintain a
high space charge and hence a minimum in saturation of the
plate current.

This gives rise to highly stable currents

to the Faraday cage.

The gun consists of a filament, grid,

a first accelerating plate (at 90 volts), and a set of deflection plates for bending the beam into the center of
the accelerator.
pose.

The deflection plates serve a dual pur-

First they make the filament invisible to the

spores, thus preventing biological effects of light and
heat.

Second,

a deflection voltage which produces maximum

defocussing of the beam produces a beam of maximum homogeneity in current density.

The beam is measured by means

of a Faraday cage, adequately insulated with amber, which
connects to the grid of a 'NesternElectric electrometer
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tube.

The amplifier is of the balanced bridge type and

is essentially that modified by Barth.

The high voltage

is supplied by a General Electric kenetron testing set,
100 KV, 50 ma, positive end grounded, full wave rectified,
having a 100 KV, 0.3 mfg. capacitor filter.

A high volt-

age potentiometer made up of three high voltage resistors
in series fix the potentials of the various stages.

Leads

from the gun electrodes are corona shielded and pass to
a high voltage table behind the apparatus.

A storage

battery serves as the filament supply and dry cells for
electrode voltage supplies.

Convenient manipulations of

the potentiometers at high voltage takes place by means
of six feet fiber insulating rods between the front control
panel and the high voltage table.

The mechanical operation

of the set has been simplified by the introduction of a
system of stops on both the tray and Faraday cage mechanisms.
A system of electrical control also allows the operator to
know the position of the tray at any time by simply reading
deflections on milliammeters.

The spacings between slides

carrying spores in conjunction with the convenient position
of the Faraday cage allows the operator to know when targets
are being irradiated by means of direct observation on a
galvanometer scale.

The system of approximately 28 liters

is pumppd by separate pumping systems connected to the
respectively.
accelerator and raying chamber/ The latter two volumes
are separated by the final collimating slit.

With the
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system employed, the set can be pumped from atmospheric
to l-5 mm. Hg. in two hours and to 5 x 10-6 in three
hours.

The pressures are measured by a McLeod gauge

and a compensated General Electric ionization gauge.
On account of the flexibility of motion of the tray
and the Faraday cage, the beam can be easily scanned for
current density homogeneity.

The final collimating slit

is 0.637 mm. long and is scanned by means of a slotted
flat

plate.

When the slit

the collimating slit,

in the scanning plate crosses

perpendicularly,

about 1/20 the

total current is allowed to pass.
The homogeneity of the beam was measured over a
voltage range from 33 - 75 IKV and found to fluctuate
54/o over the slit length of 0.637 cm.
the beam was within

The stability of

2/o f or 5-8 minutes.

The require-

ments f or such work is 50/0 f or one minute.
Typical biological survival curves were obtained for
30 and 40 KV.

The dosage in coulombs per cm2 required to

give almost 100/o killing was determined for the voltage
range 33 - 75 KV and was f ound to be (35 - 90) x 10'8
coulombs per cm 2 .

The effects of secondary x-rays were

checked by using control slides with and without lead
shielding.

The results were negative.

The general requirements of the biological specimen
one met in the spores aspergillus n.

They are 3.25-0.25

diameter, uniformly spherically, generally resistant to
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high vacuum; contain a centrally located nucleus and are
germinate under normal conditions in about seven hours.
A discussion of the biological techniques employed
is included.

Also special vacuum tests are described

which were used in an attempt to track down unexpected
difficulties in vacuum killing.
A theoretical discussion is given in which the solution
of the problem of angular distribution of electron scattering from spherically shaped targets of low atomic number
is shown to be necessary for complete interpretation of
the results of the research.

A discussion of the efficiency

of the production of x-rays (0.26*/o in the case of 100 KV
electrons and a chromium target) is given and the possible
biological effectiveness of secondary x-rays from the
primary electron beam is shown to be comparatively negligible.

The question of secondary electrons is also briefly

discussed and on the basis of available theory and experimental results it

is pointed out that the predominant low

energy secondaries could not be biologically effective.
group of further experiments are suggested.

A
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