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INTRODUCTION:

This work was undertaken to ascertain the reaction
of selected regions of the small chaetopod, Tubifex
tubifex, to soft X-radiation. These animals were select-
ed for several reasons., Preliminary study revealed the
abundance of these animals in Burnet Woods lake, thus
solving the important problem of the acquisition of
specimens. After getting a supply of the animals
keeping them is no trouble. They require practically
no attention. The animals breed and replenish the store.
One container holding approximately a quart of mud and
water supplied approximately fifty animals a week for
over six months.

The simple morphology of Tubifex tubifex is possibly
the happiest feature of ithese animals for irradiation
work. The photomicrograph on the following page shows
them to be practically transparent, making the detection
and identification of Wnjured sections immediate and
stPiking. The other photographs in the main sections

of this dissertation support this contention.
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Flge. a« A photomicrograph of a normsal asnimal. The
magnification 1s approximately 30 times, the animal
was about 2 cm. in lengthe This length, 2 cm., W¥as
the averagze length of animals used in these experlments,

In this piciture the animal is curled with its head in.
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Zoologically these animals are cousins of the

ordinary earthworm. The complete classification runs:

Phylums Annulata
Class: Chaetopoda
Sub-classs Oligochaeta
Order: Microdrili
Family: Tubificidae
Genus: Tubifex
Species: tubifex.

These animals live in the mud along the shore line
of lakes and ponds. The name suggests their habit of
life: tube-dwellers. They manufacture tubes of mud held
together by a tenacious secretion from the epidermal uni-
cellular glands. The animals live in these tubes head
down, with their posterior segments out and waving
briskly to keep up the circulation. The animals are
extremely sensitive to noise and light. A tap on the
container or a shadow across them will cause the waving
to stop as though questioning. If there is no further
disturbance, they resume their waving but the slightest
foreign sound will cause them to withdraw into their
tubes. Of course any sort of rude jar will cause immediate

withdrawal.
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For the work on the sectional irradiation the X-ray
tube shown in fig. ¢ was used. It is housed in the
center unit on the floor of the soft X-ray laboratory.
The power unit for this tube supplied half-wave rectified
current. Otherwise the diagram of the connections is the
same as that of fig. b which represents that of the tube
used for over-all irradiation. In this over-all irra-
diation, the animals wereplaced in small petri dishes
on the brass table. This table is atop a screw which
enabled the experimenter to maintain the selected region
at a fixed distance from the focal spot throughout all
of the individual and group irradiations. All of this
apparatus is housed in the large lead house in the soft
X-ray laboratory. In order to protect the animals
from stray X-radiation coming from kenotrons, the dishes
were placed in lead receptacles. In all of these experi-
ments there was no appreciable rise in the temperature of
the container in which the animals were placed during irra-
diation.

A preliminary report of this work cover.ng some
of the qualitative conclusions was published in "Nature',
March 26, 1938, under the title "Effects of Soft X-rays

u.on Chaetopods®.
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The diagram of the X-ray tube clrcuilt.

A

discussion of the characterlistics of this circuit was

given by Kersten in "Radiology", XXIII, 60-63 (1934).
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Fig. ¢. This photograph shows the prepared glass
slide fixed to the brass carrier and the unit
mounted on the X-ray tube. The animals are placed
in the groove. The hook on the right is attached to
the lead shutter. The line is brought out through a
hole in lead covering around the unit, making it
possible to give correctly timed exposures without

chance of a burn to the experimenter.
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Fig. d. The apparatus used for over-all irradiation.
The petri dishes carrying the specimens were placed on
the brass shelf wnich was kept at 1" from the focal

spot.
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Fig. e. This schematic drawing shows the regions
selected for irradiation in the first part of these

experiments.
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It is well known that posterior regeneration in
Tubifex tubifex occurs when it is seperated with a knife

at any level behind the tenth somite; =nd thact follow-
ing X-ray irradiation, regenersation is inhibited (3tone,
1222). In this paper experiments are cdescribed in wh.ch
the seperation was accomplished by irradiating several
somites with an intense ¢ollimated beam of soft X-rays,
and also some in which irradiation cf the entire animal
caused the death of only the posterior.
ME ['HODS

Mud containing the animals was collected at frecuent
intervals for a period of over a year along the shore of
Burnet Woods lake, near the University, and kept in
porcelain pans zt room temperzature in the laboratory.
The animals were removed from the mud just bdefore they
were irradiated. After irradiation they were kept in
clear water in small Petri dishes or in the depressions
of well dishes.

The work may be conveniently divided into two parts
of which the first is concerned with the irradiation of a
very small part of the head, the heart, or the middle re-

gions of the animals: while the zecond is concerned with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the irradiation of ithe animals. The first part re-
quired that a relatively intense beam of X-rays strike
a samll portion of tne anim@l, while a less intense
beam spread over a large was needed in the second part,
so that different X-ray tubes and different techniques
for holding the animals in place during irradiation
were employed. The X-ray tubes were of the gas type,
made of metal with porcelain insulators. Each had

a copper target and windows thin enocugh so that the
most intense part of the transmitted radiation had a
wave-~length of 1.54 zngstroms. The tube used for the
first part of the work (Figure 1,A) was operated at 35
peak kv., and 2- ma., and the one used for the second part
(Figure 1,B) at 25 peak kv., and 10 ma. In order to hold
the animals still in the first part of the work they
were narcotized by immersing them in a 0.2% solution of
chloretone for a few seconds just before the periocd of
irradiation. Preliminary experiments had shown that
the animals could be left in this solution for over

20 minutes without injury or debility, and that nar-
cotizing did not prevent both halves from liviag after

being cut.
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Fig. l.-Schematic drawing showing how
the animals were placed during irradiation.
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Part I. Differentcial action of X-rays on seclecoed refions.=

The authors expected that when gseveral somites were
irradiated using the arrangement illustrated in Figure 1-A,
these woula die after several hours, the worm would sever,
and the two paruts would survive. This happened in some
cases but it was evident after a few trials that the action
of the 'X-ray kniie' was mnot the same as that of an ordinary
kniie. ‘When observed 24 hours .{ter irradiatioi, some:
animals showed tuverosities at the site of irradiation,
others secmed normal, others had broken intwo with 2 sur-
vival of eitner ihe anterior, the posterior, or both. Tne
observations 24 hours after ilrradiation are tabulaceu in

laeble I wile tuvse & diys after irrsdiation, in iuble 17,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table I

Appewrance OI fuviiex tubliex = wours
alter ay.roxinately 3 somites in the re-
gions indicatew had been irradiated.

Region irradiated

Anterior Heart Middle
tip region section

Normal animals 23 62 67

Dead animals 25 13 - 15

Animals having

tuberosities (Fig.2) 44 11 7
11 16 1

Seperated animals with o) 0 27

dead posteriors (Fig.3)

Seperated animals with 0 O S

dead anteriors (Fig. 3)

Seperated animals with 0 ¢ 24

both parts living (Fig.3)

Totals 103 109 146
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Table IX

Asoeacrances of Tubili-x tuwvifex 2 daye

after approxim-tely 3 somites in the
recions indicuted nad veen irradiated.

Regiong irradizced

Anterior Heart Middcle

Tip region section
Hormal animzls 27 2 41
Jed aniizls 23 18 IoraY
Animals having
tuberssities (Pig. 2) 45 10 7
Animalds showuing, pro-
cressive disintesration 3 2 0
Seperaved animals with
dead posteriors (Fig. 3) 0 0 44
Seperutea animels with
dezd anteriors (Fig. 3) 0 0 4
Seperated animals with
boith parts living (Fig. 3) o) O 15
Totals 103 10 145
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Fig. 2. Tuberosities formed on Tubifex tubifex due

to the irradiation of avpproximately, 3 somites with
soft X~rays. Left, on the anterior; middle, on the

heart region; right, on the midcle region.
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The data in Teble II were obtained integéndently of

those in Table I. Thus, for example, the seven animals
which showeu tuberosities in their midule sections as list-
ed in Table I are not necessarily the same seven listed in
rfable II, because some of those listed in the first table
died, some of the normal ones showed subseqguent tubero-
sities which are lisved in Table II, and some tuberosities
were absorped in the interval betw=en the 34 hour and 3 day
observations.

Part IT. Differential action of X-rays when entire ani-

mal is irradiated. Determination of a lethal curve.-~ The

results of the prev-ous part indicated that the posterior of
the animal was more easily injured than the anterior so that
the authors were lead to investigate what would happen when
the entire animals were irradi.ted. A convenient way to get
assorted doses appeared to be to operate the X-ray tube at
a rwther low voiltage and cureent and expose groups of ani-
mals for various perious of cvime. This is the szme proce-
dure which is usea for oontain.ng data for a lethal curve, so
the latter is inciuded. One way to plot a lethal cur-e is
to indicate the percentage of animals killed as a function

of the time of irradiation. A better way, when the total
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number of animals useu is not large, is that suggested
by Reed (1236) wihicua is to plot the probsbiliyy of aying
«s a furiction of the time of irradiation. The data for
plotiting such a curve are given in Table ITII and the
curve in PFigure 4.

Among the 150 animals examined 24 hours after irrad-
iation there were four which had dead posterior and liv-
ing anterior regions. When the same group was examined
3 cays after irradiation there remained foir whole animals
alive and nine whose posterior region alone had survived

and none wich tuberosicies.
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Fig. 3. Tubifex tubif'ex seperated due to the irrad-
iation of zpproximately 3 somites with sof't X-rays.
Lert, with death of the posterior; micddle, with death

of the aznterior; right, with survival of both regions,
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Table IITX

Data for plotting the lethal curve shown in
FPigure 4. Observations were made 24 hours
after irrad.ation. Fifteen groups oi ten
animals each, making 150 in all, were used.

Minutes Observeu nump- ITmplicit numb- Probabhility
of irrad- er of animals er of animals of dying

iatvion Totul Dead Alive  Total Dead Alive _._m~1
m-n m n m-n-2
1 10 0 10 57 0o 57 0.02
S 10 2 8 49 2 47 0.04
10 10 3 7 44 5 39 0.13
12 10 3 7 40 8 32 0.21
15 10 8 2 41 16 25 0.40
16 10 5 4 45 22 23 0.49
18 10 6 4 47 28 19 0.59
20 10 6 4 49 24 15 0.69
26 10 7 3 52 41 11 0.78
30 10 6 4 556 47 8 0.83
35 10 74 3 58 54 4 0.92
40 10 9 1 63 62 1 0.95
45 10 10 0 73 73 0 0.92
50 10 10 0 83 83 0 0.99
55 10 10 0 23 23 0o 0.99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-1s-

FPig. 5 shows the appearance of two of the animals whose

posterior regions had died.
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Fig. 4. Lethal curve for Tubifex tubifex irradiated
with soft X-rays.
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Fig. 5. Two examples #f Tubifex tubifex whose
posterior regions have died due to the irrad-

iation of entire animals with soft X-rays.

The arrows point in the direction of the dead regiomns.
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Summary and Discussion

1. When approximately 3 somites of Tubifex tubifex
are irradiated with an intense dose of soft X-rays applied
to the anterior tip or the heart region the principal
changes observea in those surviving animals which do not
appezr to be normal, are the formation of tuberosities
(which may be absorbed later by the animal) at the place of
irradiation, or disintegration progressing away from the
place of irradiacion.

2. When the middle section is similarly irradiated the
principal chai.ge observed in the abnormal animals which
survive is a breaxing apart at the place of irr.diatvion,
with either both parts living or more often, the death of the
posterior region only.

3. Tubifex~tubifex may be killed by irradiating the
entire animals with soft X-ruys. When the dose of X-rays is
tos small to produce 100% killing, the surviving animals
show either no apparent change or the death »f the posterior
region only.

Klthough the X-ray beam, in the experiments where
selected rezions were oeing irradiated, struck not more
than 3 somites, it should be pointed out that this does

not mean that the adjacent regions did not receive some
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irradiation, for it is well known tha. secondary X-r.ys are
scattered in all directions from the part irradiated. Thus
the animal wo 1d be very badly injured at utaree somites
and the agjacent som:tes injured to less and less dezrecs
accoraing to their distance from the three which ure
irradiated by the primary beam.

It seeﬁs that there might be two possible explanations
for the results observed, Thne first one is that the
scattered x-rays in the first party, and primary X-ray beam
in the second part, acted according to the law of Bergonie
and Tribondeau (1208) which states that X-rays act .ith
greater intensity on the cells vhose reproductive activity
is the gre.ter, cells whose metabolic rate is higher, and
those whose morphology and function are less definitely
fixed., This reguires that the posterior region be the one
which fulfills the requirements pf£.1the law, which is not
unreasonable, but it does not seem as reasonable to ex-~
pect the scattered radiation to be so petent.

The second explanation is thut the X-rays produce a
toxic substance in the animal at the site :f irrad.ation

and that this moves to other parts, killing the most

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-16-
susceptible ones Jjust as in the experiments of Child
(1224) in which susceptibility gradients were shown by
immersing animals in toxic liquids. Since no posteriors
were injured when the head and heart regions were irrad-
iated, this explanation recguires that the toxin had be-
come too diluted to be effective when it reached the

posterior.

Bergonié: J.ys and Tribondeau, L. 19206. Inté?pretation
de Quelques résultats de la radiothérapie et essai de
fixation d'une technique rationelle., Compt. Rend, 14Z:
283-985

Child, C.W. 1324. Physiological foundations of behavior.
New York. pages 830-81

Reed, L.J. 1236. In Duggar, Biological effects of rad-
iationy I. New York

Stone, R.G. 1932. Effects of X-rays on regeneration in
Tubifex tubifex. Jour. Morph. 5&3: 382-431
-------------- 1233. Effects of X-rays upon Anterior re-
generation in Tubifex tubifex. dJour. Morph. 54: 303-320
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INTRODUCTION:

In the discussion of some of the problems arising
in the preceding work, it was decided that a portalbbe
piece of apparatus for the measurement of ionizution
would be of great value in the soft x-ray laboratory.
The center of this set-up would necessarily be a stable and
precise and yet delicate current measuring device. An
apparatus with the range of an electrometer; but without the
most disconcerting characteristics of the latter instrument, was whatc
the experimenter has in mind.

After reading the articles of Penick and his references,
the experimenters selected a circuit built around the electrometer
tube, so named because circuits employing it are used to replaced
circuits built around an electrometer.

The Western Electric Company's tube D-26475 was sekected.
This tube is capable of detecting six electrons per second
flowing in a suitable circuit, With a sensitive wall type
galvanometer, as the indicating instrument, these tubes give
higher voltage sensitivity,; shorter period, about equal
capacitance, greater ruggedness an:d more convenience of opera-

tion than the electrometer.
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DESIGN AND CONSERUCTION:
Tphe and Circuit Characteristics:

The circuit selected is shown in fig.l. It is
a circuit first suggested by Barth but which has been
modified slightly for our use.

Keeping in mind that what we desire is a device
for high current amplification and measurement, we see
what we need. First, if we are to make a measurement
no current should flow through the galvanometer-wh:ch
is our ultimate current measuring device-before the
measurement is made. This is accomplished by varying
Rnsand Rpuntil the galvanometer shows no deflection.
This process is called balancing and will be discussed
later.

Assuming that this balancing has been accomplished,
we noe seek to make a measurement. We arrange the
equipment as in fig. 3, and we send a small current through
R and measure the potential difference existing at the
ends of R by the potentiometer. We ghall call this
difference of potentdal V,. From Ohm's law

V.=iR. ,
since R is in parallel with the control grid to filament

resistance, there is a change of the¢ control grid voltage
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Fig. 1. The circuit initially-before modification.

The I's are the meters in the circuit.
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by V,. This change in control grid voltage is related

to a change in plate current by the factor of proportional-
ity called the mutual conductance or the grid-plate

transconductance:

dcp

A€q

Hence the change in plate current is

o T

Ja i'=ne 5 Ew

but as we saw

then

i=1, R. 8.,
When the plate current reaches the branch leading to
the galvanometer, it will divide into two parts inversely
as the resistance of the galvanometer is to Rp. The
resistance of the galvanometer is 137.6 ohms, R_is
approximately 15,000 ohms. Thus about 29% of i, goes
through the galvanometer and we have to asufficient
degfee of exactness.

1,1, R 8w b,
Knowing the sensitivity of the galvanometer, for a
given displacement we can calculate i,,, and measur.ng
V,with a potentiometer gives us a method of determing
8.c [/nd knowing g and either impr i ,we can find the third

since the value of R_is gi ven by the manufacturer.
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It is easy to see that we are measuring a difference

of potential; tp obtain high current amplification it

is necessary to make R,as large as possible. It is

useless,; however; to increase R beyond a certaih limit,

because it is shunted by the grid-to-filament resistance

of the tube itself. For most tubes aesigned for use

in radio receivers this resistance is not over 10%ohms.

To make this resistance greater expensive care must be

taken in the construction so as to eliminate sources

of current to tne grid within the tube. One type of

tube, cost$25,00p3 is tiie Western Electiric's D-96475

which we are using. It has an inner space charge grid

t0o shield the control grid from positive ions emitted

by the filament. It is operated at a very low plate

voltage to avoid ionization of the residual gases. The

grid-to-filament resistance is approximately ldsohms.

The recommended operating conditions are:

Filament voltage 1.0 volts
Plate current 85 microamperes
Inner grid current 520 "
Mutual Conductance 40 microamperes/volt
Control grid current 107" amps:
Input resistance 10'n
Control grid capac.ty s
to ground 3 x 10 farads.

However, it is well to keep in mind that there are

considerable individual variations in electrometer tubes
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and a balance may be considered as an experiment with
each tube.

Characteristics curves showing the plate current
and control grid current of a typical D-26475 tube are
set forth in fig. 2. The slope of the grid-current gives
the grid conductance and the reciprocal of the slope is
the grid resistance. The control grid is operated at
-3 volts because the curve is nearly flat at that point.
The slope of the plate current curve gives the mutual
conductance, The curvature of the plate current curve
is quite noticeable and is sufficient to cause appreciable
nonlinearity if the grid voltage changes by as much &s
0.1 volt.

In this construction it is well to use only the
best materials. Care was given to the purchase of
the resistors particularly. Although they carry very
little current, still theéfr power rating should be
rather large so as to insure good thermal stability.

When the apparatus is used at the highest
sensitivity it is recommened that the tube be placed
in an evacuated container. For ordinary practice it
is sufficient that the tube be placed in a semi-sealed

conta.ner wh.ch is free of dust. Before putting the
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Fig. 6. Plate- and grid-current characteristics of Western Electric D-9647

Fig. 2. This figure

tube.

was ta.en from Stro-ngw,t i).&%&.
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tube in place wipe it off with a cloth dampened with
absolute alcohol and remove any stray finger prints
after it is in position. The container should be of
metal and well grounded. In fact all parcs of the cir-

cuit should be enclosed in metallic shielding.

Bazlancings
The preceding circuit, Fig. 1, was selected because
of its stabiliity under slight changes of battery voltage.
Before this characteristic may be full utilized, the
circuit must be balanced. The precedure the experimenters
followed us:
With the galvanometer shunted to 0.1 or 0.01 of its
full semsitivity andR adjusted so thatthe galvanometer
reads zero when ;§is near its raced value, 270 ma, I is
slowly varied by means of Ry. When the galvanometer 1s
connected so that a positive deflection is cause by a
decrease in the plate current, the deflection passes
through a maximum for a value of I, near 270 ma, If
the galvanometer goes off gscale before the maximum is
reached it mayie brought back by a slight ciiange in Re.
If the value of I+for max.mum is not within a few
percent of the rated value of the tube, and adjustment

of R.and Rywill bring the Balance point to
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Fig. 3. The potentiometer is mounted on the

teble with the zmplifier. The battery 1ls an

ordinary dry cell.
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to a differsnt value for I,. The adjustment is finally
made with the galvanometer at full sensitivity. Each
adjustment will recuire a few minutes for a new thermal
equilibrium to be established.

Often in our work a simpler satisfactory balance was
gotten by setting I near the recommended value. After a
few minutes for equilibrium to be established, I was
turned precisely to 270 ma. Then R _w«s turned about
2/3 full and R,adjusted until a balance was had. No
galvanometer was in the circuit in the initial work and
an insensitive one was used for the final pa:xt., Of
course the last adjusting is done with the wall type
galvanometer as before. The control grid lead was grounded
during the balancing.

During the balancing some valuable rules were
stumbled upony; for completeness we list here:

l., Solder as many conhéctions as possible, egpecially
the battery terminals. Use only rosin flux.

2. Keep the top of the batteries clean and having
them in a ghielded box is excellent.

3. It is advantageous to use the batteries only on
the middle portion of the discharge curve.

4, The control grid lead should be short and well
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shielded and insulated
5., Calcium chloride crystals may be used in the
tube container to keep out moisture.
Testing for Linearity:

The circuit had been bala..ced taking the necessary
precautions. For input the experimenter devised the
circuit shown on the following page. By varying the
variable resistance a wide range of potentials coula be
impressed across R,. And in accordance with our
fundamental relations:

iga=is Ry B
a current would flow tihwwough the galvanometer. The
galvanometer was a Leeds and Northup wall iype
galvanometer with a narrow coil. The sensitiviiy was
1.15 x 10 ® amps/mm

The data obtained was:

Potentiometer reading Deflection

volts mm
0.,0017 5
0.0076 18
0.0097 21
0.0125 27
0.0156 34
0.0174 42
0.01956 45
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In taking these data the single pole double throw
switbh was first turned to the potentiometer then
to the amplifier and back to the potentiometer. The
graph following this page'exhibits the linearity of
these data,

As far as the actual current through R is
concerned, let us consider the first entry

vV, = 0.0017

(-4

i, = =22 = 16.2 x 10 amps/5 divisions.

o (.05 %i10'®

- S
i, 3.24 x 10 amps/mm

1

Hence 16.2 x 10"qamps went through R, although we could
detect 1/5 this amount. By raising R_ to 10, i,could
be pushed down to 10 ' amps.

The resistor R, wus bought from the S$.5. White
Dental Manufacturing Co., 10 East 40th Street, New York,
and we have had to accept their rating. It is supposed

o
to be correct to one part in a hundred. (Ro= V.05 ¥ 1° )
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MODIFICATION FOR IONIZATION WMEASUREMENTS:

The essential mocifications are set forth in
fig. 4. The most important item is the mounting of
the tube and ionization chamber together. This idea
occurred to us in order 1to keep the control grid lead
short. After a more thorough study of i(he literature
we found that Bearden and others had used similar
arrangements for different purposes.

Figs. 5 and « show the completed apparatus in
position in the soft x~-ray laboratory. It is believed
that the pictures and diagrams are fairly self-explanatory.

Since copper is more likely to be free of
raiodactive contaminations than brass, the ionization
chamber is constructec of the former element. The tube
container is constructed of 3mm lead sheet. The insulator
is of bakelite with an amber in amberiod center.

No guantitative results have been taken yet. But
in preliminary experiments with s oft x-rays the apparatus
showed more than sufficient sensitivity with great stability.

It is obwious that with slight modifications, this
apparatus could be used for many other current measuring

Jjobs.
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Fige. 5. Thls 1e a view of tne entire apparatus in
the soft x-ray laboratory. At the time this picture
was made one of the meters had been pemoved. The
storese batteries are plzced on the lower shelf,
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MATHEMATICAL RELATIONS IN BALANCING:

In balancing the problem is to determine such
values of our circuit resistances so that the tube
shall be operated with the desired voltage, the
current through the galvanometer shall be approximately
zero and the galvanometer current shall be approximaiely
constant for small variations of the filament current.
The equations may easily be deduced from the following

circuit:

We shall use the syabeis:
e = the plate voltage.
e,. = the inner grid voltage.
e, = the control grid voltage.

e, = the battery voltage.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=12~

That is we shall use these in addition to those given

on the circuit.

From the circuit we have immediately:

2. e, = ©ey*t CylRy > Rar RO
. . = LA
3 e - ey (Ri- CrRel (Rev
. P
4 e. = eg¢¥ (yRe— LR
We impose the condition
—‘?p B(" = ?hDC\‘

Computing the changes in e,and e for small changes in
i we have:

nc 3¢p beg ~ 'y pe.x 22 nee)

' . o\
o fA(‘,*‘ Re A'"s-—RP( 7 d2€, Jde. 2€e

)k’, L"'
Transposing and collecting we are lead to:

Dey =

3 . ;Lp
Ve v otlp — ¢ — De
(\+ ReiE )00, = (S'T:” xR -Ro .ﬁ*\ac* Ry f’ne Re F¢ bn
Since . FYAN
- dCw —~R. 2= pe
ov a e ot ned - (4
pe.= 25t a¢ + Riod -ROSEoGY G 05T 5e )R Se
At
The condition of balance may be written:

O ep =
Substituting the values found for these increments in

n e,

the preceding equation with the substitutions:

A(:r ) - P % aCk
= _— < = —_—
9 pe €, 9= 2@ ™ 2¢,
2¢p ¢ :
%, = e, 5. = o 2°r
> -2 AEL Y
9 2= 2
w- T D € = €
ﬁP"‘ 2e p | g § _3,-_-‘”
we have d¢y

(. + R(: 3"?) Ay e? = (l’_‘__ + K, — R., Kgp) ﬂf_s, - Rl’ 9‘.1?&?.5 - R,, jﬂ‘, a€,
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Since aAc, = —4¢ £y

We have
() + R, 9., )6 = (7 v R ~R.s, , + 2 Rr9,, )00 -R 3 0e.
In order to simplify further we introduce

pt’( 590*9“(’) = Rpoe
—R\,‘ ( 9\.‘“"- sp"‘j = Q\q 9~

Our eguations become then

(VA Rogednee = (rpg ¥ RYI-Re¥ye v B9, RO
(VrROopen= (vp + R, — RUX4u &+ Ra9, 7025
Substituting in ee,-ce.we have
/+r Rp 9, _ b7+ B~ R K + K FoplRr

5. =
2 Pu Ju o+ Ry — R, g T /'?.,9},“@_

This gives us a fifth equation. Since there are six

unknowns and only five equations one of the unknowns
must be fixed arbitrarily. This arbitrary element
gives the circuit a degree of flexibility lacking

in some of the other circuits.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-14-~
BIBLIOGRAPHY s
Bastman, Thermionic Vacuum Tubes, McGraw-Hill

Harnwell and Livingood, Expt. Atomic Physics, McGraw-

Hiil
Harnwell and Van Voorhis, Rev, Sci. Inst., 5:244 (1934]

Hoag, Electron and Nuclear Physics, D. Van Nostrand

Penick, Rev. Sci. Inst., 6: 115 (1335)

Strongy; Procedures in Expt. Physics, Prentice-Hall

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Part II1
ON THE QUANTIZATION OF MASS

A digssertation submitted to the

Graduate School
of the University of Cincinnati

in partial fulfillment of the
requirements for the degree of

DOCTOR OF PHILOSOPHY

1939
by
Herman Russell Branson

B.S. Virginia State College 1936

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS:
1. Introduction
2. Regular Cosmological Spaces
3. The Radial Equation
4, Time Curvature
5. The Time Equation A
é. A Non-Regular Universe

7. References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-le
l. Introduction
The underlying idea of this investigation is the
following: If the Dirac equation is solved for the term

involving the mass of the electron, then it is se¢en that the

operator
. ]
+ o« 3t _ 2+ z——a + = ‘S
= )L e I RS SR 1.1

where % and p's are matrices of the Dirac type, can be
regarded as representing the electron mass m, We are then
Justified in looking for eigen values of this operator, which
would be the possible values of the electron méss. However
the fact that the Dirac equation for a free electron has
Asolutions for an arbitrary value of m shows that in

ordinary flat space-time of the special relativity theory

all walues of m are possible, This is analogous to the

fact that in an infinite space a free particle can havé
arbitrary energy.

In a box of finite dimensions,as is well known, the
energy is quantized. This occurs as the result of the
boundary conditions that have to be impoesed on Yy at the
boundaries of x, y, and z, Accordingly if one couid
impose boundary conditions at the boundaries of time, t;
one would expect the existence of a discrete spectrum for m,
A somewhat similar situation occurs if a curved space-time

is finite {re-entrant) although hot bounded. The boundary
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conditions are then replaced by the periodicity conditions,
The pessible values of m would then depend upon the radius
of the universe, constants ¢ and h, and a quantum number.
The idea, that the mass of the electron depends upon the
kind of universe it is in, is attractive, as well as the
corollary that the electrons of various rest masses may
be different states of essentially the same particle.1°
It seemed therefore worthwhile to try to solve the Dirac
equation in various cosmological spaces,

A start in this direction was made by Taubz‘ who
has made the calculations for a number of cosmological spaces.
Although Taub, apparently, was not primarily interested in the
eigenvalues of m, he finds that for the spaces considered by
him there is no reason to assign any particular value to
this number, except possibly when iield is present.3°
2. Regular Coemoiogical Spaces

Robertson showed that anlarge group of cosmological

spaces admite a metric

R dut

ds'l—:. (1At1 - 201

where du*is the three dimensional space metric,%* We shall

1, Neddermeyer, Phys., Rev, 53, 102(1938)
2. Taub, "Quantum Equations in Cosmological Spaces", Phys,
- Rev, 51, 512{(1937). Hereafter referred to as Taub,
3. Ref, 2, p. 514,
4, Robertson, "Relativistic Cosmoclogy", Rev. Mod, Phys.
5, 62(1933).
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call spaces defined by a meitric of this type regular, Three
cases are to be distinguished, corresponding, respectively,
to the three-dimensional space having positive, zero, or
e gative curwvaiure, The metric du for these three cases

can be written in the forms
swta Ldet+ smte d¢ )

du’ = A« =+ -

du* = dodt 4 ot ( der x S a4*) -
and du? =  d** & swmhla (der + smte ag) -
regpectively, These three are particular cases of the
metric

do= = AT+ —‘-‘(o() (de* + siwte 44) .

Throughout this work we shall treat cases where there
are no fields and the potentials are put equal ito zero. We
us Taub’s Eq, 3.1 as our generalized Dirac equation in the

absence of an external electromagnetic field:
pregh e, 2 g 67T o 25 [yl

s 3
ZY /& ¢ 2RW) - SE St T 5T F s S
2.6
i nich -~ i
n whic =
Y o)

Eq. 2.6 may be written as Taub's Eq. 3.12 but where

A ¥ _#k//y //—«))*/r;)e //’ea\i ’L,, R el (’.]W

2.7
instead of Taub's Eq. 3,13 where our Bs are defined by
By = SM O cos¢ &, + Sme swmé of, + (50 X
Bo = (oso cosr ¢ o, * (30 et oW © X3 2,8

(‘Q - - SI"\¢ 0(‘ 4+ (.Q.‘é oy
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£

The treatment of the angular momentum for this equation

is identical with the treatment of Taub, The solutions

of Eg. 2,7 are then

<+ = K= ) RURymay
v, = A (S |) Phc-tm) Wy Ayie 1) (52} 20
D KAy +1)
Y, = -At (ELT—‘-—')h*\'(IC—',W“) Yq ~ "\3(“‘1.) ( 2wt )QU(‘M 2.9
v -

where A, and A, are functions of < and t, and k is the
eigenvalue of the angular momentum operator, k an integer
2 1., Substituting these values in Eq, 2.7 we have

Ry ( Ed-mda = B+ )M

Reo) (5 Fer o B (- ) ™ 2.10
We eliminate A, and then A, from this system of equations

obtaining tRe equation satisfied by each A , namely:

hd “ [ - = ,(‘_ 2+ E
RO (I 4T )R (R § 5m)R (GGt )63 f‘"z 11
where the upper sign goes with A, and the lower with A, .

Making the assumption that A (x,t)= A (=) T.(t) (i =1 or

3) and separating variables we have the *"time Equations"

d*T , Aleyw h* [l mrcr o e deal]l e
at? at K\R’l- L* ) ax 2.12

with LA -W' for T. » W3 for '1‘_3 ¢ 4and at the same time the

general "radial ®quations"

A, T oLt 5 L KT A o o
— 13
et AU ) P

in which the upper sign goes with the subseript 1 and the

lower with subscript 3,
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3. The Radial Equation
For the case of space curvature equal to + 1, f(«) =

sin « , Bqg. 2.13 becomexs
oz i Ja e WA

. 2 (/2 AT A
% L Sss2 T X .1

where as before the upper sign goes with A  ? and the
lower with A_ . The solutions are given by Taudb and

3
W\ + ELEJ;!):XL
/3 = N 2 3.2

require that
A

This leads to the quantization of energy, as Taub shows

in the special cases considered by him,

Space Cur¥éiure =0,
The solutions of the radial equation for this case
leave W arbitrary, as the limiting case treated by Taubdb

shows,

Space Curvature--1,
This specification includes the Milne universe treated by

Taub, The radial equation in this case is

A7) . HELLAS 5 - pa 3.3
- a/di S sy X

We see that this equation may be obtained from Eq, 3.1

by replacing h by ih and g by ik , Taub states then

" .. the solutions of the Dirac equation for the 3 space

of negative curvature can be obtained from that of positive
curvature by replacing ¢ by ip ( in our case h by ih) and «

by ik in the solutions we have obtained." But this does not
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seem to be correct for in BFg, 2.2 -W4£e ¢ T or o ¢ =<2
while in Eq. 2.4 o0s = ¢ With this range for

there are no well-behaved functions A and A, simultaneous-
ly satisfying Eq. 4.4 unless the eigenvalue of the angular
momentum operator be egual to zZero which is disallowed,

Thus we have a quantizétion of W only in a universe of
positive space curvature. Referring to Eq. 2.10 we see
that a quantization of m is most likely to result when
there is a quantization of W, Hence the most promising
cases to be investigated are those with positive space curv-
ature, We shall learn, however, that even in these most
favorable cases there is no quantization of m.

4, Time Curvature

The formula for the Riemannian curvature of a spacel'

is AL >\T( /\f N, Na
)( = of )\(3 X’ x‘f
(5-z4jﬂ5' — Jas 9ﬂ") Ao A 4.1

The g's are taken from our fundamental metric Eq, 2,.5. The
unit vectors }f and %i determine the orientation in this
space. For our 4-space we select
o= L. o £ = S 4,2
Eq. 4.1 then gives o
o1 = T iip 4.3
Had we selected either A.=9z,or M.>S,instead of X:-J,.we

would arrive at the same equation, Eq. 4.3, Thus the

- l. Robertson, p.84.
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orientations dete;mined by selecting any one of the unit
space vectors with the unit vector in the time direction
are equivalent, This indifference to the spatial
directions permits the designation "time curvature" for
the quantity thus obtained, The simplest cases are those

with constant X, Here we may distinguish three cases:

X > 0: /2 A corAT
o or = 13 sm AT 4,4
2 = 03
/2 = @+ 5 4.5
< < 03 o - Lsorh 257
or s 4 oms Y 4.6

Each of these R{(t) determines a specific type of
universe. If we accept as physically plausible that the
universe did not come into existence at the time, t =0,
then the universes given by R = B sinh ct/b and
R =b sin at are disallowed. However the equations
with these functions have practically the same solutions
as the corresponding cosh and ces equations with identical
requirements on m,

5., The Time Equation

) Time Curvature <O,

Negative time curvature occurs, for example, in
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considering a generalized DeSitter'sl' space-time which

can be regardedcds a hyperboloid

KE+ KT+ X+ Xq — X7 b 5.1
embedded in a 5-dimensional Euclidean space, with
cartesiam coordinates ( x_, x ., X, , x, , X, ).

A convenient coordinate system, suitable over the
entire hyperboloid, may be introduced as follows: let

Ko = & sm% 7 fae
and Xy = é <cosh 7 cos %4 5.2
Substituting into Eq. 5.1 then gives
X+ X2+ X3 = S 6 <os4 (5) -””f}J 5.3

#which suggests putting

X, = x = cort _%: Serr £ cos P

X, =y = ¢o0h & SF T 5.4

X, =2 = (o4 % S

The metric is obtained by substituting from Ega. 5.2

and 5.4 into the 5-dimensional Euclidean metric, thus:

- ds* = dx+dx}+axyedxi-dxl

= o~ c2de o Lot (({_) [d\"“i’ blf"’ *-_Z_ (d31+5m"9d4él.5

In this coordinate system there is no "horizon"z'.

The spatial part of this metric is ezsily reduced to

the form 2.2 if we put r/b=%, and on comparing with 2,1
with see that

foer) = & cosh ()

5,6
I. Robertson, p.70.

2, Robertson, p.71.
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The range of the variables required to comprise the

entire hyperboloid are:

o < & £ 77, ’
Eg. 2,12 becomes on substituting from Eq., 5.6

7°7 _ X !Q‘ - /,gz(/— x) S e '/"'”‘}7“:

PZ 2l (r=x<0" 5.8
where g - d 73 A= M(‘/z
and X = Howd ()

Well-behaved solutions of this equation are
for W< O: )

7 = (rrx) 5 "/3//~x)"0% FCO-p, 4 -B-cu,l-23, ;2) 5,9
for W>0:

T = e x)F B x> FO g Yrp e, treal B
Both requiring only that m be rezl.

Time Curvature =0
Two examples of this curvature are found in the
work of Taub, The first,; R(t) =2, is his Einstein's
universes; the second, R{(t) = ¢t, which is equivalent to Eq,
4,5, leads to the Milne universe, Neither of thecse
requires any limitation on m,
Time Curvature> 0

Por positive time curvature, R(t) = cos(ct/b), we

have
o7, Pl .«/r + B2 XDt et ux ]
2% e (1+Xx2)% ~° 5.10
[
B = 5L
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where x =tan (ct/b) and w=bmec/h. Satisfactory
solutions of Eq., 5,10 are :

for iw>0:
My B . (/'g_ /-r?(ﬂ £ )
T= Q4+x) *G-xYP 7% e, £7 ., et

Yy ¢ mcb

for iWeO: = PR 5.11
- UL - - &

‘w7, . - :

Ll ef, L T F s TR, =g

*‘s wme b ‘-'/t

M . « N N
Hence positive time curvature requires a quantization of

7= trex) P ti—x0

m. But the conditions on W and the negative value for m
renders this solution unacceptable, Thus none of the
universes considered ahead require a quantization of
m that is physically meaningful and acceptable.
6. A KNon-Regular Universe

A non-regular universe can be defined as one whoee
metric is not of the form 2.5. We consider one such
universe - one arising from Eddington's suggestionl' for
a suitable surfaceé representing the universe with only a
single chaerged particle present, This is a 4-dimensional
space embedded in a 5-dimensional Euclidean space and
given by

2+ L N A2, r HEs an 6.1

with t‘, tl, and t¥:;§a tq and t_ imaginary. By placing

t, = Xyt =y, t,-2, t -iX, and t, - i~ we have

Xt 4+ v 4 21 = a™ 5 W4 ™ 6.2
which shows that a® must be negative, The metric is

dsS™ = - (a4 A3 F At Al atg? 6.3
- = LAt dwr) ~(dr>+ dyt +dar)
S 1. Edgingtom, nrhe Relativity Theory of EZlectrons and Proto-
® ns ’nsh.g.
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If we let
b’. = —a’-
X = b sinhsin © cos ¢
Yy = b sinb« sin o sin ¢
6.4
Z = b sinh«cos o
M =z b coshxsin %
XN = b cosh«cos 5_5?.

we obtain for the metriec
P //a"&d‘ﬁi)]

e
52 = (1 oss e weto B Ledut s smbin ! 6.5

where

o <
S o< < pa'=) 6o < @ < I
o

£ # < 278
t =time. o ® =27

A test particle in the universe determined by this
metric, which is not initially at the origin, will
oscillate through the origin, After a time 2T b/c the
universe returng to its original state ana the partizle
is at its initial position ready to proceed again through
its history.

For the wave equation of a particle in this universe
we found it more convenient to use the relativistic form

of Dirac's equation proposed by Fockl‘

6 a¢! ] - Y% R *' = o
"i ( 3—;—‘ -~ __E‘ $ ) {t 9 4’ 6.6
with the definitions
[~
~‘ ¢ = Z e\&c('c'\«“'
- <

1. V,.,Fock, "Ceometrisierung der Diraschen Theorie des
Elektrons", Zeit., f, Phys. 57,270(1929).
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_EG. = % e\: l“l(

Cg_ = ":i_‘ Z £ o, C. Y‘M\L,ﬂ_ + (Q_Q
. — <

Yin = (v, Léﬁ) LK@ ho

The V., means the covariant derivative with respect to x_ .
The &, iz a constant times the vector of potentisal,

Since we are treating the case of no field we may set it
equal to zero, The &5 are Dirac matrices. The h's are
n-beins or orthogonal ennuples introduced at each point
of space for convenience, The h's are related to the

g's by the equations

9% - ¥ e w L. .? 6.8

AL

dup L‘?( = by 6.9
Here the n-beins are designated with Latin and the '
coordikates with Greek indices, The e?'s are the Eisenhart
ets iﬁtroduced for convenience of dealing with an indefinite
metric:

We make the correspondence

X, = t
X, = &
X, = o 6.10
X, = ¢
So that
g = Cleosh Tt g,, = - b2 Sru ks 2 X e
g, = -4* B,, = -8 54w Sin0 6.11
N_g = €63 s rovGax T O

e e haraie
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From the possibilities for the h's satisfying Eq.6.8 we

select
hl = Bl O tas h-x; = o/ 8 cos P
. 4 B Sray b >
‘' 2 _ . )
hg_ = T2 @ prsy h.,_ = Core Srag
=< B Srrr byoc
h. hl = Jrn e 6 12
3 = ces O I .
4 b v Hoe
h3 = - S L2

S sims o0 S0 &
h3 - Cos Y

* b srrrd . S0 O

All others are zero. The h, . are obtained from these by

use of Eg.6.9. The non-vanishing Christoffel symbols are

° = Foeh X 2
t o 3 3

/ = €2 L d o cosd 5 - c7g &l
O o

— s# O cos O

41

'
{ } T - Smdo Cosha §\ 2 } _ crgh X 6.13
2 2 -
¢ 2

¢ 3
= = Srmshw C(osrbot Sl - [7‘9’9 o
;7 3

2 3

We introduce these values into Eq. 6.7 and substitute into

Eq. 6.5 and after some reduction we arrive at

by Be 2. o (¥ =
{ —@i L—‘?:( ol v (°+L‘d) + .E:Im\-‘- (Bobb—e N S Arp) M 4 ( }
b S oK Sinha 6.14
A

 cosb P Yt

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~14~
where the @'sare defined as in Eq, 2.8.

This equation may be simplified by making the
substitution ¥ =s~ha $'so as to eliminate the cothx term
and eliminating the angular momentum as Taub did, The
procedure is identical., The solutions are Eq, 2,9 where
the A's are functions of X and t to be determined, In

virtue of Eg., 2.9 we have as our system of time-radial

equations
Z 2 4, £ ) (&, r)
( ;),; — #Hac rozA"’) 2,0, 7)) = ok o Y-S S b & ’93 4
< ¢ 6.15
5 D g e comsn) Ajcu e = K 2 e
(/:“ T /) 3 z'{:(oJﬁA (a“ _;;;;4‘ ) A/ {a"f-)

We assume as before that A («,t) = A (&) T, (t).
Eliminating in the system 6,15 after this substitution we

have for the time equations

RO e 6.16
7 o 4
This gives

[N

Tz
73_: wa = e

’

In order that the universe be periodic it is necessary that ..

Zersd | .
3__,_—-—- ¢ = Z”N'

47 ¢ 6,17
where N is an integer,

The radial equations may then be written

A, lct ) / ,}gé.’_‘i —p 7 C (o/éo«_) = ___z cosh & {3% ”44‘,) ﬂ( ?
cé
() bgt oL Y 2 _ A (=)
Az (—:f———%mrr 4u) = - ot ( .m,4«> 6. 18

6:—‘.
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resulting in

reriwexf p oo

<
X321 A 4 /f,f—/_&—- ﬂ’fx—;—r yi—e

2 A, [(2ax—2g- - ) Ix ? 6.19
(x*=1) —= X = ~h _ med

with the substitution x =coshx and where the upper sign
goes with A, and the lower wiih A, .

This is a Riemann P equation with 5 singularities,
Since the singularities are not elementary in the sense of
incele the equation is not easily solvable, Our chief
interest is in ascertaining whether this equation even in
a special case has solutions - so long as that special case
does not embody extreme assumptions, Hence we make a try
for a solution by bringing about such a confluence of
singularities that the resulting equation may be handled
and, further, we attempt this solution with k=1, The
most obvious specialization is the confluence of singular-

ities at = 1 by putting

We differential equation we seek to solve is then
R -l = o/ T XX 1) ~NHU X)) ™
(x2—1) i (¥—% F7) w7 x:()r!:) LA = 6.21

We introduce a function F by the substitution

A = XN Ax-1 = 6.22
CX4-1)
The equation satisfied by F is

* * ! T dF o
Wiwwsy AF [tasmiuwr = (e nrv)u i 0y 4E
“'\.

2(2-208) Cuw -Q Tv)IF =0 6.23

1, E.L. Ince, Ordinaty Differential Equations, p.495
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where W = V=) /(\—rx)
This is in Heun's canonical formls:

ide 2P X+
rav + (a-1)
X tys)ly-a) L [perarr) X fre

77 dhe
¥ dF —9) F~ = o 6.24
4 J e N dﬂ(’ /J »
where
A = A a3 onp,r, I x ) =

7%)
/" X “
;) o~ Gy /) 6.25

o/ yrv#rS o fyrorr)

with
ﬂ){ = 7 2)
- 4
6 ’/7) 4 S & gl = a’ﬁ;’- -+ fa(+,g—f+/ -+
and in general l(r*S) a }; - av
6“;;;) - {D[«Y-f,g—d‘-fr/,-. CrrT o g ) @ # ;’%’;] G-"’fg)_
7 o)

(cr+w=d)(B +o ) lyr o »)ea & g ).
The characteristics of such functions:ape discussed by
Heun2°. A value of F giving well-behaved functions, i.e,

quadratically integrable functions, A , is

= Z s - 4 = 4 .—/vﬂ")
F—f/—///._é,,?'/+L,2—r/,,/3,/” 6. 26
_ .2

in which x ranges between 1 and = and the integer

¥ > 5,
Eq. 6.20 may be written

m = Nh/be. 6,27
Thus we have shown that the Dirac equation in this universe
Possesses solutions requiring the quantization of mass,

Looking at Eq, 6.27 alternatively as giving the radius of

l. Xarl Heun, "Zur Theorie der Riemann'schen Functionen
zweiter Ordnung mit vier Verzweigungspunkten," Math., Ann.
33, 165(1889),

2. Karl Heun, "Beitr#ge zur Theorie Lame'cken Functionen,"
Math. Ann. 33, 181(1889)

h
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the universe in terms of m, ¢, h and the quantum number
N, where m is the rest mass of the electron, we have for
the lowest mass state, N = 5,

b ~ 10’1°cm.

a value which is much too small to be interpreted as the
radius of the macroscopic universe. If we were to try to
make the result consistent with an acceptable value of
b, for one of the suggested closed universes, it would be
necessary to loock upon the electron as being in a very

0 "’37

high state, N~1 » of the elementary particle, whose

lowest mass state would be

m v 10-65

gms.

We must keep in mind tha these interpretations are
based upon the tacit assumption that Dirac's equation is
correstt for all distances, Since it is known to be
unacceptable for distances of the order of 10-130meg it
is not unnatural to question this great extrapolation,

1t is one of those cases in which success would be very

gratifying, but the failure is not Surprising.

h
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