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CHkPTER I

L’iTRC)DUCTION

Many aspects of an investigationof the reaction

He3(d,p)He$+are of interest in nuclear physics. One of

these is the fact that until very recently He3 and tritium

were not available in sufficient quantity to permit the

observation of a bombardment of these gases in a gas tar-

get. A second is that the reaction involves a small number

of nucleons, and such reactions are always of interest to

theoretical physicists. A third point of interest is the

extremely high Q of this reaction, and it is this high

(18./+Mev) Q which makes it possible to search

levels of high energy in the HA nucleus which

from the above interaction.

for excited

may result

A determination of the energy variation of the total

cross section of the reaction D(He3,He4)H1 was reported

by the Purdue cyclotron group in 1943. 1 ITI this work air

reduction He was introduced at the arc source of the cyclo-

tron, which was tuned to accelerate H&. The target was

deuterium gas.

was made using

A

an

determination of the total

ionization technique which

cross section

detected the

.—

1
C. P. Baker, M. G. Holloway. L. D. P. Kin~, and
R. E. Schre~ber, LAMS-2, J-tie,1943. ‘“
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He4 particles. The value reported for the total cross section

in the energy region 0.3 Mev to 1.0 Mev is of the order of

0.5 barns, bhe maximum cross section of 0.8 barns occurring

at a bombarding energy of 0.$5 Mev.

Subsequently the authors discovered an error in the geom-

etry of their apparatus which gave a

the cross section at lower energies;

at this energy remains substantially

The only other measurement which has

slightly larger value for

however, the cross section

of the order of one barn.

been reported on this

2reaction is a recent one by Hatton and Preston, who bombarded

a heavy ice target using He gas enriched in He3 to 4 x 10-3

by a thermal diffusion process. These investigators observed

the long range protons from the reaction He3(d,p)He4 at bom-

barding energies of the order of 100

Walton accelerator. The total cross

barding energy is given as one tenth

KV, using a Cockcroft-

section at 160 Kev bow

of that for the D-D re.

action at the same energy. They reported no low energy pro.

tons which might indiPAte an excited state in He4. However,

the energy available to excite the He4 nucleus in their ex.

periment is essentially that due to the Q

Their investigationwas thus limited to a

for the excited state in He4 than the one

2

of the reaction.

lower energy region

proposed here.

J. Hatton and G. Preston, Nature, I-&.,1=43(July 23, 1949)



The possible existence

of the compound He4 nucleus

grounds

Fowler,

the He4

as early as 1936.3
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of at least one excited leval

was demonstrated on theoretical

previously, Crane, Del.sasso,

and Iauritsen had suggested four energy levels for

nucleus, based on their observations of the gamma.

radiation flromthe reactions:

d+ 2

He4*

4
~ &2 _f_ He4

5
A He4 + He4*

He4 + ~

Bethe md Baoher6 have evaluated the Mterature to 1936

and have calculated the probable existince of three excited

states, a % state, 16 Mev, and two 3P states, the energy of

3
E. Feenberg,

4

phys. Rev. ~, 328 (1936)_

“Orane,Delsasso, Fowler, ad Iauritsen, Phys. Rev. ~,
100 (1935) ●

5
Crane, Delsasso, Fowler, and huritsen, Phys. Rev. 48,
125 (1935) .

6
H. A. Bethe ad R. F. Baoher, Rev. Mod. Phya. & 147
(1936) .
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the lcwer being about 10 Mev. More recently, Goldstein7 has

shown in a theoretical paper that there shcmld he ~ % state

of the compound He4 excited nucleus having an excitaticm en-

ergy of about 20.5 Mev.

This figure is based partially on the value of the cross

section of the He3(n,p)H3 reaction obtained by Coon and Nobles.8

Their results show &= 5040 ~ 200 x 10-~ cm2 for thermal neu..

trons. From the above results it appears that there may exist

a resonance for this reaction for a negative neutron energy.

That is, although this cross section follows the l/v law,9 the

coefficient is so large as to indicate the proximity of a reso-

nance. Since the energy difference between the nuclear masses

He3+ nl and He4 is 20.55 Mev, it is likely that if this nega.

tive energy resonance exis* , it is due to the formation of

the excited He4 nucleus. In any case, this mass difference

sets an approximate upper limit for the energy of an excited

state. The excitation energy required to oause the total

disintegration of the He4 nucleus is 28.2 Mev.

I

7
L. Goldstd.n,
Dec. 1947.

8

Declassified Los Alamoe Report IADC-539,

J. H. Coon and R. A.

9
L. D. P. King and L.

Nobles, Phys. Rev. ~, 1358 (194.9).

Goldstein, Phys. Rev. ~, 1366 (1949).
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It has been pointed out by Goldstein7 that the above

reasoning concerning the proximity of a resonance is strength-

ened by the e~ertiental evidence of other lclndredreactions.

These are:

Reaction d km

Lii6 (n,He’$H3 900

~lo
(n,He4)Id7 3000

In both of these reactions the cross section is very large

for thermal neutrons and both obey the l/v law in this re-

gion. Further, for both reactions there exist well estab-

lished excited states for the capound nuclei. Hence, it

is not unreasenable to deduce from Iibisevidence that there

4may exist a resonance in the He nucleus.

It can therefore be seen that although the existence

of excited states in the He
4 nucleus has not been definitely

established, there seems to be general agreement as to the

probable existence of such an excited state or states in the

neighborhood of 15 to ~ Mev. The reaction He3(d,p)He4 offers

an obvious and direct method for investigating the existence

of such excited states M the energy region of interest.

If such an excited state etists, and if selection rules

permit the reaction to go in such a manner as to leave an

4excited He nucleus as one of the reaction products, there

should appear in addition to the mati group of high energy
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protons a proton group of much lower energy. A search for

this group of low energy protons can thus serve either to

establish the etistence of an excited state in the compound

He4 nucleus or to set an upper limit for the possible energy

of this excited state, as determined by the lower limit of

energy of the lowest energy group of protons which can be

detectid.

Thus, the purpose of this experiment was to determine

the differential cross section of the reaction He3(d,p)HeA

and to investi=mte the pomibility of the efistence of an

excited state in the He4 nucleus by the method outlined

above.



CHAI’’I’ERII

THE CRC6S SECTION

Of the measurements which may

scattering or reaction experiment,

FORMULA

be made on a nuclear

one of the most funds.

mental is a measurement of the anguLur distribution of the

reaction Particles In.order to describe this angular dis.

tribution in terms of absolute quantities, it is convenient

to intioduce a quantity called the differential cross section

per unit solid angle, oi%en abbreviated to differential cross

section. Fundamentally, the term cross section refers to the

effective geometrical cross section which a tirget nucleus

presents to a bombarding beam for the occurrence of a given

process. The dimension of cross section is area, customarily

expressed in barns. (1 barn= 10-~ en?).

Eefore defining the term differential cross section per

unit solid angle let us first consider the meaning of the

term total cross section for a given nuclear process. Suppose

we have a beam of particles of particle density

meting with a velocity v cm/sec~ Iet this beam

incident on a tirget, say a foil”,containing nl

N particles/cm3

of particles be

particles/cm2.

Then the total number of reactions occurring per unit time for

the reaction under consideration will be given by Y’Nvnl&

where ~ represents the total cross section far the process

involved and Y is

per second by the

the number of reaction pu?ticles produced

particular process. It should lM noted that

-7-
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Nv represeritsthe flux of tho beam particles at the target.

Here 6 is the totil cross section per atom and nl~ re-

presents the fia.ctionof incident flux which will produce

the reaction as the beam strikes the target. That is, the

number of reactions produced per unit time is proportional

to the flux

measure the

by the quantity n~ ~ .

total cross section for

If then one wishes to

a certain nuclear pr-

ocess,the quantities which must be determined are the total

flux on the target, the number of scattering centers per

unit area, and the total number of reaction rxmticles pro-

duced. It is customary to consider the integp?atedflux and

the inte~ated yield rather than the flux per unit time or

the yield per unit time. ‘Thus,we may understand byY the

total number of reaction particles produced and

by N the total number of particles which strike

during the the of observation.

In the measurement of a clifferential cross

alternatively

the target

section ~r

unit solid angle one observes a reaction at a given angle

to the beam,

a detector D

the point of

say e (see Figure 1). Here one observes with

the nmber of reaction particles produced at

bombardment which leave the target at an angle

e with the beam and pass through the solid angle subtended

by the detector at the source. Differentiating the equation

Y = 111’l~d with respect to the solid angle - one otiins



TARGET

BEAM

R

GENERALIZED TARGET-DETECTOR GEOMETRY

FIG.I
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In order, then, to determine the differential cross

section per unit so~d angle for a reaction one must measure

the element of yield dY which pssses through the solid angle

dm subtended by the detector at the reaction center. For

the situation illustrated.this solid angle is dA@2an3 the

equation becomes

In the case of bombardment of a gas target the situation

is only sllghtly different. Let us assume, as is the case

,

for most scattering experiments, that the

diaphragmed in such a manner that it is a

passing through a length of target gas~,

circular cylinder being small compared to

the reaction volume to the detector. The

incident beam is

circular cylinder

the radius of this

the distance from

element of yield

observed at the angle 0 then is given by the equation

dY = Nnolcf (e) dJL

where ~ (0) is the differential cross section pm unit solid



angle at the angle of observation (3,1!is

of particles passing through the reaction

-u.

the total number

volme, no is the

number of particles per unit volune of the gas being born.

barded, ~ is the length of the reaction volume, and d~

is the angle subtended by the detector at the reaction

center. This treatment

volume as a line source

nunber of particles per

is exactly analegous to

amounts to considering the reaction

of reaction particles. Thus, the

unit area is no J? and the equation

the ope above describing a resction

in which the target is a foil.

In the geometry of this experiment

bysucha simplification is negligible.

consider a circular beam of radius K as

the

To

the

error introduced

show this let us

source of reaction

particles, and let the distance from the detector to the center

of the beam be R. Then the averag% solid angle subtended by

the detector from the extreme far edge to the extreme near



If we compute the

distance fron the beam
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solid angle using R as the effective

to the detectcr we have

A
n=— ~%

1
K2

- —.—z— R2 si,.n~ e.
J&

Then if &
Rslne = 0.1.,the correction is

Actually, for this experiment, the maximum

only 1 per cent.

value of

K K2 =

R sin (3
—... 1.6 X10-3, a negligible= oOo4and ~2 ~in2 e

correction, especially when we note that the correction here

is exaggerated due to the fact that the variation in

greatest across the am”.sof the beam. That is, this

imation assumes that the beam is rectanguh’ whereas

actcally ciroular, and the variation in R is smaller

that indicated by the above calculation.

R is

approx-

it is

than

If now we place collimating slits between the reaction

volume and the detector (see Figure 2) it becomes apparent

that each element of the reaction volune is not equally

effective in producing counts at the detector. Let the

detector be, as shown, a photographic plsti, inclined at

an angle ~ to the line joining the center of the plate

and the center of the reaation volume.

of a reaction particle which produces a

letR be the path

track on the
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photographic plate, y the distance from the reaction center

to the point of origin of the particle, and x the distance

fi?omthe center of the pl.atito the point at which the reac-

tion particle strikes the plate. Then let # be the angle

between R and the photographic plate. If one counts the

nunh?r of tracks appearing in a swatk of width w and length

dx on the platn it can be seen that the effective element of

area of the detector is wdx sin @ and that the element cf

so13d angle which the detector subtends at the point y is

w dx sin#J /R2. dy is the length which is effective in

prcducing tracks on the plata in the area JWIX. It is clear

that the nualberof particles/cm2 in the element of reaction

volume is given by ~dy. Thus, the second differential

element of yield d2Y is given by

d% = Nd(0) nodydm

= FJd(0) nody ‘ixSin&
R2

The @eId, then, is givepby

Ii = Nd(0)no J dy wdx sin $
R2



and for

conl~lte

this particular

the quantity I
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geometry it becomes necessary to

given by

Dr. C. L. Critchfield, Professor of Plqysicsat the

University of Minnesota and consultant to the Los Alamos

Scientific Laboratory, has developed an elegant evaluation

for the quantity 1. This evaluation is given in Appendix 11.

The result is

z-_ 4ffhw ( /+62 )Pa ’-+ G?bz&td+ P>Z+Q%’
—P-—–—[15he 242 3A’ 3 e’

P
_ /77 {CQttx — C4te)
—

L

and the geometrical dimensions are as shown h Figure 2.

Hence in order to measure a differential cross section one

must determine the number of tracks ap~aring on a photo-

&a.phic plate in a swath of width w, the total number of

particles in the incident beam which pass through the tsr-

get volume, the number of particles of the target gas per

unit volune, and the factor I frcn the dimensions of the

experimental geometry.



CHAPTER III

PHOTOGRAPHIC TBCHNIQUE

The use of photographic plates for the detection of

charged particles as a tool in nuclear physics is possibly

as old as any of the present systems of particle detection~

Discovered in lS96 W Bmqu=els d=elwd to SOZIee*nt

early in this century, the possibilities of the effect of

ionizing particles on photographic emdsions have nonetheless

not been widely recognized as a useful research tmhnique

until comparativelyrecently.

That this is true is certainly not due to a lack of

eflort on the part of early workers in the photographic

tichnique. Rather, the limitation of the development of

the lzchnique has been due to a lack of suitable nuclear

emulsions. It has been, in fact, onlYveryrecen~Y t~t

a wide range of types of nuclear emulsions has become avail-

able for use h the various types of e~rimenti which may

be done with photo~aphic plates.

The first quantitative measurements of the effect of

ionizing particles on photo~aphic emulsions were made by

KWshi#O in 19100 Kinoshita used alpha particles fi’om

natural radioactive substances to bdxurd certain special

emulsions with increased silver halide conlxdh His work

10
S. Kinoshita, Proc. Roy. Sot. QA, 432 (1910)0

-16-
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led to a theory of the action of ionizing particles on

silver halide graina which, though not entirely accurate,

is surprisingly similar to the explanation accepted today.

uReinganum ws the first to observe actual tracks produced

by alpha particles h an emulsion. By present standards

these were hardly tracks, since they were composed of ratier

widely separatid developed grains of silver. Nonetheless,

these grains showed sufficient orientation to be identifiable

as having been produced by the alpha particles which were

used.to bombard the plate. Further work with photographic

plates was seriously hampered until about 1930 by two fac-

tors. These were, first, that the silver halide concentra.

tion in the emulsion was so low as to cause difficulty in

distinguishing tracks, ad, second, that

able were so thin that the entire length

ordinarily not be observed completely in

the emulsions avail-

of a track ccnilil

the emulsion. The

first clifficulty was overcome by the preparation of photo-

graphic emulsions containing about eight times as much sil.

ver bromide as is ordinarily used h standard photographic

plates. The secoti difficulty was more serious, due to the

fact that tlxkk emulsions have a tendency to peel away from

the base material on which they are coated during processing

and that the technique of development is considerablymore

u
hi.Reinganum, F’hysik.Zeits. ~$ 10?6 (1911.).
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ccmplicated for thick emulsions. Both of these difficulties

have been largely overcome by the development of improved

bonding and developing teclmiques.

Excellent discussions of tie history and various uses of

12 adthe photographic techniques have been given by Shapiro

Webb.
13 .xPowell and Occhial.iru in their book give exnmples

of the various applications for which the technique has been

used with some excellent i3Mstrations of the

are ohserved.

l?hoto~aphic plates designed for mrious

-tiraCla which

specific appli-

cations are now available commercially from the Ilford Company

and Kdak, Ltd. fi England and the Eastman Kodak Company in

America. RmiLsion thicknesses range from 25 microns to 200

microns. The emulsion is ordinarily coated on a standard

1 inch x 3 inch glass microscope slide and consisti of silver

bromide crystals uniformly

upon the type of emulsion>

varies from 65 per cent to

12
M. M. Shapiro, Rev.

13

dispersed in gelatin. Depending

the silver bromide concentration

85 per cent of the weight of the

Mod. Phys. ~, 58 (194a ●

J. H. Webb, Phys. Rev. & 511 (1948).

u
c. F. Powe31 and G. T. S. OCClXhLlini$Nucle= ~WiCS
in l%oto~a~hs.
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emulsion. The size of the AgBr grains is controlled an?!

varies frcm about 0.1 to 004 microns$ dependiw uFon tie

WPose of the emulsion, the smiler groin size being used

to detect particles of greater specific ionization, suck:as

fission fragments. By a proper choice of grain size it is

also possible to obtain emulsions which will distinguish

between different prticles, as for insstancebetween protons

and alpha particles, by the groin density which the -particles

produce in the emukion.

As an ionizing particle proceeds through the emulsion

it hqxarts its energy progressively to electrons in the

individual AgBr crystals. Some of these elections receivi

enough energy to be raised to the cmduction band of the

AgBr orystals and move freely about within the crystal.

When one of these electrons encounters a so-called sensi-

tivity speok, by which is meant an impurity in or deforma-

tion of the crystal, the electron is captured at that point.

An electron so captured prcduces an electrostatic field and

attracts positive silver ions to it. If this process is

carried on sufficiently within a crystil, enough clumps of

the silver ions are produced to catalyze the reduction of

the entire A@r grain to metallic silver under the action

of a suitable reducing agent. Since this process is re-

peated many times during the progress of the charged par-

ticle thruugh the emulsion, the track of the particle after



development will be

grain spacing being
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observed as a line of silver grains, the

dependent on the rate of energy loss of

the particle. After reduction of’the AgBr grains by the

developer the plate is cleared by the action of a suitable

fixer, which dissolves and removes the unaffected AgBr in

the emulsion. The removal of the unaffected AgBr causes a

reduction in the thickness of the plate of about 50 per cent.

The range energy relation for protons, deutirons, ~

alpha particles in Eastman photographic emulsions has been

13
calculated by Webb$ assuming a stopping power of 1800 for

photo~aphic emulsion relative to ah. Independently> ~ttes~

l?owler,and Cuer
15 ha= measured the range energy relation

for protons and alpha particles in the Ilford emulsions.

The variation of stopping power in different types of emulsions

is very slight. A convenient rule of thumb is that the range

of a given particle in emulsion expressed in microns is five

times its range in air in centimeters.

Charged particle detectors ~.n be grouped into two general

classes. One class is characterizedby the countir-t.yps

detector, in which the passage of a charged particle ini-

tiates an electrical pulse which is amplified and recorded

on a scaling circuit. The second group, which includes photo-

graphic plates and cloud chambers, is characterized by the

15
C. M. G. Lattes, D. H. Fov{ler$and P. tiers Na*eS
~, 301 (March 1, 1947).



fact that the partiC1O is observed

the sense that one can observe the
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directly, at least in

path of the particle by

virtue of the ionization produced during its passage thrcugh

the detector. Such is not always the case for a counter

mechanism, inasmuch as it may be necessary fcr the clxxrged

particle to expend only a small portion of its total range

in order to initiate counting.

There is no fundamental clash between the two systems

of detection. The fact is that the two methods complement

each other, and the overlap in their applications often

makes it advisable that important experiments be done both

nys. Since nuclear stattering experiments comprise one of

the fields in which the two overlap, and since the great

bulk of nuclear stattering experiments are done with counter

techniques, it seems appropriate to consider the reasom

for utilizing the photographic technique in this particular

experiment.

A photographic plate is essentially a

which is continuouslysensitive to charged

addition, its high stopping power makes it

cloud chamber

particles. In

equivalent to

I
I

a cloud chamber of practically infinite extent. The plate

is extremely compact, however, and requires none of the

accessories needed to operate a cloud chamber. The com-

pactness of the plate permits the use of a ~eat many plates

simultaneously to observe a nuclear reaction or a scattering
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process. This is probably the greatest single advantage of

photographic plates over counter-typedetectors in nuclear

scattering. In addition, the power supplies, amplifiers,

discriminators,and scalers ordinarily used with a countir

circuit are eliminated. The inherent perverseness of elec-

tronic circuits makes this a not inconsiderableadvantage.

The photographic plate detector represents a sort of

coincidencedetector ins.pace. By this is meant that when

the position of the source of charged particles is knom

relative to the plate, one can determine from the geometry

of the experiment the direction in which the tracks should

proceed witilinthe plate. The criterion as to whether or

not a track should be counted can be established in terms

of defined horizontal and vertical directions on the pkte

and the necessity that the track of a charged pxticle start

on the surface of the emulsion~ Proper utilization of these

facts permits

ground tracks

The fact

the elimination of improper counting of back-

which may apmar in the plate.

that data may be taken at many angles simul-

tanecmly permits a tremendous saving in the running time

of the accelerator which is being used to produce the

projectile nuclei. There are two distinct advantages in-

volved here. For one, variations in the behavior of the

accelerator, of which energy variation and beam direction

variation are probably the most serious, are minimized.



Secondly, the

considers the
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monetary saving is quite significant when one

expenditure of money necessary to maintain

and operate an accelerator such as a cyclotron.

Measurement of the length of tracks in photographic

emulsion permits a de++a’minationof the

the products of a disintegration. Such

provide data on possible excited states

reaction. In additiona range analysis

energy spectxum of

an analysis can

involved in a given

permits correction

of the obsened yield from a reaction for certain experimen-

tal factors such as slit penetiationarii hq?urities in the

gas which is being bombarded. Of not ticonsequential imp-

ortance is the general fact that photographic plati detec-

tors provide a newa~ independent means of doing importit

nuclear scattering experiments

There is another point, peculiar

experiment, which practically demands

graphic plates as detectms. This is
.

to this particular

the use of photo-

that the tirget gases

bombarded, He> and H~,are both extremely rare and valuable

isotopes. Since the probability of the loss of the target

es is at least a linear function of the time that the gas

W kept in the target, the use ofa counter to detect the

reaction particles might have been prohibitive in terms of

time and the consequent risk of loss. Also the fact that

photographic plates protide a permanent record of the ex-

pertient permiti further study at any time with no equip-

ment other than the exposed plates and a microscope●

I

I
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Opposed to these advantages of the photographic technique

are some equally obvious disadvantagesresulting from the use

of the method. Primary among these is the fact that the re-

sults of an experiment are not immediately available, since

the processing of plates with 200 micron emulsions takes at

least 12 hours and the analysis of a set of plates takes a

much longer time. This is partially counterbalancedby the

simplicity of the mechanism for detection of the charged par.

titles. However, it still remains a serious disadvantage from

the standpoint of obtaining immediate results. A second dis-

advantage is that proper analysis of a single photographic

plate is a fairly tedious job and requires considerable time,

about three 8 hour days on the average for the experiment

under consideration. At the Los A1.amosScientific Laboratory

a staff of technicianstrained in nuclear microscopy is avail-

able for the analyais of plates. This, of course, is not true

of most nuclear research laboratories, possibly explaining the

reluctance of many workers to engage in research using photo-

graphic emulsions as particle detectors. Still.another lim-

itation, which is not apparent in the present experiment, is

the fact that photographic plate detectors provide no the

resolution in the counting of particles. l’l$sprohibits their

use in time coincidence experiments, for jnstance, or in any

experiment where one needs a time scale.

As has been pointed out in Chapter II, the determination



of an absolute cross section

of the solid angle subtended
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necessitatos the measurement

by the detector at the reaction

center. This measurement would be a difficult one if some

means of collimationwere not provided, since tinecharged

particles are allowed to enter the surface of the plate at

a grazing angle of the order of 10°. The number of tracks

falling in a given area of the plate could, of course, be

counted, but it would be necessary to have an accurate kno-w-

ledge 0$ the angle between the plate and the path of the

reaction particles in otier that this area could be pro-

jected to a plane perpendicular to tho path of the reac.

tion particles. Such a method is inherently susceptible

to inaccuracy since the sine of this angle would then

appear in the formula for the cross section as a linear

function

entirely

make the

and, besides, the surface of the emulsion is not

flat. It is therefore desirable, if possible, to

measur’bmentof the solid angle subtended by the

photographic plate at the reaction center independent, or

nearly so, of the angle between the path of the react~on

particles and the photographic plate surface.

A very early prototype of the camera used in the

present experiment was constructed byl?owel.1,May, Chadwick,

and Pickavance16 for use in their investigation of the ex-

cited states of stable nuclei. This camera was a cylindrical

16
C, Fe Powell, A. N. May, J. Chadwick, and T. G.
Pickavance, Nature && 893 (1940).

.



tube with a slot 3

beam was caused to
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mm wide cut in one side. A bombarding

pass through this cylindrical tube and

strike the target gas inside the tube. A long photo~aphic

plate was placed parallel to the axis of the tube at a dis-

tance of 1 cm. from the tube. This method recorded all of

the data from a particular experiment

However, it had the disadvantage that

subtended by the plate and the amount

which could be seen by the plate at a

on a single long plate.

both the solid angle

of the target volume

particular angle were

critically dependent on a knowledge of the angle which the

reaction particles made with the plate as well as a measure.

ment of the area on which tracks were counted.

At about the same tfineWilkins and Kuerti17 at the

University of Rochester constructed a camera with which

they could simultaneously observe reaction particles at

various laboratory an@es produced when a central foil was

bombarded by a cyclotron beam. This camera was quite sim-

ilar h appearance to the one used in the,present experiment.

Again, collimationwas provided by a single slit, in this

case a ring surrounding the foil with pinholes in it through

which the reaction particles could pass.

The experimental difficulties presented by the necessity

for accurati

17
T. R.

knowledge of the position of the plate have been

Wilkins, J. App. Phys. & 35 (194).



overcome through a methcd

This technique utilizes a

developed at

second slit,

accurate measurement of the width of a

this laboratory.18

together with the

swath in which
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tracks are counted taken lengthwise down the plate, to

define the solid angle. The experimental sel+up is essen-

tially that shown in Figure 2.

Figure 3 shows a single plate nuclear camera together

with the slit assembly constructed for it. This camera

was used, together with other similar cameras, in the pre.

Eminary investi~tion of the differential cross section for

the reaction He3(d,p)He4. The slit systems were designed

specifically to be used in conjunction with the 90° gas tar-

get (see Chaptir V). In this camera a single photographic

plate is clamped securely at a fixed angle on the wedge

shaped dural block which

sliding wedge is made to

that the position of the

determined.accurately by

two slits are located on

slides into the camera body. This

very close tolerances in order

plate imide the camera can be

appropriate measurements. The

the assembly with dowel pins and

were cut on a milling macklne in such a way that a line

through their centers strikes a point 2/3 of the way .fiom

the back end of the photo~aphic plate to the front end of

18
L. Rosen, F. K. Tallmadge, and J. H. Williams
Phys. Rev. fi, I-283(1949).
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Figure 3

Single Plate Nuclear Camera
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the plate. This insures that only a ne~ligi’blefiacticn of

the reection particles which are scattered from an absorber

at the front of the

miss the surface of

The multiplate

camera (not tisikle in photo~aph) till

the plate af’terthey are stattered.

camera?19 shown in Figures 4 and.5, is

in princjple identical to the single plate camera asser.bly.

It is essentially a com~ct arrangement of 69 single plate

cameras with some added refinements. The beam of projectile

particles pastes centrally through the camera in the direc-

tion from the small &ass tube towards the larger cne. The

small tube actx as a collimating assembly to determine the

direction of the bombarding beam with respect to the slits

in the camera. Insjde this tube are four circ~Jlardiaphragms.

Proceeding in the

ing tube there is

reamed hole wh~ch

dtiection of the beam through the collimat-

first a gold diaphragm with a 3/16 inch

permits passage of the beam. The second

diaphragm is an anti-scattering diaphragm which removes yrts

of the beam scattered by the edges of the first slit and tke

outer window, its diameter being 1/4 inch. The third dia-

phragm is again a 3/16 inch diameter reamed hole, and the

fourth still another 1/4 inch anti-scattering diaphragm.

19
This camera viasdevelcped through the combined efforts
of L. Rosen, F. K. TaUmadge, J. H. William, and the
author. A description of its design end fabrication
will be submitted for publication.
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Figu.rta4

Multiplate Camera
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Figure 5

Multiplate Camera
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The large exit ttubeis ~rovicledin order tht the beam may

spread inside the camera without striking the walls. The

slit assemblies are constructed in three rings, in each of

which slits have been cut such that a line through the cen-

ters of the three slits strikes a given photogre.phicplate

at a distance about 2/3 of the way Nom the outer edge of

the plate to the inner edge of the plate. Again this is

to insure that only a small fraction of particles scattered

~foils placed in front of the plate will miss the pkte.

It may be noted that two sets of slots are provided for

locating each plate in order that the angle of the plate

relative to the beam of reaction particles defined by the

slits can be varied to one of two definite angles. Just

inside the inner end of each plate a slot is cut in order

that foils of suitable air equivalence can be placed in

i!rontof the photographic plate if this is desfied. Except

for the extreme forward angle plates the angulzurspacing

between plates is 5°. In the case of three forward angle

plates on one side and four on the other the spacing be-

tween plates is 2.5°. The addition ofan eXEra 2.5° plate

on one side permits staggering of the angles in order that

data may be taken at 2.5° intervals in the lalmrat~ system.

Of the three slit rings, the inner and outer prduce the

actual collimation of the beam of reaction particles, while

the center ring serves merelyas a set of anti-scattering
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slits which absorbs particles scattered frcm the edges cf

the slits in the inner ring.

Nylon windows are prcvided at the entrance and exit

ports of the camera when the entire camera is filled with

gas for stattering e~eriments. For the observation of

the He3(d,p)He4 reaction a special cradle was constructed

so that a cylindrical gas target could be mounted centrally

in the camera (see Chapter VI).



CWTLR IV.

GAS HANDLING

An essential part of this experiment is a means of assur-

ing the purity of the gas which is to be bombarded and of accu-

rately determtiing the pressure and temperature of the gas in

the target at the time the target is filled and also when the

gas is recovered, in order that the number of gas atoms per

uuit volume during the actual bombardment may be precise~

known. Fig. 6 shows a schematic diagramof the gas handling

system which was used.

The samples of tritium used were made by the Li6(n, OC )’#

reaction. The mlactureof He4 and T3 thus produced can easily

be separated by chemical or physio-chemical means. For the

sample used the initial separation of the ‘1?and He4 was

accomplished at the time the sample was produced by passing

a solution of T2 and ~ through a palladium valve, the HS4

thus being filtered out of the nrbclmre. Another useful

method which can be used to separate hydrogen isotopes from

other gases is the formation of uranium hydride, U%, from

the mixbure of gases by allowing this ndxture to come into

intimate contact with finely divided uranium metal. This

was the actual technique used by the author to purify the

tritium gas before bombardment. Heating of the ~ni~ to

temperatures of the order of 200° to 6000 C. causes the

hydrogen isotopes, in this case mainly tritium, to be

evolved. The relation between the tritium pressure over

-37-
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uranium hydride and the temperature is given approximately by

where p is the pressure in mm

degrees absolute. It will be

Hg and T is the temperature in

observed that at ordinary room

temperature, 3000A., the triti~ presswe is of the order of

10+ mm Hg.

Because the reaction described above is peculiar to

hydrogen isotopes this method provides a very convenient

method of handling and purifying tritium. Also, since He3is

produced by beta decay of T3 with about a 13 year half life,

the uranium furnace gives a simple method of separating the

He3 from a sample of T3 which has partially decayed. For

these reasons a uranium furnace, indicated as U on the dia-

gram, is included as a part of the gas system.

It is seen that the process of obtaining a pure sample

of He3 includes the preparation of a T3 sample. The processes

will therefore be described together.

It is conceivable that T3 sawles as received at this

20
F. H. Spedding, A. S. Newton, J. C. Warf, O. Johnson,
R. w. Nottorf, I. B. Johns, and A. H. Daane, Nucleonics
4, No. 1, A, (Jan. 191+9). For further information on
the properties of uranium hydride see also A. S. Newton,
J. C. Warf, F. H. Spedding, O. Johnson, I. B. Johns,
R. W. Nottorf, J. Y. Ayers, R. W. Fisher, and A. Kant,
Nucleonics,4, No. 2, 17, (Feb. 194?).
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contain traces of the gases present in air as

These would include nitrogen, oxygen, water

vapor, carbon dioxide} and the

all except the noble gases are

ment described below.

noble gases. Of these gases

removed by the chemical treat-

I)Ueto the inert nature of the noble gases, however$ it

is impssible to separate them from the gas sample. E, how-

ever, these gases

would be detected

by observation of

were present in s~anificantamounts they

during the bombardment of the gas sample

the elastically scattered deuterons which

they would produce.

The T3 sample bulb is a glass sphere with two gas leads

protruding from it. One of these is a thick walled capillary

tube, sealed when the gas is placed in the sample bulb. The

second is ordinary tubing about 10 mm in diameter with a

capillary seal-off tube inside it. This seal is of the type

commonly used in rare gas bulbs, constructed so that it can

be broken by the dropping of a steel weight on the seal after

the larger tube has been sealed to the gas system.

A tritium sample bulb which has been allowed to decay

long enough to produce a worthwhile quantity of He~ is sealed

to the gas system at the point marked A on Fig. 6. Air is

then exhausted from the system through

and the seal tested with a Tesla coil.

the seal its presence will be shown by

the vacuum manifold

E’ there Is a leak in

a bright whitish glow
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at the leak, ‘wherethe spark enters the vacuum system. If no

leak is indicated, the seal is further tested by the fact that

the system should pump to a sticking vacuumas indicated by

the McLeod gauge, correspondingto a pressure of 10-6 mm. or

less. This test is, of course, made on all seals used during

the filltig and emptytig of a target and the storing of gas

in a sample bulb.

i’~henthe system is made vacuum tight and pumped to a

stick~u vacuum, the stopcocks leading to the vacuum manifold

are closed and the seal of the tritium bulb is broken by

lifting a small cylindrical steel weight, previously placed

inside the large tube, with a magnet and allowing it to

fall on the capillary seal. The stopcock of the uranium

furnace is opened and the tritium allowed to react to comple-

tion with the uranium to form uranium hydride. It is usual

to observe the rate of reaction by connecting the manometer

M to the system and observing the mercury meniscus by

means of a cathetometer. The pressure is observed to decrease

due to reaction of the tritium with the uranium. After no

further decrease in pressure is observed, the gas is

allowed to remain in contact with the uranium for two to

three hours to Insure that equilibrium is attained.

The residual gas in the system, which is He3 with

traces of tritium, is then pumped into a standard
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volume, V, by means of Toepler pump II. The pressure and

temperature in the standard volume are measured with manometer

M and thermomete~ T; from these measurements the NTP volb

of the gas my be computed. The He3 may then be stored in

sample bulb B or retaiped in the gas system and further

purified, later to be used in filling a gas target sealed on

at B.

To complete the purification of the tritium it is now

necessary only to

minutes to remove

amount of tritiun

pump on the cold uranium furnace for a few

the slight

is lost by

just before filling of a gas

Further purification of

it can be used to fill a gas

processes. First the gas is

residue of H&. No appreciable

this process, which is repeated

target with tritium.

the He3 is now necessary before

target. This is done in two

passed over CuO at a temperature

of 425°C. and through the liquid air trap, Toepler pump I

being used to accomplish the recycling. Here the reaction

which takes place

Traces of tritium

out in the trap.

vapor which might

is

T2+ CUO + CU + T2Q

are thus removed as tritium water and frozen

This treatment also removes traces of water

be present from other sources. The degree

of completion of the reacticn is determined by pumping the gas

back into the standard volume at intervals. When no decrease

in volume is detected between two successive measurements, the
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reaction is essumed to be sufficiently complete. The He3, being

chemically inert and having an extremely low boiling point

(3.200A.),21 is not affected by this treatment.

Subsequent to being passed through the CUO furnace, the

He3 is passed over metallic Ca at 700°C., tileliquid air traP

being shut off from the system and by-passed. This treatment

removes oxygen and nitrogen from the sample quantitatively as

calcium oxide and calcium nitride respectively. It also removes

traces of tritium, deuterim, and hydrogen as calcium hydride.

The degree of completion of the reaction is determined as for

the CUO treatment.

Finally the

volume and again

done just before

Hence the gas is

meens of Toepler

gas sample is pumped back

measured. Ordinarily the

the He3 is to be used for

into the standard

purification is

bombardment.

usually transferred to a gas target at B by

pump III.

After a bombardment the gas target is sealed onto the sys-

tem at A and the gas returned to the standard volume, V, to be

measured. In every case where He3 was bombarded the gas was

again purified by the same method, in order to ascertain that

it had not become contaminatedwith air.

repurified and remeasured in the standard

stored in a sample bulb sealed on at B.

When the gas has been

volumes it may be

21
.S.G. Sydoriak, E. R. Grilly, and E. F. Hammel, Phys.
Rev. ~, 303 (1949).
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In passing it seems worth while to mention the possible

health hazard involved in handling tritium. Although nothing

is known of the physiological effects of tritium on animal

metabolism, a simple calculation shows that certain pre-

cautions are necessary.

If the half-life of tritium is taken as thirteen years,

it can be shown that the activity is 2.5 curie per cubic

centimeter NTP (1 curie s 3.67 x 1010 disintegr&tion/see).

Thus the total source strength of the samples used for bow

bardment was of the order of 10 curies. The beta particles

3 have as their maximumemitted during the transition to He

22
energy about 18 Kev and do not penetrate the walls or

windows of an ordinary target as their range is only about

2 mm. in air. However, it is conceivable that they could

produce serious effects on living tissue if the tritium came

in close proximity, this being especially true in the case of

the lungs.

For this reason it is necessary that the gas system be

well hooded, in case of accidental breakage of the system.

About the only other precaution against breakage to be taken

after the gas target is filled with tritium and removed from

the system is to stay as far away from it as is convenient.

22
S. C. Curran, J. Angus, and A. L. Cockcroft, Phys.
Rev. ~, 853 (1949) ●
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Fortunately no tritium was lost from either of the targets at

any time so the problem was in this case a minor one.

●



CHAPTILRV

GAS TARGLTS

To permit the observation of the He3(d,p)He4 reaction

it became necessary to construct two somewhat specialized

gas targets. In addition to the usual requirements for the

design of a gas target two further conditionswere imposed

because of the nature of the target gas. These were that

the volume of the target be minimized, in order that as

small a quantity of target

that the greatest possible

target gas be incorporated

gas as possible could be used, and

protection against loss of the

into the design.

The first of these targets was designed for

3 4
of the He (d,p)He reaction at 90° in laboratory

This target is shown in Fig. 7 and schematically

The target body consists of a brass cube l~inch

observation

coordinates●

in Fig. 8.

on a side

through which have been bored two holes whose axes are at

right angles to each other. The hole connecting ports 1 and

2 is

from

over

1/2 inch diameter, straight bore. The second hole tapers

a diameter of 3/8 inch at port 3 to 1/2 inch at port 4

the target length of 1 1/4 inch. Double windows are

provided at each port and the two outer windows comprise a gas

chamber, this being a protective feature which prevents loss

of the gas in the event of breakage of one of the inner win.

dews. These four outer chambers were connected together exter-

nally and filled with hydrogen gas during a run to a pressure
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Figure 7

90°Rare Gas Target


