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CHaPTER I

INTRODUCT ION

Many aspectc of an investigation of 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 for excited
levels of high energy in the He* nucleus which mey result
from the above interaction.

A determination of the energy variation of the total
cross section of thé reaction D(HeB,HeA)H1 was reported
by the Purdue cyclotron group in 1943.1 In this work air
reduction He was introduced at the arc source of the cyclo=-
tron, which was tuned to accelerate He3., The target was
deuterium gas, A determination of the total cross section

was made using an ionization technique which detected the

1

C. P, Baker, M. G. Holloway, L. D. P. King, and
R. E. Schreiber, LAMS~2, June, 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, the maximum cross section of 0.8 barns occurring
at a bombarding energy of 0,55 Mev,

Subsequently the authors discovered an error in the geom~
etry of their apparatus which gave a slightly larger value for
the cross section at lower energies; however, the cross section
at this energy remains substantially of the order of one barmn.
The only other measurement which has been reported on this
reaction is a recent one by Hatton and Preston,2 who bombarded
a heavy ice target using He gas enriched in He® to 4 x 1073
by a thermal diffusion process, These investizators observed
the long range protons from the reaction Hie3(d,p)He4 at bome
barding energies of the order of 100 KV, using a Cockeroft-
Walton accelerator. The total cross section at 160 Kev bome
barding energy is given as one tenth of that for the D=D re-
action at the same energy., They reported no low energy proe
tons which might indicate an excited state in He*, However,
the energy available to excite the Hie4 nucleus in their ex-
periment is essentially that due to the Q of the reaction.
Their investigation was thus limited to a lower energy region

for the excited state in H54 than the one proposed here.

2
J. Hatton and G. Preston, Nature, 164, 143 (July 23, 1949)
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The possible existence of at least one excited level
of the compound He4 nucleus was demonstrated on theoretical
grounds as early as 21.936.3 Previously, Crane, Delsasso,
Fowler, and lauritsen had suggested four energy levels for
the He’ nucleus, besed on their observations of the gammae

radiation from the reactions:

W4+ w2 —> 2 4+ et
11’ + . - He HeA*

¥*
He* —> pet¢ + ¥

Bethe and Bemher6 have eveluated the literature to 1936
and have calculated the probable existence of three excited
states, a 1p state, 16 Mev, and two 3p states, the energy of

3
E. Feenberg, Fhys. Rev. 49, 328 (1936).

4
Crane, Delsasso, Fowler, and Ieuritsen, Phys. Rev. 48,

100 (1935).

5
Crane, Delsasso, Fowler, and lauritsen, Phys, Rev, 48,

125 (1935)

6
(1936).
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the lower being about 10 Mev., More recently, Goldstein7 has
shown in a theoretical paper that there should te = 13 state
of the compound He‘ZP excited nucleus having an excitation ene
ergy of about 20.5 lev,

This figure is based partially on the value of the cross
section of the He3(r,p)H> reaction obtained by Coon and Nobles.&
Their results show < = 5040 % 200 x 10™%4 cp? for thermal neum
trons, From the above results it appears that there may exist
e resonance for this reaction for a negative neutron energy.
That is, although this cross section follows the 1/v law,9 the
coefficient is so large as to indicate the proximity of a resoe
nance, Since the energy difference between the ruclear masses
He’+ n' and He% is 2055 Mev, 1t is likely that if this nega-
tive energy resonance exists, it is due to the formation of
the excited He% nucleus., In any case, this mass difference
sets an approximete upper limit for the energy of an excited
state, The excitation energy required to cause the total

disintegration of the He% micleus is 28,2 liev.

7

L. Goldstein, Declassified Los Alamos Report LADC=539,
Dec, 1947.

8

Jo H, Coon and R, A, Nobles, Phys. Rev. 75, 1358 (1949).
9

L. D. P, King and L. Goldstein, Phys. Rev. 75, 1366 (1949).
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It has been pointed out by Goldstein7 that the above
reasoning concerning the proximity of a resonance is strengthe

ened by the experimental evidence of other kindred reactions.

These are:
Reaction 6 barns
L'l6 (n,Hel')H'?' 900
8'° (n,He?)147 3000

In both of these reactions the cross section is very large
for thermal neutrons and both obey the 1/¥ law in this ree
gion, Further, for both reactions there exist well estab-
lished excited states for the compound nuclei. Hence, it
is not unreasonable to deduce from this evidenée that there
may exist a resonance in the Hel* micleus,

It can therefore be seen that although the existence
of excited states in the He” mucleus 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 20 Mev. The reaction Hes(cl,p)He4 offers
an obvious and direct method for investigating the existence
of such excited states in the energy region of interest.

If such an excited state exists, and if selection rules
permit the reaction to go in such a mammer as to leave an
excited He4 nucleus as one of the reaction products, there

should appear in addition to the main 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 existence of an excited state in the compound
Hel* 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
detected,

Thus, the purpose of this experiment was to determine
the differential cross section of the reaction He-(d,p)He
and to investigate the possibility of the existence of an
excited state in the He* mucleus by the method owtlined

above,




CHAPTER II
THE CRGSS SECTION FORMULA

Of the measurements which may be made on a muclear
scattering or reaction experiment, one of the most fundae
mental is a measurement of the angular distribution of the ‘
reaction particles, In.order to describe this angtﬂar disw
tribution in terms of absolute quantities, it is convenient
to introduce a quantity called the differential cross section
per unit soldd angle, often abbreviated to differential cross
section, Fundamentally, the term cross section refers to the

effective geometrical cross section which a target 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~% cm2) R

Before 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 N particles/ cm3
moving with a velocity v cm/sec. Iet this beam of particles be
incident on a target, say a foil, containing n, particles/cmz.
Then the total number of reactions occurring per unit time for
the reaction under consideration will be given by Y= anlo’
where 4 represents the total cross section for the process
involved and Y is the number of reaction particles produced

per second by the particular process, It should be noted that

-7-
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Nv represents the flux of the beam particles at the target.
Here & 1is the total cross section per atom and n16 re-
rresents the fraction of 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 by the quantity ng & . If then one wishes to
measure the total cross section for a certain nuclesr pro=
cess, the guantities which must be determined are the total
flux on the target, the number of scattering centers per
unit area, and the total nmumber of reaction particles proe
duced. It is customary to consider the integrated flux and
the integrated yield rather than the flux per unit time or
the yield per unit time. Thus, we may understend by Y the
total number of reaction particles produced and alternatively
by N the total number of particles which strike the target
during the time of observation,

In the measurement of a differential cross sectionm per
unit solid angle one observes a reaction at a given angle
to the beam, say © (see Figure 1), Here one observes with
a detector D the number of reaction particles produced at
the point of bombardment which leave the target at an angle
© with the beam and pass through the solid angle subtended
by the detector at the source, Differentiating the equation

I= and with respect to the solid angle <3 one obtains
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In order, then, to determine the differential cross
section per unit solid angle for a reaction one must measure
the element of yield AY which passes through the solid angle
d & subtended by the detector at the reaction center, For
the situation 11lustrated this solid angle is dA/R2 and the

equation becomes

iad d A
a.n R2

dY = an

In the case of bombardment of a gas target the situation
is only slightly different. ILet us assume, as is the case
for most scattering experimenhts, that the incident beam is
diaphragmed in such a manner that it is a circular cylinder
passing through a length of target gas £, the radius of this
circular cylinder being small compared to the distance from
the reaction volume to the detector. The element of yield

observed at the angle € then is given by the equation

dY = Nn L d(6) an

where & (8) is the differential cross section per unit solid
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angle at the angle of observation 8, N is the total mumber
of particles passing through the reaction volume, n, is the
nunber of particles per unit volume of the gas being bome
tarded, A is the length of the reaction volume, and dfL
is the angle subtended by the detector at the reaction
center, This treatment amounts to considering the reaction
volume as a line source of reaction particles. Thus, the
mmber of particles per unit area is n, £ and the equation
is exactly analegous to the one sbove describing a reaction
in which the target is a foil,

In the geometry of this experiment the error introduced
by such a simplification is negligible, To show this let us
consider a circular beam of radius K as the source of reaction
particles, and let the distance from the detector to the center
of the beam be R, Then the average solid angle subtended by
the detector from the extreme far edge to the extreme near

edge of the beam is R+ -E-
S &
Adr
7 r#*

- T 340

= f” -
R-Ze

_ A

L2 =

R* (I—-R" ‘a)




If we compute the solid angle using R as the effective

distence from the beam to the detectcr we have

L >
= T2
2
and :EE: - 1= -2532775.
n R= sin<~ @

. K — . .
Then if Taine Oe¢l., the correction is only 1 per cent,

Actvally, for this experiment, the maximum value of

—LE_ = K2 -3 -
= 0,0 ——— TS °
R sin © «04 and RZ cind © 1.6 x 102, a negligible

correction, especially when we note that the correction here
is exaggerated due to the fact that the wvariation in R is
greatest across the axis of the beam, That is, this approx-
imation assumes that the beam is rectangular wheress it is
acttally cirocular, and the variation in R is smeller than
that indicated by the above calculation.

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 volume is not eqﬁally
effective in producing counts at the detector, let the
detector be, as shown, a photographic plate, inclined at
an angle ™ +to the line joining the center of the plate
and the center of the reaction volume, Iet R be the path

of a reaction particle which produces a track on the
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photographic plate, y the distence from the reaction center
to the point of origir of the particle, and x the distance
from the center of the plate to the point at which the resc-
tion particle strikes the plate. Then let ¢ be the angle
between R and the photographic plate, If one counts the
mmber of tracks appearing in a swatk of width w énd length
dx on the prlate it can be seen that the effective element of
ares of the detector is wdx sin { and that the element cf
solid angle which the detector subtends at the point y is
wdx sin® /R2. 4y is the length which is effective in
producing tracks on the plate in the ares wix. It is clear
that the number of particles/cm2 in the element of reaction
volune is given by n,dy. Thus, the second differential

element of yield a2y is given by

iy = NJS(e) ndydn

N 4 (6) ndy -:%L&L

The yield, then, is glven by

Y = N6 (0) no// dy_;de_.Z_i_n_ﬁ.
R
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and for this varticular geometry it becomes necessary to

commite the quantity I given by

1 = w dxdy sin Q
R2

Dr, C, L, Critchfield, Professor of Physics at the
University of Minnesotae and consultant to the Los Alamos
Scientific Iaboratory, has developed an elegant evaluation

for the gquantity I. This evaluation is given in Appendix Il.
The result is

/= dabw [, b Porr @bt /’———z"zf027
AT 2e* 3e* 3e*

L

— (m+)(cot X — ot 6)
@ = L

and the geometrical dimensions are as shown in Figure 2,
Hence in order to measure a differential cross section one
must determine the number of tracks appearing on a photo-
graphic plate in a swath of width w, the total number of
particles in the incident beam which pass through the tare
get volume, the number of particles of the target gas per
unit volume, and the factor I from the dimensions of the

experimental geometry.




CHAPTER III
PHOTOGRAPHIC TECHNIGUE

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 1896 by Becquerel, developed to some extent
early in this century, the possibilities of the effect of
ionizing particles on photographic emulsions have nonetheless
not been widely recognized as a useful research technique
until comperatively recently.

That this is true is certsinly not due to a lack of
effort on the part of early workers in the photographic
technique. Rather, the limitation of the development of
the technique bas been due to a lack of suitable nuclear
emilsions, It has been, in fact, only very recently that
a wide range of types of muclear emulsions has become availe
able for use in the various types of experiments which may
be done with photographic plates.

The first quantitetive measurements of the effect of
ionizing particles on pﬁotographic ermlsions were made by
Kinoshital® in 1910, Kinoshita used alpha particles fram
natural radioactive substances to bombard certain special

emulsions with increased silver halide content, His work

10
S. Kinoshita, Proc. Roy. Soc. 834, 432 (1910).
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led to a theory of the action of ionizing particles on
silver halide grains which, though not entirely accurate,

is surprisingly similar to the explanation accepted today.
Reingamnnll was the first to observe actual tracks produced
by alpha particles in an emulsion. By present standards
these were hardly tracks, since they were composed of rather
widely separated 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 face
tors.e These were, first, that the silver halide concentra=
tion in the emulsion was so low as to cause difficulty in
distinguishing tracks, and, second, that the emulsions availe
able were so thin that the entire length of a track could
ordinarily not be observed completely in the emulsion, The
first difficulty was overcome by the preparation of photow
graphic emulsions containing about eight times as much sile
ver bromide as ie ordinarily used in standard photographic
plates. The second difficulty was more serious, due to the
fact that thick 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 considerably more

11
M. Reinganmum, Physik, Zeits, 12, 1076 (1911),
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complicated for thick emulsions. Both of these difficulties
have been largely overcome by the development of improved
bonding and developing techniques.

Excellent discussions of the history and wvarious uses of
the photographic techniques have been given by Shzatp:lrol2 and
Webb,? Powell and Occhialinil# in their bock give exsmples
of the various applications for which the technique has been
used with some excellent illustrations of the tracks which
are observed,

Photographic plates designed for various specific applie
cations are now available commercially from the Ilford Company
and Kodak, Ltd. in Englend and the Eastman Kodak Company in
America, Bmulsion thicknesges range from 25 microns to 200
microns, The emulsion is ordinarily ccated on a standard
1 inch x 3 inch glass microscope slide and consists of silver
bromide crystals uniformly dispersed in gelatin, Depending
upon the type of emulsion, the silver bromide concentration
varies from 65 per cent to 85 per cent of the weight of the

12
i, M., Shapiro, Rev. Mod. Fhys. 13, 58 (1941).

13
J. H, Webb, Phys. Rev. T4, 511 (1948).

Co Fo Powell and G, Pe S, Occhialini, Nuclear Fhysics
in FPhotographs.




- 19 -
emulsione. The size of the AgBr grains is controlled and
veries from about 0,1 to Ol.4 microns, depending uron the
purpose of the emulsion, the smeller grain size being used
to detect particles of greater specific ionizaticn, such as
fission fragments, By a proper choice of grain size it is
also possible to obtain emulsions which will distinguish
between different particles, as for instance between protons
and alpha particles, by the grain density which the particles
produce in tke emulsion.

As an ionizing particle proceeds through the emulsion
it imparts its energy progressively to electrons in the
individusl AgBr crystals, Some of these electrons receive
enough energy to be raised to the conduction band of the
AgBr orystals and move freely about within the crystal.
When one of these electrons encounters a so~called sensi=
tivity speck, by which is meant an impurity in or deforma=-
tion of the crystal, the electron is captured at that point.
An electron so captured produces an electrostatic field and
attracts positive silver ions to it., If this process is
carried on sufficiently within a crystal, enough clumps of
the silver ions are produced to catalyze the reduction of
the entire AgBr 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 through the emulsion, the track of the particle after




- 20 -
development will be observed as a line of silver greins, the
grain spacing being 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 ermulsion. 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, deuterons, and
alpha particles in Eastman photographic emulsions has been
calculated byWebb,l3 assuming a stopping power of 1800 for
photographic emulsion relative to air, Independently, Iattes,

15 have measured the range energy relation

Fowler, and Cuer
for protons and alrha 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 can be grouped into two general
classes, One class is characterized by the counter=type
detector, in which the passage of a charged particle inie
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
Ce M. G. lattes, D, H, Fowler, and P, Cuer, Nature,
159, 301 (March 1, 1947)e
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fact that the particle is observed directly, at least in
the sense that one cen observe the 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 charged
particle to expend only a small portion of ite 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
ways. Since nuclear scattering experiments comprise one of
the fields in which the two overlap, and since the great
bulk of miclear scattering experiments are done with counter
techniques, it seems appropriate to consider the reasons
for utilizing the photographic technique in this particular
experiment,

A photographic plate is essentially a cloud chamber
which is continuously sensitive to charged particles, In
addition, its high stopping power mekes it equivalent to
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 come
pactness of the plate permits the use of a great 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-type detectors in nuclear
scattering, In addition, the power supplies, amplifiers,
discriminators, and scalers ordinariiy used with a counter
circuit are eliminated, The inherent perverseness of elece
tronic circuits makes this a not inconsiderable advantage.

The photographic plate detector represents a sort of
coincidence detector in space. By this is meant that when
the position of the source of charged particles is known
relative to the plate, one can determine from the geometry
of the exporiment the direction in which the tracks should
proceed within the 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 plate
and the necessity that the track of a charged particle start
on the surface of the emulsion, Proper utilization of these
facts permits the elimination of improper counting of backe
ground tracks which may appear in the plate.

The fact that data may be taken at many angles simile
taneously 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 ine
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,




- 23 =
Secondly, the monetary saving is quite significant when one
considers the expenditure of money necessary to maintain
and operate an accelerator such as a cyclotron.

Measurement of the length of tracks in photographic
emtlsion permits a determination of the energy spectrum of
the products of a disintegration. Such an analysis can
provide data on possible excited states involved in a given
reaction, In addition a range analysis permits correction
of the observed yield from a reaction for certain experimen=
tal factors such as slit penetration and impurities in the
gas which is being bombarded. Of not Inconsequential ime
portance is the general fact that photographic plate detec-
tors provide a new and independent means of doing important
nuclear scattering experiments,

There is another point, peculiar to this particular
experiment, which practically demands the use of photo=
graphic plates as detectors, This is that the target gases
bombarded, He> and H>,are both extremely rare and valuable
isotopes., Since the probability of the loss of the target
gas is at least a linear function of the time that the gas
is kept in the target, the use of a counter to detect the
reaction particles might have been prohibitiwve in terms of
time and the consequent risk of loss. Also the fact that
vhotographic plates provide a permanent record of the oxe
periment permits further study at any time with no equip~

ment other than the exposed plates end a microscope.
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Opposed to these advantages of the photographic technique
are some equally obvious disadvantages resulting from the use
of the method., Primary among these is the fact that tﬁe re-
sults of an experiment are not immediately awailable, 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 counterbalanced by the
simplicity of the mechanism for detection of the charged par-
ticles, 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 Alamos Scientific laboratory
a staff of technicians trained in nuclear microscopy is aveil-
able for the analysis 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 lime
itation, which is not apparent in the present experiment, is
the fact that photographic plate detectors provide no time
resolution in the counting'of particles. This prohibits their
use in time coincidence experiments, for instance, or in any
experiment where one needs a time scals,

As has been pointed out in Chapter II, the determination
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of an absolute cross section necessitatos the measurement
of the solid angle subtended by the detector at the reaction
center. This measurement would be a difficult one if some
means of collimation were not provided, since the charged
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 know-
ledge of the angle between the plate and the path of the
reaction particles in order that this area could be pro=
Jected to a plane perpendicular to tho path of the reace
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 and, besides, the surface of the emulsion is not
entirely flat, It is therefore desirable, if possible, to
meke the measurement of the solid angle subtended by the
photographic plate at the reaction center independent, or
nearly so, of the angle between the path of the reaction
particles and the photographic plate surface.

A very early prototype of the camera used in the
present experiment was constructed by Powell, May, Chadwick,
and Pickavance16 for use in their investigation of the ex=
cited states of stable nuclei, This camera was a cylindriecal
—r—

C. F. POWell, A. N. May’ J. C}]adWick’ and T. G.
Pickavance, Nature 145, 893 (1940).
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tube with a slot 3 mm wide cut in one side., A bombarding
beam was caused to pass through this cylindrical tube and
strike the target gas inside the tube., A long photographic
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 on a single long plate,
However, it had the disadvantage that both the solid angle
subtended by the plate and the amount of the target volume
which could be seen by the plate at a particular angle were
critically dependent on a knowledge of the angle which the
reaction particles made with the plate as well as a measuree
ment of the area on which tracks were counted.

At about the same time Wilkins and Kuertil! at the
University of Rochester constructed a camera with which
they could simultaneously obserwve reaction particles at
verious laboratory angles produced when a central foil was
bombarded hy a cyclotron beam. This camera was quite sime
ilar in appearance to the one used in the. present experiment.
Again, collimation was provided by a single slit, in this
case a ring surrounding the foll with pinholes in it through
which the reaction particles could pass.

The experimental difficulties presented by the necessity
for accurate knowledge of the position of the plate have been

17
Te Re Wilkins, J. App. Phys. 11, 35 (1940).
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overcome through a method developed at this 1aboratory.18

This technique utilizes a second slit, together with the
accurate measurement of the width of a swath in which
tracks are counted taken lengthwise down the plate, to
define the solid angle, The experimental set-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=
liminary investigation of the differential cross section for
the reaction HeB(d,p)He4. The slit systems were designed
specifically to be used in conjunction with the 90° gas tare
get (see Chapter V). 1In this camera a single photographic
plate is clamped securely at a fixed angle on the wedge
shaped dural block which slides into the camera body. This
sliding wedge is made to very close tolerances in order
that the position of the plate inside the camera can be
determined accurately by appropriate measurements, The
two slites are located on the assembly with dowel pins and
were cut on a milling machine in such a way that a line
through their centers strikes a point 2/3 of the way from

the back end of the photographic plate to the front end of

18
L. Rosen, F. K. Tallmadge, and J. H. Willlams
Phys. Rev, 76, 1283 (1949).




Figure 3
Single Plate Nuclear Camera
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the plates This insures that only a negligible fracticn of
the reaction particles which are scattered from an absorter
at the front of the camera (not visilble in photograph) will
miss the surface of the plate after they are scattered.

The multiplate camera,19

shown in Figures 4 and 5, is

in principle identical to the single plate camers assembly.
It is essentially a comract arrangement of 69 single plate
cameras with some added refinements., The beam of projectile
particles pasces centrally through the camera in the direce
tion from the small hrass tube towards the larger cne, The
small tube acts as a collimating assembly to determine the
direction of the bombarding beam with respect to the slits

in the camera., Inside this tube are four circular diaphragms.
Proceeding in the direction of the beam through the collimat-
ing tube there is first a gold diaphragm with a 3/16 inch
reamed hole which permits passage of the beam. The second
diaphragn is an anti-scattering diaphragm which removes parts
of the beam scattered by the edges of the first slit and the
outer window, its diameter being 1/4 inch., The third dise
phragm is again a 3/16 inch diameter reamed hole, and the

fourth still another 1/4 inch anti-scattering diarhragm,

19
This camere was develcred through the combined efforts
of L, Rosen, Fs K. Tallmadge, J. H. Villiams, and the
author, A description of its design end fabrication
will be submitted for publication.




Figure 4
Multiplate Camera
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Figure 5
Multiplate Camera






The large exit tube is vrovided in order that the beam may
spreed 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 photographic plate
at a distence about 2/3 of the way from the outer edge of
the plate tc the inner edge of the plate, Again this is
to insure that only a small fraction of rarticles scattered
by foils placed in front of the plate will miss the plate,
It may be noted that two sets of slots are provided for
4loca'bing each plate in order that the angle of the plate
relative to the bean of reaction particles defined by the
slits can be wvaried 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
front of the photographic plate if this is desired, Except
for the exireme forward angle plates the angular spacing
between plates is 5°, In the case of three forward angle
plates on one side and four on the other the spacing bee
tween plates is 2.5°, The addition of an extra 2,5° plate
on one side permits staggering of the angles in order that
date may be taken at 2.5° intervals in the laborstory system,
Of the three slit rings, the inner and outer produce the
actual collimation of the beam of reaction particles, while

the center ring serves merely as a set of anti-scattering
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slits which absorbs particles scattered from the edges cf
the slites in the imnner ring,

Nylon windows are provided at the entrsnce and exit
ports of the camera when the entire camera is filled with
gas for scattering experiments, For the observstion of
the He3(d,p)He4 reaction a special cradle was constructed
so that a cylindriecal gas target could be mounted centrelly

in the camera (see Chapter VI),




CHAPTER IV,

GAS HANDLING

An essentiasl part of this experiment is a means of assur-
ing the purity of the gas which is to be bombarded and of accu=
rately determining 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
unit volume during the actual bombardment may be precisely
known., Fig. 6 shows a schematic diagram of the gas handling
system which was used,

The samples of tritium used were made by the Li6(n, ol )T3
reaction. The mixture of Hb4 and T3 thus produced can easily
be separated by chemicel or physio=chemical means. For the
sample used the initiel separation of the T3 and H94 was
accomplished at the time the sample was produced by passing
a solution of T, and H, through a palladium valve, the H94
thus being filtered out of the mixture. Another useful
method which can be used to separate hydrogen isotopes from
other gases is the formation of uranium hydride, UHB’ from
the mixture of gases by allowing this mixture 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 uranium to
temperatures of the order of 200° to 600° C. causes the
hydrogen isotopes, in this case mainly tritium, to be

evolved. The relation between the tritium pressure over

-3 -
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uranium hydride and the temperature is given approximately by
20
logyop = - 4%00 + 9.28

where p is the pressure in mm Hg and T is the temperature in
degrees absolute, It will be observed that at ordinary room
temperature, 300°A., the tritiuw pressure is of the order of
1077 mm Hge.

Because the reaction described above is peculiar to
hydrogen isotopes this method provides a very convenient
method of handling and purifying tritium, Also, since HbB is
produced by beta decay of '1‘3 with about a 13 year half life,
the uranium furnace gives a simple method of separating the
HbB 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 systenm,

It is seen that the process of obtaining a pure sample
of Hb3 includes the preparation of a T3 sample. The processes

will therefore be described together,

It is conceivable that T3 samples 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
4y No. 1, 4, (Jan. 1949). For further informetion on
the properties of uranium hydride see zlso A. S. Newton,
J. C. Warf, F. d. Spedding, O. Johnson, I, B. Johns,
R. W. Nottorf, J. Y. Ayers, R. W. Fisher, and A. Kant,
Nucleonies, 4, No. 2, 17, (Feb. 1949).
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laboratory may contain traces of the gases present in air as
contaminants. These would include nitrogen, oxygen, water
vapor, carbon dioxide, and the noble gases. Of these gases
all except the noble gases are removed by the chemical treat-
ment described below.

Due to the inert nature of the noble gases, however, it
is impossible to separate them from the gas sample, If, how-
ever, these gases were present in significant amounts they
would be detected during the bombardment of the gas sample
by observation of 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 HOB is sealed
to the gas system at the point marked A on Fig. 6. Air is
then exhausted from the system through the vacuum manifold
and the seal tested with a Tesla coil. If there 1s a leak in

the seal its presence will be shown by a bright whitish glow
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at the leak, where the spurk 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 vacuum as indicated by
the McLeod gauge, corresponding to a pressure of 10"6 mm, or
less. This test is, of course, made on all seals used during
the filling and emptying of a target and the storing of gas
in a sample bulb,

When the system is made vacuum tight and pumped to a
sticking 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 He® 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 thermometer T; from these measurements the NTP volume
of the gas may be computed. The He3 mey then be stored in
sample bulb B or retained 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 pump on the cold uranium furnace for a few
minutes to remove the slight residue of He3, No appreciable
amount of tritium is lost by this process, which is repeated
just before filling of & gas target with tritium,

Further purification of the He> is now necessary before
it can be used to fill a gas target. This 1s done in two
processes, First the gas is passed over Cu0 at a temperature
of 425°C. and through the liquiéd air trap, Toepler puwp 1
being used to accomplish the recycling. Here the reaction
which tgkes place is

T,4 Cu0O —> Cu + T 0

2 27

Traces of tritium are thus removed as tritium water and frozen
out in the trap, This treatment also removes traces of water
vapor which might be present from other sources. The degree
of completion of the reacticn is determined by pumping the gas
back into the stendard 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 HBB, being
chenmically inert and having an extremely low boiling point
(3.200A.),2l is not affected by this treatment,

Subsequent to being passed through the CuO furnace, the
H93 is passed over metsllic Ca at 700°C., tie liquid 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, deuterium, and hydrogen as calcium hydride,
The degree of completion of the reaction is determined as for
the Cu0 treatment.

Finally the gas sample is pumped back into the standard
volume and sgain measured., Ordinarily the purification is
done just before the He3 is to be used for bombardment.

Hence the gaé is usually transferred to a gas target at B by
meens of Toepler 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 HbB was bombarded the gas was
again purified by the same method, in order to ascertesin that
it had not become conteminated with air., When the gas has been
repurified esnd remeasured in the standard volume, it may be

stored in e sample bulb sealed on at B,

21
S. G. Sydoriak, E. R. Grilly, and E. F. Hammel, Phys.
Rev. 75, 303 (1949).
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In passing it seems worth while to mention the possible
health hazerd 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 = 2.67 x lOlo disintegration/éec).
Thus the total source strength of the samples used for bom-
bardment wzs of the order of 10 curies. The beta particles
3

emitted during the treansition to He” have as their maximum
energy about 1§ Kev22 and do not penetrate the walls or
windows of an ordinary terget 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. Cockeroft, Phys.
Rev. .'L6, 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,




CHAPTER V

GAS TARGiTS

To permit the observation of the H’eB(d,p)He4 reaction
it became necessary to construct two somewhat specialized
ges targets. In addition to the usual requirements for the
désign of a gas target two further conditions were 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 gas as possible could be used, and
that the greatest possible protection against loss of the
target gas be incorporated into the design.

The first of these targets was designed for observation
of the H’es(d,p)He4 reaction at 90° in laboratory coordinates,
This target is shown in Fig. 7 and schematically in Fig, 8.
The target body consists of a brass cube 1% inch 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 1/2 inch diameter, straight bore., The second hole tapers
from a diameter of 3/8 inch at port 3 to 1/2 inch at port 4
over 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-
dows, 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 Targetb




