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ABSTRACT

Lifetime techniques have been used to measure the.direct 
annihilafion rate in Argon gas.as a function of temperature.

In §rder to accompliéh this, a‘pressure chambericapable of
ﬁolding 10 amagats of éas atv300°c was designed and constructed.

The temperature‘of the Argon gas was varied between 140°K
and 480°K. Thé-resulté were collected at specific temperatures
for gas densities of 8.0 and 10.2 amagats. The direct annihi-
lation rate was found to be.a decreasing function of temperature
meaning it ié a decreasing function of velocity. The direct
annihilation rate décfeased by'3Q% ovei the range inQestigated..
Various functions in temperature were fitted to the results by
the least squares technique.

The shoulder width-density product was found to be constant
with temperature_indicating that the shoulder annihilations |
take place at velocities.significantly greater than thermél
velocities, |

The statistics on the ortho-positronium lifetime were not
sufficiently good to see a temperaturé variation of this com-
ponent.

A éomparison of an electric result with'theSe results gave
11se -1 -1

a positXon - Argon atom scattering rate of 9.0x10 c “am ",

~

This was assuming that the scattering rate was independent of

velocity.
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- CHAPTER I

INTRODUCTION

The pbsiﬁron was the first anti—parﬁicle to be
discovered. It was obserVed_in,a cloud chamber track byA_
Andefson in 1932. Since that time, the stgdy of positron-
electron énnihilations has become very impo:ﬁant;vbotﬁ
experimentally ana theoretically. |

then an glectron-positron pair énhihilate, at leést
two photons must bevpréduced in order to conserve homentum,
spin, and energy. Herver; in very special cases,iarpositron
can annihilate with an.electrog in thé neighbourﬁood of an
atom to produce only one photon, since the atom.reqeives
the excess momentﬁm which the additional photon(s) woula
have carried 6ff. The most common number of'photoné emitted
in an annihilation event is two or three. Two photons are -
emitted if the spins of the position and électroniare aligned
in opposiﬁe di;ections in space; that is,'the,totai angular
momentum is zero. Three photohs are emitted when the spins
éf the positron and electron are in the same direction, .
making the toﬁal angular momentum equal to éne. Annihilation
by twotphotons is/far more likely than annihilation by threel

photons (Deutsch, 1953).



A, Anﬁihilation in Gases

‘The detailed éxplanation of the mechanisms for positron-
electron annihilation in gaées has been given ﬁy.Félk (1965)
.and Orth (1966). Only a brief summary of these brobesses
will be given here. | |

A large fraction of the posifroné emitted by 'a posifron
source (e.g. Nao,) into a noble gas annihilate by direct
annihilations; These occur'betweeh a positron and an atomié
electr;n. Another large percentége of positrons annihilate
by the ﬁechanism of positronium formation. A low energy
positronlcaptures an electrdn.from an atom forming a hydrogen-
like atom called positronium which subsequently decays by
annihilation. An unknown, but probably small proportion of
the emitted positrons forms molecular cohplexes.with the gas
:afoms._'These complexes eveptually decay when the positron
annihilates with one of the atomic elecfrons. In addition,
a'fraction‘of the positrons annihilate  in the walls of the
chamber used to contaih the gas. This fraction depends on
-the gas:pressuré and the dimensions of the chamber. Finally,
a small number of positrons will annihilate in the sourée

and source holder.



B. The Annihilation Time Spectrum

A»typiéalvtimé épectrum fof the annihilation of positrons
in inert gases is shnwn in Figure 1. The maximumAin the timé
_spectrnm_occurs at zero time and is called'tne prdmpt peak.
This peak is due‘to annihilations in the walls qf'tne chamber,
in the source, and nf para—positronium. The number of positrons
annihilating in the walls of—the chamber depends on the chambei
éize and the gas dgnsity (Celitans and Green, 1963). In an
ideal experiment( this number would be zero. Parn—positronium
is a positronium atom with the spins of the electron and
positron aligned in opposite directions. ‘This aiom‘annihilates
very quinkly into two photong with a lifetime of 0.125 n sec
These events are found in thé promp; peak because all posi-

tronium is formed vefy early in time. That is, positronium'
ié formed when tne Najs 5 pnsitrons nave slowed to the 8-20 ev.
energy region within a few nanoseconds (Tao, etal, 1963).

The,néxt prominent feaﬁure in the time spectrum'ié the
shoulder. ‘All'of'the inert gases exhibit thié’phenbnemum,
except possibly nelinm. The shoulder has been Qell documented
by Tao etal (1963), ‘Paul (19'64)', and Falk and Jones (1964).

It is a part of tne direct component wnich.occursbfrom the

annihilation of free positrons with atomic electrons in the
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inert gases The shoulder has been ihté;preted as £he_

time spectrum of pésitrons slowing down by elastic collisiops
with the gas atoms from positrQnium formationbthréhold
energieé of 8-20 ev. to thermal velocities (Falk and Jones,
1964). The positronium formation threhold energy is that>
energy below which no positronium is formed. The existence
of a shoulder indicates that the direct annihilation rate of
positrons is yelocity»dependent.

Following the'shoulder is thé exponential component
representing tﬁe direct lifetime of free thermalized positrons
in the gas. This gives a constanﬁ rate of annihilation since .
an equal numbeﬁ of positrons‘are being scattered into high
velocities as are being scattered into low velocities, rather
than the excess of the latter events at velocities greater than
equilibrium'velééities. This process gives a constént rate
despite the fact that the annihilation rate is dependent on
velocity.

Further évidence that the énnihilation raté in positrdns<
in noble gases ié_velocity depéndent is obtained by'applying.
an electric field to the gas.. The field acceierates the
positrons to equilibriqm velocities abo&e thermal velocities.
" The results of Falk etal (1965)'indiéate that the annihilation

" rate in Argon is reduced when an electric field is applied;



In fact, if a reasonably strong field‘ié applied, the
positronvenergies aretraised sufficiehtly to causé indreased/
positronium formation.

The l§ng lived component in the time spectrum (Figure 1)
is caused by the décay of posiﬁroniUm étdms whére_the spins
of the posit;oﬁ and.electron_are ih the same direction. Such
an atom is called ortho-positronium. Some of these ortho-
positronium atoms decay by three-photon emission while others
ére "quenched" by colliding with gas atoms ahd decay by two-
‘photon emissions. .An electric field does not have an effect
on the lifetime of this componehﬁ (orth, 19665. This is
expected since the positroniﬁm atom is uncharged.

C. Discussion of Velocity Effects on Positron
~Annihilation in Argon

The time spectrum described in the last section has been
used to obtain results for the annihilation rate of positrohs
in gases. .The latest experimeﬁtal results are those collected_
by Orth (1966) in Argon. The width of the shoulder multiplied
by the gas density was observed to be 340 nsec-amagat, where |
an amagat is the density of the gas expressed in terms of
atmospheres at 0°cC. _The shoulder widfh—density prodﬁct
appeared to be constant at differépt.densities. This indicated
that the inferpretatidn_of.the shoulder as<beingvtheAsiQwing

down part of the direct lifetime component hés some validity



in these experiments; When an electrie field was applied
to.the gas in question, it was found that the sheuldef Qidth
decreased until it,disappeered altogether at highvfields.

The direct annihilaﬁioh rate, Aa, was fouhd to vary
" linearly with density, D, with a slope of Aa/D = (5.6 £ 0.1)
x 10° sec™! am™L, |

The electric field dependence of the direct annihilation
rate in Argon is shown in Figure 2 (Orth, 1966). It is to
be noted that the annihilation rate per amagaf decreases as
the electric field, and hence the positron velocity, is
increased. The.annihilation rate per amagat starts to
increase again at 90 volts em~! am™! because of the increased
positfonium formation prevelent at thie and higher fields.
These results give a good qualitative indicaﬁion of the
'annihilation rate's dependence on velocity. However, they
do not define the velocity'dependence of the annihilation
rate because the elasﬁic collision cross~section for the
Argon-positron sYstem is not known. If, instead, the temp-
erature of the host gas is varled the average positron
velocity deflned by the temperature of the gas will vary, and

a more definite picture of the direct annihilation rate will

emerge. This thesis describes such an experiment in which
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the température of Argon gas is varied 0ver'a iimited range,
This tvpe of experiment has not been attempted Before.

Sipce raising the temperature of the host gas should
have the same effect on the,pbsitrbnrvelocity as apﬁlying an
electric-fiuld to the éas, and since the shouldef is the
slowing down period of positrons in the gas; thé shoulder is
expectea to be shortened ifAthe temperature is raised
sufficiently. Tﬁis would give further informatiqn on the
velocity dependence of the direct annihilation rate as well
as some on the scattering cross-section (Falk etal,'1965)f

Orth (1966) found the ortho-positronium annihilation
rate in Argon, ?\.o, to be

Ao = (;.2.-i 0.4) + (0.29 ¥ 0.05)D x 10° sec™!.

It was also found thét the application of an electric field

‘has no effect on the ortho-positronium annihilation rate.

D. Discussion of Velocity Effects on Positron
Annihilation in Helium

Falk and Jones (1964) and Falk (1965) report that the
direct ;ifetime in Helium is 0.765 x 106 sec™! am~1, ang
remains ;onstant for densities from|5.2 am to 54.6 am. Falk
did not observe any significant shoulder on thé time spectra,
and the application of an electric field has little effectvoni
the direct lifetime. This ihdicates that the annihilation

‘rate in Helium is almost velocity independent, in contrast to



the results obtained in Argon.

Present temperature experiments in Helium indicate that
the annihilation rate pér-amagat is eséentially éonstant_as
a function of temperature. Paul and Graham (1957) report
values of 0.78 x 10% sec™?! am™l for solid and ligquid Helium
at 4.2°K. The density of Hélium in these cases was 700 am.
Roellig and Kelly (1965) report values of ?\a/D in the fange
of 0.60 to 0.78 sec"l am-l for gase;us Helium at 4.2°K with
densities in the range of 39 to 98 amagats. Hence,_it éan
be 5een‘that for the case of Helium, little or no temperature
effect on the direct annihilation réte can be expected.
Therefore, at present, there.is little evidence.for a strong_
velocity dependehce of the direct annihilation raté in-

Helium.

E. The Justification for Temperature Experiments

As can be seen from the previous argumentéﬁ the detailed
nature Qf the dependence of direét positroﬁ annihilation rates
in noble gases on ve1o§ity“and hence temperature, is unknown..
Therefore, it was thought desirable to build‘a chamber
capable of holding a£ least iO amagats'of gas over a temperafure
range frém 77°K to 600°K. This would allow an investigation
- of the effecﬁ of témperature on.the énnihilation rates in

various noble gasesyiespecially Argon. Since the temperature



of the gas defines the average.velocity of the positrons,
4the.velocity dependence of the apnihilation rate can bé
“obtained over a limited range. |

The rest of thisvthésié‘describesvthe aesign of the
pressure chamber mentioned aﬁove and the experiments carried
out using it; The temperature dependence of the direct
énnihiiation rate in Argon, observed between 140°K and
SOOOK,>is reported.  The effect of temperature chaﬁge on the

shoulder and the ortho-positronium lifetime is also reported.

N
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CHAPTER II

THE CHAMBER

A. The Design Criteria:

In order to carry out the temperature experiments mention-
ed in Chapter I; it was necessaryAto-build a chamber.that
satisfied-the following ériteria:v
1. The vessel must be capable of Withstandiﬁg pressures of at
least 20 atmospheres or 300Vp$ig ih the temperature range of
77°K to 600°K. This criteridh would allow the use of argon at
a density of 10 amagats up to a temperature of 300°C (573°K).

It would also allow the use‘of 6ther gases such as nelium at

20 am.at; and below, room temperature.

2, A provision should be made so that a uniform electric field
-can be applied to the‘gas. This required the builaing-of'én
electric field grid similar to Falk's (1965) and a high voltage
feedéthrougﬁ inAthe chambef lid. |

3. The chambei walls must be thin enough so that the gamma rays
~¢éassing through the waliélon the way to the detectors are not
atténuated»excéssively. .

4. The chamber's size must be such that not more than 20% to 30%
of the positions emiﬁted by a Na’2 source in the center of the

chamber reach the walls of the chambef with 10 amagats of Argon.

‘This will keep the number of counts in the prompt peak to a
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mihimum and so allow a more efficient means of coﬁnting the
direct and ortho—positfonium compﬁnénts of the time spe¢trnﬁ.v
5. The physical shape and size of the chamber must allow the
detectors to be placed about it 80 as to optimize the counter
geometry.

6. The shape énd size of the chambervmust allow the chamber to
be both éasily éooled down from room temperature and to be heat-
ed above room teméeréture. The émount»of metal in the chambe#
and the gas volume must be smail.so that temperature changes can
be made quickly and so that the temperature of the'gas is uniform
about the whole vblume employed. 1In addition, a small chamber
is easier‘to handle when assembling or dismantling.

7. It is also desirable to have a removable 1lid so:that the

chamber can be cleaned easily.

B. The Completed Chamber.

“ vFigure 3 shows the chamber finally'constructed. It is
cylindrical in_shape with 1 inch thick plates as lids at either
end. The cylinder was turned down around the center s§ that'thé
wall thickness was 3/16iinch; There were three holes in the top
plate. One was for the gas inlet and outlet, the second was for

a thermocouple feed-through, and the third for a high voltage

feed-through.
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The way in which this chamber meets the various criteria

proposed at the beginningfof the_chapter will now be cqnsideréd.'

C. The Chcice cf Material:

Falk (l965)'deséribed stainléss_steel and some -aluminum
alloys as héving the best strepg£h £o gamma ray atténuation :atios
at r§om temperatures. Also,Vthe_ready'availability of these two
materials ﬁade them very very desirable for use in building a |
chamber quickly and inexpehsively. ~Since ﬁhe.strength of
aluminum &tA350§C is degraded muéh moxe than the stfeﬁgth of
stainless steel af 350°C (seé Table 1), 18 - 8 or austenitic
sfainless steel was chosen as‘the most suitable material for use
in the construction of the chamber. |

TABLE I

Ultimate Tensile Strengths at Different Temperatures

Material | Room Temp 300 C 1 350 C

Al, alloy 2024 70,000 psi® 7,000 psi® | 5,000 psi®
Melts at 500-640°C - '

18-8 stainless steel | 75,000 psib

(annealed)

b

59,600 psi® 59,400 psi®

a. Alcan (1961).

b. ASME boiler and Pressure_Vessél Code (1965).

'Note; ~Alloy 2024 has higher strength than most A1uminum alloys.
Although ordinary carbon steel,blike austenitic stainiess

steel, becomes stronger_af;low'tempgrafures, it becomes dange;ously

brittle at these low temperatures (Armstrong, 1959). But, most
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important of all, austenitic steinless steel,'like copper andr
alumihum, does not becpmevbrittle at low temperatures.and'it c;n
be used at least to liquid hydrogen temperatures. As an example
of the effect of low tempetatures on types 304_and 316 stainless
. steel, Table 2 is included. o |
TABLE Ii

Strength and,Ductility of Stainless Stecl at 298 K and 77 K.

- Type and Temperature Ultimate Strength"Elongation before
: D (psi) | breaking in 2 inches (%)

Type 304 S.S. ' ,
298°Kk 90, 000 65

77°K . 230,000 35
Type 316 S.S. '
. 298°K 84,000 70

77°K 185,000 158

(from Superior Catalogue 23, 1965}

It can be seen that_tﬁe ultiﬁate'strength is more than
doubled by lowering the temperature to liquid nitrggen témperatures,
and that the ductility as indicated by the pefcentage elongation
before breaking is reduced but not enough to make thevmaterial
dangerously brittie.

_Du Mond. (1951) lists some of the desirable properties-of
stainless steels as: |
1) high ¢orrosion resistance;
'2)  high strength;
3) high temperature uusability - it has good creep properties;

4) it is highly malleable and ductile;
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5) it.can be welded by all of the common processes:

6) it can be machined, Sut strong, high péwered tools and
special cutting cils are needgd: and

7) it can be cold or hot worked including being spun,

Some of the undésirablé prgperties of stainless steel are
its low thermal conductivity and it is non-hardenable by heat
treatnment., Stainless steel can be strengthened by cold
working but if welding is necessary, the welded metal will be
in ﬁhe’neighbourhood of the weld and this will counteract the
- effects of the cold working.-

In view of the abee discussion, the materials chosen fér
the chamber were austenitic sﬁainless steel (ﬁypes 304 and
316). This choice partially satisfied criteria #1 and #3

stated at the beginning of the chapter.

D. The Shape and Size.of the Chamber:

The shape chosen foﬁ the chamber was ‘a cylinder with flat
plate closings at eifhet end. This shape satisfied criterion
#5 for opti@aily plaqing coﬁnters for the largest count rate
énd criterion #7 for removable lids. It further satisfies
criterion #2 since the'cylindricél type of electric field grid,
as desciibed by'?alk (1965), defines the most cdnstant electric
field and alio&s the ﬁse_of the largest volume inside the grid.

Furthermore, this shape allows one of the flat plate ends of
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the chamber to be used for-fhe éas inlet and feéd-througﬁs, while
the other end can be used for direct contact with a cold \
resetvoir for lpw'temperaturé ruhs. .The felatively thin
cylindrical wélls cén be wound with heating'tapes to allow the
chamber to be ﬁeatedAefficientiy. In this way, criterion #6
is fulfilled.

The relatively small size of the chamber satisfied the
requirements of criteria #5 énd #6 since the small size allowed
the counters to be.placed>close to the source of the gamma
rays. ?urther, the chamber could be heated or cooled with
relafive easge compared to the large chamber used by Falk (1965)
and Oxth (1966). ‘ ) o

Another advantage of the.shape chosen was that the materials .
for.its construction_were'reédily available and were easily
.assenmbled since no difficult technique such as metal spinning
was inv§lved. In this wéy the cost of the chamber was held to
a ninimum, | |

E. The Numbexr of PositrXons Lost in the Walls:

 AIn accordance with criferion #4, the fractiqn of posit?ons '
that ahnihilate in the walls of the chamber for Argon at 10
" amagats will be.calculated.

. During the experiment the éource was sét up in the geo-
metrical center of the chamber, The distance to the cylindrical
walis of thé chamber from the source was then 3 incﬁes or 7.6

cm, For Argon at 10 gm, the range-density product is 76 cm-am.
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By referriﬁg to Appen@ix E of:Félkv(l965); the maXimuﬁ fréctioﬁ
of positfons_reachiné the cyiindricél wails was found to be
20% of the number emittéd in this direction. |

The éistance from the source fo the chamber lids is
3.87 inches or 9.8 cm, making'thé iange—density product equal
t6,98 cm-am at a gas density ofllo amagats. Therefore, the
fraction of poéitﬁbns emitted in the direction of the lids-
that reach the lids and annihilate'thérebwas calculated to be
8%. It should be noted that when the eiectric field grid is
included in the chamber, this longitudinal distance is reduced
to 3 inches.

These considerations indicate that 20% or less of the
posiﬁrons emitted by the source will annihila;e in the wailé at
a reasonable pressure of.10 atmospheres af Axgon at 0°C, This
number is not considéréd too 1ar§e-since'Falk and.Jones (1s64)
ha#e reported results atb4.8 am in a sbherical chamber with
al4 inch diameter such that 16% of the positions annihilafed
in the walls, Novadve;se events due to wall annihilations were

'reported. ‘Thus, criterion #4 is satisfied.

F. Gamma-Ray Attenuation:
~ The cylindrical part of the chamber was turned down on a
lathe to a thickness of 0.18 inches in oraer to decrease the

- attenuation of gamma rays by the walls. 'This allows the use
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of a thin wali invthe region through whichrthe gamma réys muét
_pa#s while making.possible the use of a thick wall at the fiange
where more strength is needed. | ‘

From the Handboo#lof Chemistry and Physics (1965), the.
.attenuatidn cdéfficienta P4§;lié 0.08¢ éﬁz-gh'l for.g;mmd rays
of 0.50 Mev eﬁergy. The dénsity of stainless steel,fy,'is 7.93

. gm.cm’3 and thus [l is 0.635 em~1, The attenuation_of gamma
rays is expressed by |

/I, = exp { - UX ). (1)

Where 1 is the intensity 6f gamma rays before entering the
material with attenuation constaﬁt M. and I is tﬁe_intensity of
gamma rays after passing thrbugh'a distaﬁce‘)< of this material.
" “For 0.18 inches of stainless steel, then, the percentage
attenuation as calculated frém (1), using X = 0,18 in, is
25%. Such an attenuation, while substantial, is not excessive.

- Hence, criterion #3 is fulfilled in total.

G. The Calculation of the Strength of the Chamber.
Since it waé anticipated that the chamber wouid be used
at twice room temperature, it was designed to hold at least
10 amagats of Argon at‘300°C, that is, it must be capable of
" holding 300 psi of gas at 300°C. |
| At 300°C (572°F), tﬁé maximum allowable wofking stress of
type 316‘stain1esé séeel is 17,100 ési and of type 304 stainless

‘steel is 14,900 psi. These are annealed strengths since it is
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suspected that the metal became ahneaiéd around the regibns in
which it was weldéa. These streéses are those suggested by the
ASME-code’(l965)'and aliow a safetybfactor of 4 over the ul-
timate st:ength. | |

1. Cylindrical Walls:

The tangential stress in the'cylindrical walls is givén by

s = pr
t
where: p = the allowable pressure in psi;
t = wall thickness = 0,18 in. at the thinnest point:;
r = radius of the wall = 3.21 in.average:
and s = maximum‘sﬁress allowable = 14,900 psi}

Hence, the allowable pressure is 836 psi.

The longitudinal stress is given by s= pr and this gives
' ' ) 2t

an allowable pressure twice that above.

2, Bottom Plate:

The maximum stress in a flat plate with no holes that is

freely supported at the‘edgesvis given by

s =33 +4 )p g? (Egqn. 99 of‘Timosheko; 1956),
8 h
where: s = maximum allowable stresé = 17,100 psi;

R = Poisson's ratio = 0.33;

allowable pressure in psi; .

o)
L]

a = radius of platé at bolt circle = 4,125 in; and
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h = effectiveAthickness;bf plate = 1.00 inch.
Evaluating this formula gives an allowable pressure of 804 psi.

The maximum-Stress calculated by this formula occurs at
the center of the piate and probably gives an over-estimate of
the st:es# since there is some resisting moment at the edge of
thevplate,»in contrast to the assumption of no resisting moment
at the edge of the plate. 'However, tﬁe initial tightening of
the bolts will add somewhat to the stresses in the plate. These
two effects will probab;y caﬁcel-making the formula a good est-
imator of the stress in the plate. |
3. Top Plate

The top plate‘has a small hole in tﬁe center which means
that equation il4 of Timoshenko (1956) has to be used, viz:

S=k232

‘When the particular case that is represented in Figure 4 is used,

kX is given by Table III from page 114, Timoshenko (1956).

TABLE IIX

 Coefficient k for Eguation 114 of Timoshenko (1956)

a/b k

1.25 0.592
1.5 0.976
2.0 l1.440
3.0 1.880
4.0 2,080
5.0 2,190

With reference to the Table IIX and_the above formula the'
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Figure 4: Uniform Load on a Circular Flat Plate.
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Figure 5: Inner Circle Load on’a Circular‘Flat Plate
with Hole and Freely Supported Edges..
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the symbols are defined by:

a

b

h

P

8

For the present case a/b = 16.5.

it

radius of the plate = 4,125 in;-
fadius of the hole = 0;25vin;
thickness_ofvthe plate = 1.00 in;
allowaﬁle pressure in psi; and

maxinum allowable stress = 17;100 psi.

By extrapolating Table III to

16.5, k is found to have a value of 2.50, The allowable press-

ure is then 402 psi.

4, Radial Stress in Flange:s

The radial stress in the flange can be estimated by the

following formula (see Figure 5):

8

where:

—
=

kP (Egn. 144, Timoshenko, 1956),
2 _
h

maximum allowable stress = 14,900 psi;
a constant depending upon the ratio b/a;

force pér inch acting on the inner edge of the flange

2
gp i
2a

thickness of flange = 0.9 inch;

innéi radius of‘flangé = 3,03 ‘inches;
bolt circié_radiusv= 4.125 inches; and
gasket radius ?v3°375 incheé.

s/
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Since b/a is 1.36 or about 1.5, then k is 1.26 (Case 1, Table 5,
Page 114 of Timoshenko, 1956). Therefore, the evaluation of the
formula gives an allowable pressurc of 6940 psi.

S. Longitudinal Stress in the Flange:

An estimate of the longltudanal siress in the flanges can
be obtained by the method used by Falk (1965) in Appendix A,
Thls ylelds an allowable pressure cf 950 psi assuming the
ma#imum éafe tenéile strength to be 14,960 psi. The complete
calculation is shown in Appendix I.

6. Exterior Plumbing:

All fixtures outside of the chamber itself have a pressure
rating of at least 4,000 psi. The.tubing used to connect the
pressure gauge can withstand a pressure of

p=1 t. s = 1300 psi (Falk, 1965, Appendix A)
2,3 x -

at a point where its ends are rigidly fixed. The variables

used in the above formula are defined as:

T r radius of the tubing = 0.125 in;

t = thickness of the tubing = 0.025 in; and

s = maximum allowable stress = 14,900 psi.
Throughout these calculations the minimum pressure en-
countered is 402 psi. This means that the chamber should be

able to be used safely at any pressute below this at 300°C.
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7. Bolt Load: .

The bolt load is given by

B.L. = g’p + 277 .9I,
where g = 0-ring radius = 3.375 n;
p = the pressure in thé chamber = 300 psi; and
I = the force per inch due fo iﬁitial tightening =

1000 1b/in.

fherefore, the bolt load is 31,200 1b. This means that the
bolt load‘per bolt is 2000 1b, since there are 16 bolts in the
top and bottom of the éhambér. As the tensile strength of a

| 1/2 inch stainless steei bolt is 2,260 psi (Superior Tube

catalogue, 1965), the bolt stfength is adequate,

H., The Pressure Test of the Chambag:

'The chamber was pfessure tested‘by £filling it with water
and applying pressure to the water using a tube connected to a
~ bottle ofvcompressed air. The preséuré was Gycled up to 800 psi
three times, being increased in quick steps of about 60 psi into
the 700-800 psi range.

No signs ofldistortion or leaks were detected during this
test. It was concluded that the'chamber was quite safe to use
for pressures of ag'leasé 400 psi by allowing a safety factor.

- of 2 over the fested pressure.  Sin¢e¢the chamber was teéted
at room gemperatures, allowance must be made for the decrease

- in strength at 300°C. The safe operating pressure is given by

S 300

P300 = Po So
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Since Ssoo = 14900.psi and S,  = 18750 psi, the Safe‘§perating
pressuré at 300?C is 318 psi. .' |
The chamber is, therefore, capable of holding'300-psi.of
gas at 3op°c; thus completely fulfilling the first requirément
for the cﬁamber. -

I. The Electric Field Grid:

An electric field giid was constructed with a design
similar to that of Falk (1965). The gr-id that was cénst}:ucted
for this chamber was made 6 inches long by 5'1/2 inches in
diameter. -éings of 1/8 inch diameter were spaced at intervals
of 1/2 inch, with flat plates at either end of the grid. The
center grid was made so that wires.could be strung on it so as
to hold the Na22 source. The rings were conneéted by 22 Megohm
resiﬁtors, which acted as a voltage dividing network and so
defined-the.electric field. | | |

In order to achieve an electrié field of 1.22 Kv-cm;l_as
did Falk (1965), a potential of 11 Kilovolts must be applied
to the end plates of the electric field grid. Since the top
-plate of the grid was 0.64 cm from the wall of the chamber, an
electric field of 17.3 Kvébm'; will 5e fbrmed between the
chamber wall and the top_plafe. The»electric breakdqwn voltage

1 at 10 am. Henée, at least 11 Kv should

of Argon is 80 Kv-cm
be able to remain oh the:end-plates of the grid without breakdown

. occuring.
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CHAPTER 5IIL

EXPERIMENTAL - DETAILS

A. Experimental Set-up. of Electronics

The electronics used to c§lléct.thé data for the time
spectra were set up.in almost the same configuration as.that
used by Orth (1966). There were however two major diffefénces.
First, the energy pulse was taken from the last dynode, along
with the timing pulSé, rather than from an interﬁediate dy-
nodé as was done pfeviously. Second, the 256 channel kick=
sorter was replaced by a 400.channel, PIP 400 Victoreen
‘kicksorter with a paper tape readout. A block diagram of
the electroniés used is shown in Figure 6. _ |

Both the differential and integral lihearities of the
timesorter were heasured~before the experiments started. A
graph showing the integréi linearity is displayed in Figure
,7' The integral linearity check showed that the timé éer
channel was 1.57 nsec. The time per channel figufe was
checked during the runs by inserting'a 244 nsec delay cable
inﬁo the 0.51 Mev (delayed) line and noting the nﬁmber of
channels through‘which_the prompt peak shifted. The result
confirmed the figufe of 1.57 nsec/bhaﬁnel which was being
used. The differential linearity check (Figure 8) in whiéh'
;an_averaée of 6600 counts were obéained in each channel} in-

dicated that the time sorter was linear except for the top
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Figure 6: A Block Diagram of the Electronics Used.
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40 channels., The data from the two linearity measurements

were used in tﬁe analysis of the results obtained from the
time sorter,

The time resolution of the syétém varied from.4.$.to 5.5
channels (7.1Ato 8.6 nsec) full width half maximum on the
prompt peak. fhe time résolution of the system was measured

22source in Aluminum: once, before the experiments

with a Na
-wefe'started and again almost at the céﬁpletion of the exper-'
dAiments, The first result gave a time resolution of 4.6 chén-
nels (7.2 nsec) and the Second result gave a time resolution
of 4.8 channelé (7.6 psec). This,vériation in resolution

was caused by thé varying»counter geometries, count rates,

and single channel énalyser window settings during the course

of the experiment,

B. The Preparation of the Chambér for Temperature
Variation:

“To measufe the tempeéatﬁre of the gés inside thé cham-

“ber a thermocouple lead-through was fitted into the top plate

of tﬁe charmber. Oge of the»junctions of a chromel-alumel

thermocouple was placed inside tﬁe chamber immer sed in the

gas itself.A Thevother junction was placed either in aﬁ ice

bath or in thé-air at room temperature, The voltége‘across

-the thermocouple was measured by.a Hewlett»fackard 410 ¢

S V.T.V.M, on this instrument the letage could be estimated

to 0.02 millivolts-(aboﬁt 0.5°C). The input resistance of

the V.T.V.M. was 1,00 Megohm and the claimed accuracy over
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the rarge on which it was being used is 2%. A measurement

made of the difference between room temperafure, 298°K,'and
liquid nitrogen temperature, 77°K, showed'the device to be

in error by less than 1%.

Since runs were done for botﬁ #emperatures above and
below room temperature the description of-thé.expérimental
preparation of‘the chambéi wiilvbe divided into the high
témperatufevset-up (abové'room température) and the low tem-

pérature sét-up (below rodm temperature) .

1) The High Temperature Set-up:

In order to heat the chaﬁber above room temperature the
walls of the chamber were electricélly heated. This was done
by placing a thin sheet of mica around the thin cylindrical
chamber walls and then winding a heating element consisting
of 20 guage nichrome_wire over the mica. The whole assembly
was covered with a layer of asbestos cloth which in turn was
covered with aAlaYer of shiny éiuminuﬁ foil. The temperaturé
of the chamber was controlled by Varying the current thfough'
the element using a variac. The’highest temperature obtained
during the experiment was 232°% during the bake out of the

chamber.

2) The Low Temperature Set=-up:

To obtaih temperatures below ambient the chamber was
turned upside down and placed in a styrefoam container, as
shown in Figure 9, A'cylindrical metal container was placed

on the kottom flat plate of the chamber, inside the syrefoam
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box. This container was then Ffilled with liquid nitrogen thus
cooling the chamber and the gas. The lowest recorded temper-

ature during the experiment was 110 K.

" C. The Gas Filling:

High gas purities are’neceésary to obtain good experimen-

tal results. The results of Tao and Bell (1967)'on minor ~

impurities in Argon show that a small percentage of impurities
can have a large influence on these results. These resulfs
indicate that the shouider is very sensitive to some impurities.
In order to obtain as high a gas purity as possible
inside the chamber, Argon with a purity of 99.999%% was pur-
chased from Matheson of Canada, Ltd. Before filling the cham-
ber with the gas it was evacuated to 1074 - 1073 torr with
“"a~“vacuum pump. ~Then it9was.heated under vacuum to a temper-
—ature'at least 25°cC above thaﬁ at which the éxperiment was
to take place iﬁ order to degas the chamber walls as much as
possiﬁle. The chamber was then flushed at least three times
‘to a pressurefdf not less than 3 atméspheres with the gas it
was to be filled with. The chamber was then allowed to cool
to room témpefature under vacuﬁm and then it was flushed
three ﬁore times to 3 or more atmospheres with the gas before
it was filled to the desired pressure.
Finally, a check of gas purify was made by monitering
" the width of the shoulder with time. As has been mentioned

above, the shoulder width is very sensitive to gas impurities.
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'The effectiQeness of this purity check was tested during the
experiment by-héating the chamber to a temperature above that
at which the chamber was outgassed. The res#lt_was that tre
shoulder width décreased from 350 nsec-am to 230 nsec - am

and the direct annihilation rate was increased from 5.4

psec“l am to 6.7 psec—l am'l, No change was noticed in

the ortho-positronium lifetime.
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CHAPTER __ IV

PRESENTATION OF RESULTS

A. The S-ope of the Results:

The.temperaturebresults‘were collected in Argon at two
different densities, 8.0 and 10.2 amagats. For the 8.0 amagat
results thé tempefature was varied between 143°K and 450°K
while for the 10.2 amagat runs the tmeperature was varied
between 144°K and 480°K,. 'In all the recorded spectra the
temperature was controlled to within + 3° of‘the average

value.

B. The Analysis of the Time Spectrag:

_ Each time spectrum was fitted to the analytié form
N = 1) exp (-t/t1) + I exp(-t/tp) + B,
where: N = the number of counts at time t;
'Il = the intensity of the direct component;

_the lifetime of the direct component;

r*
-
i

the intensity of the ortho-positronium component;

ty = the lifetime of the ortho-positronium component:

and B = the intensity of the randon background.

The analysis of the time spectfa was undertaken by the
maximum likelihood method using a computer brogiam developed
by Orth (1966). The program 1néremen£ed all five parameters
" to obtain the best fit. The spectra were fitted using the

data in the negative time region behind the prompt peak and
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between the shoulder and channel ndmbef 380 in the positive
time region. The differential linearity results (see Chapter
3) were used to defiﬁe relative channel widﬁhs and the iﬁte-
gral linearity result was used to change number of éhanﬁels

.into time.
" C. The Results:

The'resuls of the maximum likelihood fits are displayed
~ in table IV. Shown in this table is the run number, the
direct lifetime (té)' the ortho-positronium lifetime (Tb),

the direct annihilation rate(;Ka)} the ortho-positronium
annihilation rate ()b),.the density (D), the temperature (T),
the ratio )\a/D, the shoulder width-pressure product (SD),
and the probability of obtaining a worse fit (Q). Essentially
two sets of results are shown in Table IV: those at 8.0 ama-
.gats with varYing temperatures énd thoée at 10.2 amagats with
varying témperatures.
| _For a time spectrum to be accepted it was necessary that
the spectrum Satisfy the following criteria:
1. The.maximum likelihood fit was started at least five
~channels beyond the shoulder's édge.
2. The chi-square of the final fit was the lowést of all
fits made on that particular spectrum satisfying criterion
l. In the case of two almost equivilenf chi;squares the
spectrum fit closest to thé shoulder (Qith the mos£

points) was accepted. All fits ended in channel 380.
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Results From the Maximum Likelihood Fit‘

RUN t(] To Agq No D T Aq/D S.0  Q
(nsec) (nsec) (psec”1) (pseq:l) (am) ( °K) (psec tam™1) (ns-am)

'T1  18.6-0.6 90.0-3.2 53.8-1.7 11.1-0.4 9.89 298 5.44-0.18 349 .02
T6 . 17.6-0.6 96.2-7.3 56.8-1.9 10.4-0.8 10.56 299 5.38-0.18 332 .42
T15  18.6-0.6 92.7-5.3 53.8-1.7 10.8-0.6 8.03 143 6.70%0.22‘ 336 04
717 21.9-0.7 94.9-6.3 45.7-1.5 10.5-0.7 8.03 215 5.69-0.18 366 d46

118 20.3-0.9 87.1-5.9 49.3-2.2  11.5-0.8 - 8.03 175 6.13-0.27 366 .79
T19 22.3-1,0 94,0-7.1 44.8-2,0 10.6;0.8_ 8.03 260 5.58-0.25 366 .79
720 21.8-0.8 93.2-4.5 45.9-1.7 10.7-0.5 8.03 295 5.71-0.21 353 .10
721 '25.1-0.8 104.9-5.8 39.8-1.3 ©.5-0.5  8.03 296 4.96-0.16 = 353 .73
722 24.8-0.9 91.9—5.1 40.3-1.5 10.9-0.6 8.03 390 5.02-0.18 3G66= .04
723 25.9-0.8 94.6-4.8 38.6-1.2 10.6-0.5 8.03 449 4.81-0.15 341 .93
726 18.0-0.5 89.7-4.1 55.6-1.5 11.1-0.5 10.22 299 5.44-0.15 337 .01
T27 14.5-0.4 93.0-3.9 69.0-1.9 10.8-0.5 10.22 144 6.75-0.19 337 .18
T28  16.3-0.5 90.1-4.3 61.3-1.9 11.1-0.5 10.22 215 6.00-0.18 - 353 .50
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(nsec) (nsec) (psec"l) (psec -1 (am) ( ° K) (pnsec am“l) (ns-am)
T29 16.1%¥0.6 88.9%4.5  62,1%2.3 11.2%0.6 10.22 192 6.08%0.23 353 .50
T30 17.1%0.7 90.8%4.7 58,5i2.4 11.0%0.6 10.22 236 5.72%0.23 353 .54
31 17.8%0.5 86.7%3.8 56.2f1.6 11.5%0.5 20.22 297 5.50%0.15 372 .76
T32  18.5%¥0.7 86.9%4.8 54.1%¥2.0 11.5%0.6 10.22 343 - 5.29%0.,20 338 .42
33 19.6%0.8 87.6%5.3 51.0%2.1 11.4%0.7 10.22- 393 4.99fo.2o 369 - .73
| T35 21.9%¥0.7 100.0%7.3 45.7%1.5 '10.6#0.7_ 10.22 444  4.47%0.14 353 .96
036 19.1%0.6 83;214.2 52.4%1.6 12.0t1.6 10.22 445 5;1210.16 370 .34
T37 20,3%1.1 89.5%5.9 49.3%2.7 11.2%0.7 10.22 480’ 4.82t0,26 369 .07
T38  18.2%0.5 90.9%3.8 54.9%1.5 11.0f1.5 10.22 296 5.38%0.15 338 .69
T39 18.1%0.6 91.2%4.2 ss.2f1.8 11.0%0.5 10.22 295 - 5.41%0.18 354 .73
740  20.5%0.5 96.1%4.3 48.8%1.2 295  5.15%0.13 369 .82
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3.'~The number of counts in the shculder was at least 1000.
4, The:electronics remained stable during the run, that is,
the prompt peak remained stationary«during the run;

5. The shculder width-density product remained constant

I

to within 10%.
6. The chi-square gave a probability of obtaining a wofsg
fit of 1% or better,
7. The temperature did not vary more than 5°K during the run.
8. Finally, tﬁe maximum likelihood program convérged on all
S-parameters for each of these runs.

It should be noted here that the ortho-pésitronium life-
time was not as well_defined in these results as it was in
those of Orth (1966). Since the source strength used in this
experiment was gréater than.that used by Orth, the true to
chance count ratio was decreaséd, In this wéy the random
béckground Was'ihcreased at the éxpense of the orth-positroh—
ium component., In‘addition, a rather narrow window wiath
about the dQSl Mev péak wés used in order to enhance.the
collection of two photon eventé, again at the expense of three
photon or ortho-positronium events, |

D. The Interpretation of the Results:

1) The Temperature Dependence of the Direct Annihilation Rate. Aaz:
"Figure 10 shows a graph of the direct annihilation rate
per amagat, 'Aa/b, plotted against temperature, T. The main

feature of the curve is that the annihilation rate decreases
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as temperature increases. This indicates that the diréct
annihilétion rate is a decreasing function of vélocityvover
the range investigated. The above dependencern velocity
agrees in its general form with the electric field results
for Argdn_fristArepprted by Falk et al (1965).

The average thermal velocity of the positron, \, K
depends on the temperature of the gas, T, in such a way that
Vo is proportional '¥T. Therefore, least squares fits to
fhe results Qere made using polynomials in JT and T, in
énticipation of expressing the annihilation rate as polynom-
ials in v and v (see section E of this chapter), where v
is the yelocity 0fvthe positron. These polynomials were
fitted so as to give a finite annihilation rate, at zero
velocify. This step was taken since the Dirac equation pre-—~
M"”“aicts a conutant annihilation rate at small velocities (see

Tones and Orin,

- Geth—amdoones, 1967). A logarithmic form of the annihila—
tion rate was also fitted ﬁo the results in 6rderﬂto coﬁpare
the result with that of Jones et al (1965) .

Examination of the resﬁlté in Table V shows that, of
thoselfits'that have a finite intercept at T=0, the best fit
is; |

..2\_&_15(2)_.= 11.9 + 1.3 - 5.7341.58 X 101 /T + 1.12 + .46X10™27

-1, .-1

(1)

gince it has the highesgst Q value of these fits. It is empha-

psec” “am

sized that all of the fits (Table V) to the experimental data

are only cofrect for the temperature-rahge investigated,



TABLE V

Results of Fitting Ad /D versus ] by Least Squares

POLYNOMIAL CONSTANTS Q.
FITTED. - g N
a( ps~lam=1) | B( ps~lam™l) | c( pslan~l) | D( ps~lam~1)
F( J/T) x10 taeg™* | x107%deg™! %107 3geg™3/2
Order 1 g.68% 25 -1.88%,14 . L1l
order 2 11.9%1.3 -5.73%1,.58 1.12%.46 .29
order 3 21.5%10.1 -23,5%18.7 [11.9t11.3 -2.13%2.24 .19
F(T) xlO-zdeg—l xlo—'sdeg_z xlo"sdeg-3
order 1 7.07%.13 —.534%.041 .02
order 2 | 8.39%.40 -1.45%,26 1.44f 41 .25
order 3 9.93%1.36 -3,24%1,53 7.81%5.37 -7.00%5.89 .26
F(lnT)
. <%
Order 1 3.31%,12 -0.285%,021 .40

*Note: exp

(3.31%.12) = 27.4%3.3
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that is, 143° K to 480 °K. This fit (equation 1) to the
results ’éoes through a minimum at 654° K with A,/D= 4.6
psec'%@ﬂ‘¥, whereas‘previous results with an electric field
(orth, 1966) indicate that the minimum value of A/D is at
1éast as sma"ll‘as‘2.6,.-~}-.¢sec"lniam"1 . Therefore{'eqhétion 1l
above is not conéidered to give a good estimate of the direct

annihilation rate above 480° K.

The- logarithmic fit

Aa(T) = 27.4 %+ 3.3 psec”! am™l (2)
D =0.285%.021
T

is expected to give a-bettef interpolated value of theAannihil-
‘ation rate at temperatures highervthan 480 ° K because it is'
a continuously decreasing function of temperature, T. Unfor-
tunately, equation 2 does not tend to a finite value a OOK,

and so gives poor values at very low temperatures.

2) The Temperature Dependance of the Orthopositronium

Annihilation Rate,7\o : '
Figure 1l shows a graph of'%oplotted against T for 8.0

amagats and'10.2.amagats. ‘Table VI shows the results of .
fitting the experimental pbints to polynomials in T usinglfhe
least squafes method. The results presented here indicate
indicate that there is no lérge temperature effect on the
orthno-positronjium lifetime in Argon.A The average annihila-

tion rates are 11.120.2 psec"1 at 10.2 am and 10.54+0.2 ).1sec"1
at 8.0 am. o

3) The Dependance of the Direct Rate on Density:
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Figure 1l: A Graph of the Ortho-Positronium Annihilation
Rate, Ao, Plotted against Temperature, T.




TABLE VI

Resuvlts of Fittinq 7\0 versus T by Least Squares

COMMENTS | consTanTs | - )
R ;T“‘f“““f - |

( ysec"l) (ysec"'ldeg"l)
8.0 AM. Fits
order 1 Polynomial | 10.75%.67 | = -7.16¥21.25x107% | .40
Order 0 Polynomial 10.54%.21 | .49
10.2 AM. Fits
order 1 Polynomial 10.85%.52 1.00t1.67x1073 .87

order O Polynomial | 11.14%.16 , : .89




34

Figure 12 shows the direct annihilation rate,%a,, plotted
against density, D, at 297°K. Table VII shows the results
of fitting various polynomials in: D to these results. It

is evident that these results indi-ate a value of No/D =
5.4 + 0.1_pse¢_lam-l between 8 and 11 amagats. This result
;jagrees with thét_bf Orth‘(1966) at 5.6+0.1 ;.Jse'c"lam-l (that
is, the present results are within'two standard deviations
of Orth's result). ThisAagreement af 297°K is necessary in
order to compafe these -temperature results with those for
an applied electric field (Orﬁh, 1966), as will be done in

part F of this chapter.

- 4) The Dehsitv Deoeﬁdence of the Ortho-positronium Annihila-

tion Rate:

Figure 13 shows the dependence of)bon D at room tem-
‘“perature. It is obVious.that-there is considerable scattep
in these resulfs. The results of fitting the orthopositron-
ium points by least séuareé are shown in Table VIII.v Both
room temperatﬁre results-and all results taken regardless of

" temperature were fitted. For an assumed vacuum annihilation
rate of 7.2 psec”l the quenching'rate is 0.39 psec’lam"1 if
all the. results are used. The best estimate_of a standard
deviation for :this result is considered to be the standard
deviation calculated for Aq., the quenchingArate, by the least
sq_uaresA fit to .7‘\0+7\1D.’ Then, thé standaxd deviation of 7\cLis

0.12 psec_lam-l.
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TABLE VII

Results of Fitting Aq versus L' by Least Squares

Results of Fitting 'ﬁg, versus D by Least Squares

COMMENTS CONSTANTS Q
A B N 1c '
( ﬂsec'l) ( psec“lam‘l) ( ﬂsec“lam'z)
8.~ 1ll.am. fits
Order 1 Poiynomial 0. ‘ 5.37%,06 .20
Order 1 Polynomial|-6.30%¥5.45 6.03%,57 .20
Ag/D = Constant (0 5.40%,07 .58
Order 2 Polynomial|O0 4,50%,64 0.086%, 066 .16
TABLE VIII

COMMENTS CONSTANTS Q
A B
( ,usec"l) (ysec"lam"l)
Fits to Room Temperature
Results :
order 1 Polynomial 6.52%1,83 .45%,19 .65
Ao = 7.2, Order 1 0 .37%,02 .64
Fits to All Results
Independent of
Temperature
Order ) Polynomial | 8.47%1.12 0.26%,12 .87
Ay = 7.2, Oxder 1 0 0.39%,01 .85
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am~1,

The result: obtained here'for)w_, 0.39 + 0.12 pseg’l
is much higher than that found by Orth (1966) but the rather
large standard deviation on this resﬁlt bring i£ within shé?_
tistical agreement with Orth's result of 0.2910;04 psec"lam;l.
Although the statistics of this result are rather poor, the
quenching.rate is lafge enough to admit the possibility of

some minor impurity being present in the gas which affected

-the ortho-positronium annihilation rate. However, this

same impurity should have had an adverse effect on the shoulder,
an effect that waé not observed. Therefore, due to the poor
statistics of the ortho-positronium results no»définite

conclusions can be made on this point.
5) The Shoulder Width:

""" The shoulder width was measured by counting the number
-of channels between thé top 6f the prompt peak and the
edge of the shouldér (see Figure 1) by the same technique as
used by Falk and Jcnes (1¢64). The sho&ider width~density
product remained constant throughout the experiment with an
average value of 353 nsec-am regardléss of temperature or
-density (see Table IV). The standard deviation of these
 results isvl3 nsec-am. |
If the annihilations in the shoulder took place at
thermal or near thermal velocities, thé shoulderxr width would
‘be as temperatture dependent as the direct iifetime, Since

the shoulder width remaths constant with temperature, then
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the shoulder annihilationsvmusf take pléce at much higher
velocities {(or temperatures) than the thermél velocities
used'during this experiment. This is in agréement w;th the
interpretatioh of the shoulder Leing the result of annihila-
fions of thermalizing positrons (Falk and Jones, 1954).

| Tao et al (1963) made the statemenf that mosi of the‘
free positrons will be annihilated before being t}: . alized.
However, this and other lifetime experiments show “l.at a
fairly large fraction (about 1/3) of the free poéitréns
annihilate after they are thermalized. The statement of Téo
et al (1963) is based on the premise that the annih}lation
rate of freé poéitrons is velocity indepéndent. This experi-
ment, on the contrary, shows that the direct annihilation.
rate is quite velocity'dependent.

E. Calculation of the Direct Annihilation.

Cross-Section from the Results of the Least

Squares Curve Fitting: N
in fhis sectioﬁ a transformation is made between 7\Q(T);

the velocity averaged annihilation rate, and .Zé(V), the vel-
ocity dependent annihilation réte° Then.l4Q(V) will be calcu-
lated using the éxPerimentélly determined 7\a,(T). Finally,
crd(V), the annihilétion cross section is caiculated from
Ly V).

'AFor a given ,ZéjV), the velocity averaged annihilation rate

is given by



Ao

where: Vv

£ (V)

Ly i

e
E
:The function

of positrons

1

W

37

fo ZANV) V2 E(NV) av - , (3)
2 ’ ' . _ o

the positron velocity;

00/ .
exp { - m V dv - P
(kT + B ._@_.___7
0 (V)

the collision rate of positrons with gas
melecules;

the positron mass;

- Boltzman's constant:

: : . o, -
temperature in ¥;

mass of the gas atoms;

eE/m = acceleration of a positron in a constant
eléctric field;

charge of a positron; and

the electric field strength.

£(V) is the equilibrium velocity distribution

in a gas assuming that the perturbation of f(V)

by the annihilation rate jéjV) is negligible. Note that the

positronium formation rate is neglected because at thermal

Aequilibfium, with energies averaging 0.025 ev, very few pos-

itrons will have enough energy to cross the poSitronium for-

mation threshecld of 8.9 év.

Assuming that

Zaw) =

A + BV + CV2 + ...

and that Z/(V)

£(V) =

a constant, then

exp (~y 2/ %)
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where 732 = 2 (kT + (M/B)a%/]%&z). ' (4)
m . .

Hence, the average annihilation rate for a partial rate
of | ]/&)n =an v" is given by
w .
v 24+n 2 2, ..,
()\a,)n = L A V.. exp (-V7/T") av

o0
jov".’ exp (-V3/T?% av

2a_ [(n/2 + 3/2) "
e

For no electric field

. : . 2
(Aa), = 22 T2 +3/2 2

777

Hence, for an annihilatiorn rate written in a series in V,

~the resulting velocity averaged annihilation rate is a series in
v T, that is

)\Q:a'f'b VT+¢T"'... °

From the curve fitting performed earlier the velocity

dependent rate can be calculated. For the direct rates reported

by equations 1 and 2 in this chapter, the jVZ, are as follows:
y AN

and j}é}V)

- : - 2 -
11.9 - 9.23 x 10 ! V + 2.46 x 10 14 V' psec 1 am (5)

il

il

102(&) 0.57 _ﬂsec-l am'-:L | (6}
_ V] _
where 1/2 nlvzthr.= 8.95 ev, the pbsitfonium'threshold energy
in Argon. |

It should be noted that the tWo'entirely different functional

relationships, equations 5 and 6, ohly give meaningful values of

Jpé(V) over the velocity (i.e. temperature)
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range investigated.

Ffom the rates .LéjV)_it iz a simple mattér to calculafe
the posit;bn anniﬁilatiqn cross séction,

gz V) = Zaw)
NV ,

Where: N = the number density of gas atoms.

Hence, for the annihilétion rates from equations 5 and
- 6)Athe Cross séctions are:

. . ' 2.
Oa (V) = (s,os x 103 - 3.90 x 1074 + 1.04 x 10-11 v} 7 Qg (7)
- Y,

A 7a, ' | (8)

vV
where (20= the first -Bohr radius,

and Og (V) = 2.42 x 107° (sz;) 1.57 2
o ' : . . A -4 2

At 24 C both of these cross sections give 2.41 x 107°77Q,
for the positron annihilation cross section assuming that
v = V2kT/m, the mqst'probébly velocity at temperature, T.

In comparison with equation 8, the cross sections of
. | | s : A 1.42
Jones et al (1965) from electric field results is OR(V)= AN
asSuming & constant 141.} As can be seen, these_results are
gquite similar. The difference is thought to arise princi-
pally from the fact that Jones et al (1965) did not consider
the effect of room temperature when calculéting their

- results, That is, from équation 4, the total effective positron

temperature-in an electric field, E, is

TEFF = T + M_ [eE > 2 E | | (9)
3k \M P4 S

This would cause a non-linear dependence in a log ( E) versus

log (Ag) plot, since for low electric fields the temperature
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. is not negli¢ible, as was assumed by Jones et al (1965).

F. Calculation of the Scattering Cross-Section:
Since the electric field has an effective temperature
(see equation 9) of
TE =M f[eE____ )% , -. - (10)
3k \m 2/ - :
an electric field result of Orth (1966) can be compared with
the temperature results obtained in this experiment and get an
. _ ' -1_ -1 . - ,
estimate of 242. For E/D = 14,2 volts cm ~am ., 4.87 was the
value: of ‘Aw/b which corresponds to a temperature of 420°K
(see Figure 10 or eqguation 1) or 0.0362 ev. Subtracting room
temperature, 24°C or 0.0256 ev, and evaluating eguation 10,

12

ﬂkéis found to be 9,01 x 10 collisions/sec at 10 am., This

means the cross section,

GZ{(V) = IUu , is given by: -
NV | |
ayv) = 2.14 (V:c/hr) r aoa . )

| o,
at 24°c, then, (; is 40.0 77Q, -

These values were obtained from the results of equations
3 and 4 which used the following assumptions:

1) The distribution function £(V) is Maxwellian, that is

6 1

zé(V) is very much smaller than.i%k(V). (5.4 x 10
11 —l)

sec” Yam™

compared to 9,0 x 10 sec”tan

2) J%&(V) is assuméd indepeﬁdent of Qelocity in lieu of a

more suitable *form,

Finally, since the annihilation rates used in this cal-
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culation (electric field and temperature) are eXperimental
results, this result for 1)y does not depend on the functional

form of I4(V).

The pressure gauge used during this experim@ht was
- cali brateA - ' .
. ea}ea%a%eé against a larger, more accurate gauge (3% of full
'écale reading, 160 psig full.scale) and was fouhd to agreé
with this stapdard to within 1 1b between 40 - 160 psié in
increments of lS ésig. Also, the estimated'errof in read-
ing the gauge used was judgeh to be # 1 psig. This means
the uncertainty in the value of fhe preésure was less than
3% at 120 psig. | ‘_

The error_in determining the temperature is taken to
be + 2% of the difference beﬁween rdom'temperatdre (or ice
temperature) and .-the actual gas teﬁperature. This is
essentially the error inherent in the V.T.V.M. -Therefore,
“the uncertainty in temperature at 144°K is 2% and in tem-
perature at‘480°K is l%.‘ Ddriﬁg any run the temperat;re
varied by no more than * 3°K from the average temperature
of the rﬁn; This difference is not 1arger.than the instrg-
mental errors in most cases.l Roon temperature was deter-
wmined.by an ordinary'laboratory thermometer (mercury) to
within + 0.2°C. - | o

If the chambef aid nbt ieak’dtring the run, that is,
the_densityiremaiﬁed c§nstan£, then the measured temperature

and pressure varied together according to the Ideal Gas
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equation to within 1%. A check made.by Van der Waals equa-
tion indicates that Argon should deviate by 2% frém an ideai -
‘gas at 143°K and by 1% at.480°K. The total systematic
error in-ﬁensity is 4% for any tempe;ature used. Hence, it-
would seem that Argon should’be'freated as a perféct gas
for thié experiment since the measuring equipment is not
accurate enough to indicate deviations to the ideal dasé;
This, aé has been indicated at the beginning bf this
paragréph, was what was obsérved. |

The sYstematic error in the lifetimes due to the inte-
gral linearity of the kicksorter is estimated to be 1% (Orth,
1966), leading to a total possible systematic error iﬁ

Na/D of 4%.
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CHAPTER V

" CONCLUSIONS

In this.experiment the diréét annihilation rate was
measured as.a function of teﬁperature in Argon gas, beﬁween_
140?K and 480°K, by the lifétime-technique. The direct
énnihilatioh rate was foupd to decrease with increasing
temperature. Since the temperature of the gas defines the
average velocity éf the positron in ﬁhe gas, then the direct
annihilation rate mpst decrease with increasing velocity at
low positron Velééities. This is in agreement with the
previous results for Ebsitrohs in Argéh wiﬁh an éleétric
field (Falk etal, 1965).

The shoulder width was fqund to remain constant with
changing temperature indiéating that the annihilations taking
- place in the shoulder ocecur at velocities signifiéantly higher
thaﬁ thermal velocities. |

The statistics on the_ortho~positronium anniﬁiiation rate
were not sufficiently good té notice a temperature dependence

of this component.
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APPENDIY

CALCULATION OF THE LONGITUDINAL STRESS IN

THE FLANGE OF THE THAMBER

The longitudinal stress in the chamber wall at the

joint between the cylinder wall and the flange is given by'

. 6Mo pc
= ._....? +
(1) 8 hy 2hl

where Mo is determined by solving the following simultaneous

equations from Timoshenko (1956), as pictured in Figuré 14:

1
(2) vy = ——/—— (P, ~ BMp) (Egn. 11);
_ 283 p -
- 1 : '
3) o = ————  {(Pg - 2BM) (Eqn. 12);
282D |
| . pc?(2-w) h \
(4) v = y1 - Y, = - =6 (Page 125);
' 2h,E 2
(5) Mt' = c¢/a I:R(d-c) + My + P_h/2 ] (Page 142);
A 12 M 3
(6) and © = (Egn. 128);
- Eh3 1n (a/c)
3
Eh;
where: D = : :
12 (1-u?)



- Figure 14: A diagram Showing Forces and Moments
on the Flange. ‘ '
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c = inner radius of the cylinder = 3.03 in.; -
d = radius of bolt circle = 4.125 in.}

a = % (c+a

h = thickness of flange = 0.9 in.;

hy = 'thickness of chémber wall = 0.28 in.;

y = deflectioﬁ of chambér wall due to pressure

load (y;) and flange rotation (-yy);

e = angle of flange rotation;
p = pressure in psi; :
. v

My, = Dbending moment per length at the flange-wall
junction; '

Po = shearing force at the flange-wall junction;

u = Poisson's ratio = 0.33;

E = Young's modulus;

Mg =  bending moment pér length of the flange at its
center point;

R = Dbolt load per length due to pressure in the
vessel = gzp/2c; . and

g = radius of "O" ring gasket = 3.375 in.

When the values of the various parametefs are placed inté
equations 2-6, they can be solved simultaneously for Mg in
terms of p. If the resulting Mg (p) is placed into equation‘l,
equation 1 can be solved for'the maximum allowable p with S
placed equal-to the maximum allowable stress of 14,900 psi in

‘Stainless Steel at 300°cC.



This calculation shows that the maximum allowablé

pressvre for a safe flange is 950 psi.
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