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ABSTRACT

The momentum d is t r ib u t io n  of  photons from positrons a n n ih i la t in g  

in l i q u id  and. s o l id  cesium-ammonia so lut ions was measured and was 

found to be concentration dependent. The narrow component was found 

to broaden with increasing concentration.  The resu l ts  are compared 

with those obtained for  pure cesium and one is led to  be l ieve  that  

positronium or other  bound species is formed in these solut ions even 

at  very high concentrations. No evidence o f  a Mott t r a n s i t i o n  is 

found in cesium-ammonia so lut ions,  and no abrupt change is found in 

the shape o f  the momentum d i s t r i b u t io n  in going from 22 to Sk mole 

per cent cesium in ammonia. A conduct ion-e lectron- type ana lys is  is 

presented for  the density  o f  states and the p r o b a b i l i t y  density .

Methods of  preparing r e l a t i v e l y  s tab le  cesium-ammonia solut ions are 

discussed in d e t a i l .  The momentum d i s t r i b u t io n  of  photons from 

positrons a n n ih i la t in g  in l iq u id  and s o l id  rubidium and cesium and 

in so l id  krypton and xenon has also been measured. The resu l ts  of  

these measurements are discussed in f u l l  d e ta i l  in Appendix V. The 

krypton and xenon data are used to remove the core contr ibu t ions  in 

rubidium and cesium respect ive ly .  Analysis o f  the resu l tan t  

conduction e lec t ron  momentum d is t r i b u t io n  shows t h a t ,  A. ind icat ions  

of .h ig h e r  momentum components due to  s c a t te r in g  into  the second zone 

are predominatly a resu l t  o f  core a n n ih i la t io n s  and la rg e ly  disappear  

when the core con tr ibu t ion  is removed, B. the f re e  e lec t ron  model is 

reasonably accurate for  the l iq u id  metals as well  as the so l id s .  The 

core contr ibut ions in rubidium and cesium c lose ly  approximate Gaussians. 

There is l i t t l e  or no change in the r a t i o  o f  the broad to narrow 

component upon melt ing.

ix



I INTRODUCTION

When a l k a l i  metals dissolve in l iq u i d  ammonia the resu l t in g

solut ions have a m e t a l l i c  character  which can be a t t r i b u t e d  to  the

conduction e lec t rons  of the metals.  These m e t a l l i c  solutions

e x h ib i t  many of  the propert ies  of  normal metals ,  such as e l e c t r i c a l

1 2conduct iv i ty  and therm oelec tr ic  p ropert ies .  ’ I t  is possible to  

change the concentrat ion o f  the metal in ammonia, thus changing the 

f ree  e lec t ron  concentration in the so lut ions;  in t h is  way one can 

study the p ropert ies  of  these metals a t  varying f re e  e lec t ron  

concentrations.

I t  is reasonable to expect that  many of  the techniques app l icab le

to  the study of.normal metals could a lso be applied to the study o f

l iq u i d  metals and t h i s ,  indeed, turns out to be the case for  positron

a n n ih i l a t i o n .  Positron a n n ih i la t io n  has proven to be a very useful
3

technique in the study o f  metals.  One of  i t s  special  advantages 

consists in tha t  i t  is not necessary to  a t t a i n  very low temperatures 

or to  use s ingle  c r y s ta ls ,  since the resu l ts  obtained by positron  

a n n ih i la t io n  do not depend a t  a l l  on the e lectrons having an 

appreciable  mean f re e  path. Thus the pos it ron  a n n ih i la t io n  technique 

can be applied to p o ly c r y s ta l l in e  substances a t  temperatures such as 

room temperature and even higher.

A l l  a l k a l i  metals except cesium have a l im i te d  s o l u b i l i t y  in 

l i q u i d  ammonia, so there is an upper l i m i t  to the f ree  e lectron  

concentration th a t  can be studied with solut ions o f  these metals in 

ammonia. The most concentrated so lu t ion  obta inable  is the saturated  

so lu t ion  o f  Li in ammonia w ith  a concentrat ion of  22 mole per cent.

1



A study o f  the phase diagram o f  cesium in l iq u id  ammonia, however,

reveals t h a t  cesium and ammonia are miscib le  in a l l  proport ions.

Ava i lab le  experimental data on posit ron a n n ih i la t io n  in l i th iu m ,

5 6socjium, potassium and rubidium-ammonia solut ions ' indicate tha t  

ffrere is l ik e l ih o o d  of  positronium formation in d i lu t e  solut ions of

these metals in ammonia. Data on positron a n n ih i la t io n  in normal

3 7 8metals ,  J as well as th e o re t ic a l  considerat ions ' *  indicate  no

positronium formation. Since i t  is possible with cesium to explore

the f u l l  range o f  concentrat ions, we have invest igated cesium-ammonia

solut ions a t  varying concentrations to obtain  information on positronium

formation,  on the region where i t  ceases to be a l lowed, on the s t ructure

o f  the so lu t ions ,  and on the nature of  the regions.

I t  was decided to make one or two runs on cesium metal,  a t  d i f f e r e n t

temperatures, to compare the resu l ts  obtained with the cesium-ammonia

runs. The resu l ts  obtained were s i g n i f i c a n t  enough in themselves,

however, th a t  i t  was decided to perform a f a i r l y  comprehensive ser ies

o f  angular c o r r e la t io n  experiments on cesium metal to  cover a wide

range o f  temperatures, and also to perform a few measurements on

rubidium metal a t  d i f f e r e n t  temperatures.



11 THEORY

1. Discussion of  the react ions of  posit rons upon enter ing  matter:

When positrons are emitted from one of  the commonest sources used in

a n n ih i la t io n  experiments, sodium 22, they have a maximum energy of  

90.5^4 Mev. As they enter matter ,  however, they become ra p id ly  

thermalized when they undergo c o l l i s io n s  with the l a t t i c e  and the

e lec t rons ,  a t t a i n i n g  energies of  the order of 10 e lectron v o l t s ^
-12  11 

in 10 seconds a f t e r  enter ing metals.  The ir  therm a l iza t ion  time

-9  12can be as long as 10 seconds in other  so l ids .

A f te r  therm a l iza t ion  the posit rons can undergo f ree  a n n ih i la t io n s

with the e lectrons o f  the mater ia l  or they can form a short 1 ived atom

of  positronium. The positrons have a l i f e t i m e  in metals o f  the order

o f  10 ^  seconds^;  i t  is th is  long l i f e t i m e ,  as compared w ith  the time

taken to  a t t a i n  the zero momentum s t a t e ,  tha t  al lows the p o s s i b i l i t y

of  determining useful information about the e lectrons in the so l id .

When a pos it ron  and an e lec t ron  a n n ih i l a t e ,  an energy o f  the order  
2

of 2mc is re leased,  m being the e lec t ron  mass. I f  the e lec t ron  and 

posit ron have very low k in e t ic  energ ies ,  o f  the order o f  a few e lectron  

v o l t s ,  the a n n ih i la t io n  process must be accomplished without the re lease  

of an appreciable amount o f  momentum. Since the positrons are  thermalized  

at  the time o f  a n n ih i la t io n ,  a l l  the momentum car r ied  away by the 

a n n ih i la t io n  photons w i l l  come from the momentum of the e lec t rons .

In the case o f  free a n n ih i la t io n s ,  i f  the posit ron and the e lec t ron  

have t h e i r  spins opposite ly  a l igned,  the to ta l  spin o f  the system being 

zero,  only a n n ih i la t io n s  producing an even number o f  photons are  

possib le ,  due to conservation o f  angular momentum. Of these the two-

3



photon a n n ih i la t io n  process is by fa r  the most probable.  I f  the

e lec t ron  and the pos it ron have t h e i r  spins a l igned  in the same

d i re c t io n ,  the t o ta l  spin angular momentum o f  the system being one,

only processes g iv ing r is e  to  an odd number o f  photons are possib le ,

again by conservation o f  angular momentum. The rate  o f  two-photon
14

to  three-photon a n n ih i la t io n s  has been ca lcu la ted  to .be  X2 / X 2  = 1 1 1 5  

considering only two-photon and three-photon f re e  a n n ih i la t io n s .

Taking into account tha t  the r a t i o  of  the p r o b a b i l i t y  of the 

a n n ih i la t in g  e lec t ron  and pos it ron  being in a spin one s tate  to that  

o f  t h e i r  being in a spin zero s ta te  is 3 to 1, the actual r a t i o  of  

two-photon f ree  a n n ih i la t io n s  to  that  o f  three-photon f ree  a n n ih i la t io n s  

becomes one t h i r d  o f  the value quoted above, th a t  is: X2 /X 2  = 372 .

I t  should be noted tha t  conservation o f  l in e a r  momentum precludes zero 

or one-photon a n n ih i la t io n  with  f ree  e lc t ro n s .

Before a n n ih i la t io n  o f  a posit ron with an e lec t ron  takes p lace,  

both the posit ron and the e le c t ro n  behave as s tab le  p a r t i c le s  which 

a t t r a c t  each other  because of  t h e i r  opposite charges. As a re s u l t  

they may form a bound system whose s i m i l a r i t y  to  the hydrogen atom is 

obvious. This hydrogen- l ike system receives the name o f  positronium.

The s in g le t  s ta te  o f  positronium is th a t  in which the e lec t ron  and 

posit ron have t h e i r  spins opposite ly  a l ig n ed ,  t h e i r  to ta l  spin being 

zero.  This s ta te ,  c a l le d  parapositronium, can decay only by emission 

of  an even number o f  photons due to conservation o f  angular momentum.

I t  decays predominantly in the two-photon mode, since zero photon 

a n n ih i l a t i o n ,  as well  as processes of  order  higher than two, are very 

u n l ik e ly .  The t r i p l e t  s ta te  of  positronium is that  in which the  

e lec t ron  and the pos it ron  have t h e i r  spins a l igned in the same



d i r e c t io n ,  t h e i r  to ta l  spin being one. This s t a t e ,  c a l le d  or tho -  

positronium, can decay only by emission o f  an odd number o f  photons,  

due to  conservation o f  angular momentum. I t  decays predominantly in 

the three photon mode, since one photon a n n i h i l a t i o n ,  as well  as 

processes of  o rder  higher than th ree ,  are u n l i k e ly .

The r a t io  o f  s in g le t  to t r i p l e t  a n n ih i l a t i o n  rates is given b y ^

^ 2 ^ 3  = 372, the s i m i l a r i t y  w ith  the previous discussion o f  f ree

a n n ih i la t io n  being c le a r .  Since the l i f e t im e s  are inversely

proportional t o  the a n n ih i la t i o n  rates i t  can be seen that  the l i f e t im e

of  a s ing le t  s t a t e  is approximately three orders o f  magnitude smaller

than tha t  of a t r i p l e t  s ta te .  The longer l iv e d  t r i p l e t  s t a t e ,  however,

can undergo t r i p l e t - s i n g l e t  conversion or  quenching to  the s in g le t  

16
s t a t e ,  and subsequently a n n ih i la te  from the shorter  l iv e d  s in g le t  

s t a t e .  Possible reactions o f  positrons upon en te r ing  a metal are  

diagrammed in F ig .  1.

2.  Angular c o r r e la t io n  o f  the emitted gamma rays:

Consider a setup in which the gamma rays are detected by counters 

mounted behind two s l i t s  in a hor izonta l  plane ( F i g . 2) I f  the source 

is placed at equal distances from the two s l i t s  and in the plane  

determined by the s l i t s ,  photons which are emit ted  a t  approximately  

180° can be measured. Gamma rays emitted a t  d i f f e r e n t  angles to each 

other  may be observed in time coincidence by keeping the source f ixed  

and moving one o f  the counters up and down. This procedure may be 

used to  measure the momentum d is t r i b u t io n  o f  the a n n ih i la t i n g  pa i rs .

The s l i t  width is made very smal l ,  so as to  o b ta in  high reso lu t ion;  

i t s  length is made large compared- to the width o f  the s l i t .  With
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Fig. I Possible reactions of positrons upon entering a metal.



7

th is  arrangement,  the question o f  whether the gamma rays are detected

fo r  a given displacement z depends only on the z component o f  momentum

of  the center o f  mass o f  the a n n ih i la t in g  p a i r .

A c a lc u la t io n  fol lows for  the condit ion fo r  a p a i r  of  a n n ih i la t io n

photons with t o ta l  momentum k and a component kz in the z d i r e c t io n  to

enter  the counters, arranged as shown in Fig.  2.  Suppose tha t  the two

photons have momenta ]<j and ]<2 as shown, where kj = [1<̂  | , k2 = 1^2^

and k = |1<|. The momenta then obey the re la t io n s

( k 2- k j )  cos (0 /2 )=  k cos d (1) and (k2+ k j )  s i n ( 0 /2 ) =  k s in  <t> -  kz (2)

by conservation o f  momentum. Neglect ing the small k i n e t i c  energy of

the e le c t ro n ,  conservation of energy in the a n n ih i la t i o n  process

requires that  h c ( k j+ k 2) = 2 me ( 3 ) hence combining (2) and ( 3 ) a

necessary condit ion fo r  the two photons to fo l lo w  the paths of  the

f ig u re  is s in (0 /2 )=“(O /2 )=  kz (h/2mc) ( 4 ) .  The necessary and s u f f i c i e n t

condit ions for the photons to enter  the counters are thus given by

(1)  and ( 4 ) .  From (4)  the angle between the d i r e c t io n s  of  the gamma

rays is seen to be $  = hk /me ( 5 ) .
z

The p r o b a t i l i t y  density  p(k) and the density  o f  s tates N(Tc) w i l l

be ca lcu la ted  below. Refer again to the two-photon a n n ih i la t io n

process and to Figure 2. I f  v is the v e lo c i t y  o f  the center  o f  mass

o f  the e lec t ron  posit ron system: 2c cos a  -  v (6) and hk = mv (7)z z z

whence 2c cos a  = hkz/m (8)  however, cos a  = z /D  = z /d  (9) fo r  a  very 

close to  90° .  There fore ,  from (8) and ( 9 ) 2c z /d  = hkz/m th a t  is 

z = hkz d/2mc ( 1 0 ) .  Call  p(Tc) the p r o b a b i l i t y  density  o f  the 

a n n ih i la t in g  p a i r s .
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Fig. 2 Diagram fo r the derivation of the formulas for

the angular correlation of the emitted gamma rays.



The number per un i t  range o f  kz w i l l  then be:

+00 +00 oo 2 i t

P0 (k2) =  /  /  0 (k )  dkX dkV "  Jj P ®  K dK°  z -00 -CO y O O
00

27rf p (k )  K dK (11)

m

where K is the pro jec t io n  of  the t o t a l  momentum on the k k plane.x y

The k^ in te g ra l  is taken to i n f i n i t y  because the s c i n t i l l a t o r s  are insen

s i t i v e  to the small Doppler s h i f t  due to the motion o f  the e lectrons in 

13the metal •. The ky in te g ra l  is taken to i n f i n i t y  because the s l i t s  are

long enough tha t  one can neglect the small e r r o r  introduced by not having

i n f i n i t e l y  long detectors.

2 2 2S ett ing  K +k **k and transforming the v a r ia b le  of  in te g ra t io n  to  

k one obtains: f o r  K=0, k ® ^ ;  f o r  Kr*®, k-*00 and 2K dK= 2k dk,so that  

00

p (k  )= 2 ^ f  p(k)  k dk (12) i f ,  as w i l l  be assumed, o(k)  is iso trop ic .
o 2 kz

tD i f f e r e n t i a t i n g  with  respect t o -k  and using Leibniz  ru le  one ob

ta ins :  dp (k ) dl (z)  d l ( z )o z 
dkz

= Cl dk =C2 dz ' = _27rkzP ( kz) =c3zp ( k z) (13) whence

p ( k z) = - ( C o/ z )  d l ( z ) / d z  or p ( k ) * - ( C o/ z )  d l ( z ) / d z  (14) where Co>:Cj 

and are  constants. Equat ions(l3)  and ( l k )  are  obtained using the

f a c t  tha t  the coincidence counting rate  I ( z )  a t  e leva t io n  z is propor-

-------------  6 M  fl(x)
t  I f  g (x )=  f  f ( x , t )  d t ,  then g ' ( x ) - d g ( x ) /d x »  /  ( d / d x ) f ( x , t )  d t  +

a (x )  a (x )

f { x , / ? ( x ) } * '  ( x ) - f ( x , a ( x ) ) a ‘ (x)
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t io n a l  to PQ(l<z) The p r o b a b i l i t y  density  p(k)  may be found by

combining (10) w ith  (14) provided the s t a t i s t i c s  of  the experiment  

are adequate to permit the numerical d i f f e r e n t i a t i o n  of  l ( z ) .  I f  

p(k) is assumed constant ins ide the Fermi surface and zero outs ide  

one f inds from (12) that :

ko
p ( k  )=2 irjp(k)  k dk=2irp(k )J k  dk=2wp(k ) (k ^ -k j )  ( 1 5 )

k k z o z
z z

where kQ is the momentum a t  the Fermi surface,  and since I ( z ) , the coun

t in g  ra te  at  e leva t io n  z ,  is proport ional  to PQ(kz) :

I (z)=C^p(kz) (k^-k^)=C^p(k) (k^-k^) (16) where and C,_ a re  constants.

Thus i t  can be seen tha t  the curve g iv ing the coincidence counting  

ra te  as a funct ion  of  the angle between the a n n ih i la t io n  photons 

should have a parabo l ic  form, i f  one assumes th a t  p(k)  is constant i n 

side the Fermi surface and zero outside.

The density  of  s tates N(k) is given by: N(k)=4ffk^p(k) (17)» 

however p ( k ) = - ( C Q/ z ) d I  ( z ) / d z  o r ,  using (10):

p (k )= -(2C omc/hkzd)dl (z ) /d z  so that N(k) =lwrk^Co (-2mc/hkzd)dl (z ) /d z

For an iso t ro p ic  d i s t r i b u t i o n  the d i re c t io n s  of  k and kz can be 

taken as coincident  so th a t  the above formula becomes:

N ( k ) = C ^ (d l ( z ) /d z ) k z where is a constant. (18)

3. Fur ther  remarks on positronium formation:

Since those positrons forming positronium are not a n n ih i l a 

ted immediately, they have more t ime (mainly the l i f e t i m e  o f  the
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positronium atom) to  completely lose t h e i r  k i n e t ic  energy by

in te ra c t ion  with the gas or the l a t t i c e ,  as the case may be. One

Would thus expect the two photon angular d i s t r i b u t io n  curve to be

strongly peaked near the v i c i n i t y  of  the zero momentum region.  This

is indeed the case, the formation of positronium in l iq u id s  and sol ids

18being indicated by:

"91. A long l ived  component (ca. 10 sec .)  in some insu la to rs ,  

noncrysta l l ine  sol ids and many l iqu ids .

2. A narrow component in the two photon angular d i s t r i b u t io n  

not accountable fo r  by the a n n ih i la t io n  o f  thermal ized posit rons with  

o r b i ta l  e lec t rons .

3. Magnetic quenching experiments:

When positronium is formed the r a t io  o f  formation of or thopositronium  

to parapositronium is 3 to 1; however, the l i f e t i m e  o f  the s in g le t  

s ta te  is so short that  there is no experimental way of  d i f f e r e n t i a t i n g  

between two-photon emission from free a n n ih i la t io n s  and two photon 

emission from s in g le t  positronium a n n ih i la t io n .  By means o f  a magnetic 

f i e l d ,  however, i t  is possible to induce t r i p l e t - s i n g l e t  t ra n s i t io n s  

in positronium so that  the rate  of  production o f  two-photon a n n ih i la t io n s  

increases, there being a corresponding decrease in the number o f  three  

photon .ann ih i la t ions.  Then an increase in the narrow component of  

the two-photon a n n ih i la t io n  curve is noted so th a t  i t  can be a t t r ib u t e d  

d i r e c t l y  to the quenching of  t r i p l e t  positronium.

4. The positronium negative ion: '

I t  has been recen t ly  suggested^ th a t  the positronium negative
-  -t- -

ion e e e may be formed in low e lectron density  metals.  This
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suggestion is substant ia ted by a c a lc u la t io n  of  the a n n ih i la t io n  l i f e 

t imes o f  positrons from the positronium negative ion. The c a lcu la t io n  

y ie lds  l i f e t im e s  against a n n ih i la t io n  in two and three photons which 

are comparable with experimental re s u l ts .  S p e c i f i c a l l y ,  i t  has been 

found th a t  the value o f  the l i f e t i m e  against two-photon a n n ih i la t io n

20f a l l s  close to  the values observed by Bell and Jorgensen in Cs and K

21and by Weisberg and Berko in Rb , i . e . ,  in low e lec t ron  density

metals.  These facts are considered as p a r t i a l  evidence tha t  in such

media the positronium negative ion may be formed. Fur ther ,  i t  has

been shown that  the positronium negat ive ion possesses dynamical

s t a b i l i t y  and that  i ts  binding energy is 0 .326 eV against d issoc ia t ion

into a positronium atom and a f re e  e le c t ro n ,  and 7.129 eV. against

19d issoc ia t ion  into three p a r t i c l e s . _



I l l  EXPERIMENTAL METHODS

1. Sources o f  supply o f  m a te r ia ls  used in experiments:

The cesium was obtained from E lec t ron ic  Space Products, Inc. and 

i ts  p u r i t y  was reported by the manufacturer to be 99.99%. The cesium

was sealed under vacuum in 1, 2 and 5 gram glass ampoules.

The rubidium was obtained from E lec t ron ic  Space Products, Inc.  

and i ts  p u r i t y  was reported by the manufacturer to be 99.99%. The 

rubidium was sealed under vacuum in 5 gram glass ampoules.

The ammonia used was research grade ammonia obtained from the 

Mathieson Company, i ts  p u r i t y  being rated by the manufacturer as 99.95%

2. P re l im inary  experiments on the s t a b i l i t y  o f  cesium-ammonia solut ions:

P re l im inary  experiments were conducted on the s t a b i l i t y  of  cesium- 

ammonia solut ions a t  d i f f e r e n t  concentrations and temperatures, in 

both glass and steel c e l l s ,  to  determine the most s u i ta b le  mater ia l

to  use f o r  the measurement c e l l  in which the f in a l  experiments were

to be performed. In a l l  o f  these experiments the ammonia, although 

supposedly a lready dry,  was nevertheless sodium dr ied  p r i o r  to  making 

the desired so lu t ion .

A) Drying procedure for  the ammonia:

Figure 3 is a diagram o f  the apparatus used in the pre l im inary  

experiments on the s t a b i l i t y  o f  cesium-ammonia so lu t ions .  With 

stopcock C closed the pa r t  o f  the system to  the l e f t  o f  C is evacuated 

with pump 1. During th is  opera t ion  a l l  stopcocks to the l e f t  of  C 

are open with the except ion o f  E. Then graduated cy l in d er  1 is 

removed and a piece o f  f r e s h l y  cut sodium approximately the s ize  o f  a 

match head is inserted in i t .  This piece o f  sodium should be rinsed

13
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F i g . 3  Diagram of the apparatus used in the preliminary 

experiments on the stability of cesium-ammonia solutions.



in toluene r ig h t  a f t e r  cu t t ing  i t  to remove the mineral o i l  adhered 

to i t ,  since cu t t in g  is always done under o i l .  Then the sodium is 

rinsed in petroleum .e ther  to remove the toluene. Since petroleum 

ether  is h ighly  v o l a t i l e  only traces o f  i t  w i l l  remain adhered to the 

sodium when i t  is placed in the cy l in d er .  The graduated cy l inder  is 

immediately replaced and evacuated to remove any remaining traces of  

petroleum e ther .  While pumping on the cy l inder  one may wish to warm 

the sodium to a id  in the v o l a t i l i z a t i o n  o f  im pur i t ies .  A l l  pumping is 

done through pump 1 while  keeping stopcock C closed. A f t e r  pumping 

for  about f i v e  minutes any a i r  remaining in the ammonia l ines  is 

f lushed out .  Then the graduated cy l inder  is immersed in a d ry - ice  

acetone bath, and d i s t i l l a t i o n  o f  the ammonia onto the sodium begins.

Sometimes at  the beginning of  an ammonia d i s t i l l a t i o n  condensation

of  ammonia was precluded by the formation o f  hydrogen due to the

react ion  o f  any water remaining absorbed in impurit ies  with the sodium:

Na + 1^0 -* Na OH + ^ H2  . When t h is  was found to be the case the

hydrogen, together with  any d i s t i l l e d  ammonia, were pumped out and

d i s t i l l a t i o n  resumed. This procedure was necessary usua l ly  only once,

d i s t i l l a t i o n  proceeding smoothly a f te rward .  Any traces o f  water

present in the ammonia w i l l  react  w i th  the sodium as shown above and

22w i l l  a lso favor the formation o f  a small amount o f  sodium amide 

according to  the react ion  Na + NH  ̂ -* NaNH2  + 2  ^  , the amide

p r e c i p i t a t i n g  as a white  or grayish s o l id .

When between 5 and 10 cc o f  ammonia had been d i s t i l l e d  the 

procedure was stopped. To remove any hydrogen th a t  might have been 

formed from water contained in the ammonia, the ammonia was then 

frozen by immersing the graduated cy l inder  in l iq u id  n i trogen.  This



procedure caused the condensation and f reez ing  o f  any ammonia remaining' 

in the l in e s  without  a f fe c t in g  any gaseous hydrogen tha t  might have 

been present.  Since mercury vapor may cause the decomposition of  

cesium-ammonia solut ions i t  was a lso necessary to remove traces of  

mercury vapor from the manometer. This was done by f i r s t  pumping on 

the frozen ammonia fo r  about f i v e  minutes to remove the hydrogen, 

closing o f f  stopcock F and then pumping fo r  f i v e  more minutes on the 

frozen s o lu t io n .  Stopcock A to  the pump is then closed o f f  and the 

l iq u i d  n i trogen bath is replaced by the dry ice-acetone bath.

At the time o f  making the cesium-ammonia s o lu t io n ,  and before  

opening C, E is opened al lowing some of  the ammonia in cy l inder  1 to  

vaporize into the space between stopcocks A and C, w ith  B open but F 

s t i l l  closed. This can be accomplished by opening E and removing the 

dry ice-acetone bath so tha t  the ammonia slowly warms up, being carefu l  

th a t  the pressure does not exceed atmospheric.  A f t e r  some pressure 

has b u i l t  up one opens F s lowly ,  then the ammonia w i l l  immediately rush 

into  the l e f t  arm o f  the manometer due to  the pressure d i f f e r e n t i a l ,  

and w i l l  e f f e c t i v e l y  blanket  the mercury vapor from contact with the 

rest  o f  the system.

B) D i f f e r e n t  methods used to get the cesium into  the c e l l :

Re fe r r ing  again to Fig.  3,  the funct ion o f  the par t  o f  the system 

to  the l e f t  o f  stopcock C has a l ready been discussed in section 111—2—A. 

Stopcock G is jo ined  to two ground glass j o i n t s ,  as shown in the f ig u re ,  

and t h e i r  assembly serves as a connector between the par t  o f  the system

conta in ing the solut ion c e l l  and the rest  o f  the system. The pa r t  o f
>

the system contain ing the so lu t ion  c e l l  is the subject  of  t h is  sec t ion ,  

which is concerned with  the best mater ia l  to use fo r  the solut ion c e l l
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and the best method to get the cesium into i t .

In the f i r s t  three methods described i n . t h i s  section use was 

made of  a helium f i l l e d  dry box to be discussed present ly .  The dry 

box was made o f  s ta in less  steel and f i l l e d  with helium gas which had 

been cold trapped with  l iq u i d  ni trogen before going into the box. To 

enhance the inertness o f  the atmosphere inside the box, a mixture of  

approximately 50% sodium and 50% potassium metals ,  commonly re fe r red  

to as NaK, was made inside the box. NaK is l iq u i d  at  room temperature 

and i t  is h igh ly  r e a c t iv e ,  so i t  is used as a scavenger for  t races  

of  humidity or other  impurit ies  remaining in the helium or elsewhere 

in the box. To increase the e f fec t iveness  o f  the NaK a l i t t l e  motor 

was a lso placed inside the box fo r  the purpose o f  slowly r e c i r c u la t in g  

the helium through the NaK, and thus keep a fresh surface o f  NaK 

exposed to  the atmosphere o f  the box a t  a l l  t imes. Smoldering and 

occasional f i r e s  were observed in the dry box on several occasions 

due to  the high r e a c t i v i t y  o f  the NaK.

Before p lac ing the so lu t ion  c e l l  in the dry box i t  had been 

torched to  a ye l low sodium flame under vacuum, th a t  i s ,  w i th  stopcock 

G open, and exerc is ing  due care les t  the glassware, softened by the 

heat ,  would co l lapse.  This procedure was l im i te d  by the amount o f  heat 

t ra n s fe r red  to the stopcocks and ground j o i n t s ,  since too much heat 

would melt the grease used to lu b r ic a te  them, causing the grease to  

f low to some extent  into the inside o f  the glassware, and incurr ing  

also the r i s k  o f  vacuum leaks,  both w ith  deletereous re s u l ts .  A f t e r  

torch ing ,  G was closed, and the connector-ce l l  assembly was placed 

inside the dry box, s t i l l  under vacuum. The cleaned and dr ied cesium 

v i a l  was a lso  brought inside the box.
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a) Breaking v ia l  inside dry box and put t ing  i t  into  so lu t ion  ce l l  

di rec t iy :

The f i r s t  method t r i e d  consisted in breaking the cesium v ia l  

inside the dry box. Since the melt ing point  o f  cesium is only 28.5°C 

one had to  be care fu l  th a t  the cesium did not melt  through contact of  

the v ia l  with the hands for  too long. The cesium v ia l  was scratched 

with a f i l e ,  cracked open and placed d i r e c t l y  into  the so lu t ion  c e l l .  

Then the connector was replaced and stopcock G closed. Once the 

cesium was placed inside the so lu t ion  c e l l  by the method j u s t  described 

the whole assembly was taken out o f  the box, placed in i ts  o r ig in a l  

pos i t ion  in the system and the helium gas was immediately pumped out 

of  the cel 1.

Due to the above mentioned d i f f i c u l t i e s  with  the torching o f  the 

glassware one always observed some decomposition upon making the 

solu t ion ;  however, so lut ions prepared using th is  method were found to 

be less unstable than those prepared using method (b) described below.

b) T rans fer r ing  molten cesium into  c e l l :

Since in the f in a l  experiments i t  would have been impossible to  

leave the cracked glass v ia l  inside the measurement ce l l  i t  was 

necessary to  devise a su i tab le  method to  circumvent th is  inconvenience. 

The second method t r i e d  consisted in fo l low ing  the general procedure 

o f  method (a) but t ry in g  to  melt  the cesium while  s t i l l  in the cracked 

v ia l  inside the dry box, and then t ra n s fe r r in g  i t  into the c e l l .  The 

cesium was t ra n s fe r re d  from the v ia l  to the c e l l  using a hypodermic 

syr inge. This syringe had been prev ious ly  cleaned and dr ied with  

pure ethyl a lcoho l ,  but since i t  was not deemed advisable to  submit



the syringe to  the torching procedure described .above fo r  the glassware 

another source o f possible im purit ies  was introduced w ith  the use o f  

the syringe. This procedure proved to  be inadequate since the molten 

cesium was too long in contact w ith  the atmosphere Of the dry box and, 

w hile  molten, i t  came into contact w ith  surfaces which had not been 

and could not be placed, under the e x is t in g  experimental cond it ions ,  

under the heavy torching required to  insure v o l a t i l i z a t i o n  o f  a l l  or 

most o f the im p u rit ie s .  Due to these problems the Surface o f  the 

cesium, immediately a f te r  m elting  or sometimes during t ra n s fe r r in g  

w ith  the syringe, became ra p id ly  o x id iz e d ,  as evidenced by an instant  

change in appearance from golden to  e i th e r  grayish or b lack , depending 

on the nature and amount o f  the im p urit ies  present. So lutions prepared 

using th is  method were extremely unstab le , in fa c t  much more so than 

those prepared as described in (a) above.

c) M o d if ic a t io n  o f  the second method:

A m od ifica tion  of method (b) was then t r i e d ,  in which the molten 

cesium was t ra n s fe r re d ,  not d i r e c t ly  in to  the so lu t ion  c e l l ,  but instead  

in to  an adjacent glass chamber, and then, a f t e r  evacuating the system 

the cesium was d i s t i l l e d  in to  the f in a l  so lu t io n  chamber. This method 

did not y ie ld  resu lts  any b e t te r  then method (b) and was there fo re  

also discarded. The a u x i l ia r y  chamber was torched o f f  a f te r  d i s t i l l i n g  

the cesium in an e f f o r t  to  leave behind any n o n -v o la t i le  im p u rit ies .  

Figure U shows the so lu tion  c e l ls  used in methods ( a ) ,  (b) and ( c ) .

d) Obtention o f  the cesium by chemical means:

In an e f f o r t  to avoid the above d i f f i c u l t i e s  and f in d  a s u ita b le  

procedure to  ob ta in  the cesium in the so lu t ion  chamber pure enough fo r
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making the f in a l  s o lu t io n s , the cesium was obtained using the chemical 

reaction

A
2 CsCX + Ca -  2 Cs + CaC&2

and t r i p l y  d i s t i l l i n g  i t  a f t e r  i t  had been obtained. The f ig u re  below 

is a diagram o f  the equipment used fo r  the ob ten tion .

glass kovar

steel
chamber

The source o f  supply o f  cesium ch lo r id e  was the commercial product 

manufactured by Mathieson, Coleman and B e l l ,  w ith  a p u r i ty  o f  99%.

The cesium ch lo r ide  came in 5g. b o t t le s  and p r io r  to  i ts  use i t  was 

necessary to  break up any cakes th a t  had been formed due to  hum idity,  

then i t  was placed in a dessicator conta in ing sulphuric  acid  u n t i l  

needed. The calcium came in the form o f rods, supplied by E lec tro n ic  

Space Products, Inc. w ith  a p u r i ty  of 99%

For any p a r t ic u la r  obtention  5g. o f  CsCI and approximately lOg. 

o f  calcium (about twice the required s to ic h io m e tr ic  amount to insure 

complete reaction  o f a l l  the s a l t )  were used. The calcium was cut 

from the end o f  a rod w ith  a hacksaw and then fu r th e r  subdivided w ith  

i t  u n t i l  pieces o f  approxim ately 1 /8  inch in diameter by 1 /2  inch in 

length were obtained. These pieces were stored under mineral o i l  

u n t i l  needed. At the time o f  use they were f i l e d  to remove any traces
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o f calcium oxide from t h e i r  surfaces and then rinsed jn  toluene and 

petroleum e th e r ,  drying them by passing a stream o f  dry n itrogen over 

each piece o f  calcium.

The calcium and the cesium ch lo r id e  were thoroughly mixed in the 

reac tion  chamber. The reaction  chamber was made o f  s ta in le s s  steel  

w ith  i ts  bottom welded to enable i t  to  withstand the temperatures o f  

the order o f 800°C needed to ob ta in  the cesium from i ts  s a l t .  A Kovar 

to  glass seal had been p rev ious ly  s i lv e r  soldered to  the reac tion  

chamber and, a f t e r  mixing the cesium ch lo r ide  and the calcium inside  

the chamber, the chamber was jo in e d  to  the res t o f the glass system.

One had to be extremely care fu l when jo in in g  the pieces o f  glass th a t  

th ere  were no traces whatsoever o f  cesium ch loride  l e f t  in the glass • 

due to  the h igh ly  poisonous nature o f  a l l  cesium s a l ts .

A f te r  pumping the system down to  I0 “^ Torr the reac tion  chamber 

was gen tly  warmed up. At f i r s t  the moisture l e f t  inside s ta r te d  

evaporating , accompanied by an increase in pressure to  several hundred 

microns. A f te r  a l l  the moisture had been pumped o u t , a l l  the glass  

parts  were torched to  fu r th e r  enhance evaporation and e l im in a t io n  of  

any moisture from the reaction  chamber which might have condensed.

As the reaction  chamber was heated fu r th e r  im purit ies  d i s t i l l e d ,  the  

pressure changing accord ingly . These changes in pressure were 

monitored by a vacuum thermocouple attached to  the system. When dull  

red heat was a t ta in e d  w ith  the pressure below one micron i t  was safe  

to assume th a t  a l l  the v o l a t i l e  im p u rit ies  had been torched out o f  

the reac tion  chamber and pumped out o f  the system. Then the glassware 

was baked out again and the cesium obtained by heating  the reac tion  

chamber above d u ll  ye llow . This had to  be done slowly to  minimize



the v o l a t i l i z a t i o n  of the substances present in the reaction  chamber. 

A f te r  the cesium had been obtained and d i s t i l l e d  in to  the f i r s t  

interm ediate bulb , the reaction  chamber was c a r e fu l ly  torched o f f .

Some v o l a t i l i z a t i o n  o f s a l ts  and perhaps o ther im purit ies  from the 

reac tion  chamber was unavoidable and was evidenced by the presence 

of a grayish layer on some areas o f the glass part  o f  the sea l; some 

of these d i s t i l l e d  even in to  the f i r s t  in term ediate bulb. The cesium 

was then d i s t i l l e d  in to  the second in term ediate bulb , the f i r s t  being 

torched o f f .  A f te r  torching the so lu t io n  chamber the cesium was 

d i s t i l l e d  in to  i t  and the second bulb was torched o f f .  A very small 

amount o f  im purit ies  was always present even in the so lu t io n  c e l l .

A f te r  each d i s t i l l a t i o n  the remainder o f  the glassware was again 

torched to  e l im in a te  as many im p urit ies  as poss ib le . The system was 

cold trapped w ith  l iq u id  n itrogen to  avoid any suckback o f  im purit ies  

and o f  pump o i l .

F a i r ly  good re s u lts  were obtained w ith  th is  method o f  making 

so lu t io n s , since the re s u lta n t  so lu tions were much less unstable than 

those prepared using any o f  the previous methods. One o f the so lutions  

prepared lasted  fo r  about twenty four hours before the onset o f any 

serious decomposition, which is charac te r ized  by a rapid  increase in 

vapor pressure. I t  was decided, however, th a t  th is  method was not 

r e l ia b le  enough fo r  the f in a l  experiments, since some im purit ies  

always found t h e i r  way in to  the f in a l  so lu t io n  c e l l  due to  the. high 

temperatures necessary fo r  the obtention  reac tio n . .

e) Freezing cesium v ia l  under l iq u id  n itro g en ;

The experimental arrangement used in th is  method is depicted in 

Figure 3. The method consisted in f i r s t  fre e z in g  the cesium ampoule



under l iq u id  n itrogen . I f  the thermal shock proved in s u f f ic ie n t  to  

crack the ampoule, i t  was taken out o f the l iq u id  n itro g en , w h ile  

s t i l l  f rozen , and h i t  gen tly  but sharply w ith  a hammer u n t i l  i t  

cracked. P r io r  to  cracking the ampoule l iq u id  nit.rogen had been 

poured in to  d i s t i l l a t i o n  tube 6 to  a level o f  about 1 -1 /2  inches from 

the bottom. The cracked ampoule was then inserted  into the d i s t i l l a t i o n  

tube which was subsequently torched to  the res t o f the system. By 

gently  opening stopcock D the l iq u id  n itrogen was pumped out through 

pump 2, then C was closed; and stopcock D was opened a l l  the way 

to  subl ime the f ro s t  which had formed on the outside o f  the ampoule. 

A f te r  subliming a l l  the f r o s t ,  and w h ile  s t i l l  pumping on the ampoule, 

i t  was allowed to  warm up and then the cesium was melted e i th e r  by 

rubbing the outside o f  the tube w ith  the hands or by applying a small 

flame. In some cases the frozen cesium, a f t e r  cracking the ampoule, 

was observed to develop a th in  grayish la y e r ,  perhaps o f  oxide. Most 

o f  th is  disappeared a f t e r  pumping or upon m e lt in g , although the 

disappearance upon m elting  might ju s t  mean th a t  the oxide d isso lved '  

in the cesium. The amount o f  v is ib le  im p u r it ie s ,  however, was 

extrem ely small in comparison to the previous method. The whole 

d i s t i l l a t i o n  system was then torched to a ye llow  sodium flame and the  

bottom o f the d i s t i l l a t i o n  tube was heated a t  f i r s t  slowly and then 

more v igorously  u n t i l  the ampoule cracked open. At th is  po in t some 

increase in pressure was noted in some instances due to  the re lease  

o f  trapped gases inside the ampoule. No reac tion  o f  these gases, 

however, was ever noted w ith  the molten cesium.

D i s t i l l a t i o n  was accomplished by g rad u a lly  warming up the whole 

d i s t i l l a t i o n  tube, including the arm going to  the f i r s t  in term ediate



bulb, u n t i l  some o f  the cesium startted re f lu x in g  and then d i s t i l l i n g .  

The cesium s ta r te d  d i s t i l l i n g  a t  f i r s t  very slowly and then most o f  

i t  d i s t i l l e d  ab ru p tly  in to  the f i r s t  bulb. A small amount o f  cesium 

was always l e f t  behind. Some of th is  cesium could be d i s t i l l e d  by 

fu r th e r  hea ting , but i t  was not advisable to  t r y  to do t h is ,  since 

the la s t  residue contained any less v o l a t i l e  im purit ies  dissolved in 

i t ,  th is  being evidenced by the markedly darker hue o f  gold o f  the 

residue and by the formation o f  w h it is h  and grayish spots on parts  o f  

the d i s t i l l a t i o n  tube, and sometimes even by the formation o f  colored  

streaks a t  or near the ampoule. When the d i s t i l l a t i o n  process was 

completed the d i s t i l l a t i o n  tube was torched o f f .  The same procedure 

as described above was repeated to get the cesium in to  the second 

bulb and then into the so lu tion  chamber. P r io r  to  each subsequent 

d i s t i l l a t i o n  the whole system was torched to  a ye llow  sodium flame 

and a small residue o f  cesium was l e f t  behind a t  the end o f  each 

d i s t i l l a t i o n  to  minimize the carry  over o f  im p u rit ie s .  In th is  way 

a very b r ig h t  and pure looking sample o f  cesium was obtained in the  

f in a l  so lu t io n  chamber. Solutions made using th is  method proved to  

be the most s tab le  o f a l l .  Glass and s ta in le s s  s teel so lu t io n  chambers 

were t r i e d  and i t  was found that less decomposition was obtained w ith  

glass c e l ls .  In th is  way i t  was decided to use th is  method and glass 

so lu t ion  c e l ls  fo r  the f in a l  experiments.

Since rubidium is very s im ila r  to  cesium in most o f  i ts  physical 

pro p e rt ies  i t  was decided to use the same method fo r  g e t t in g  the 

rubidium in to  the f in a l  c e l l  as was used fo r  cesium. The resu lts  

obtained j u s t i f i e d  th is  procedure, the d i s t i l l a t i o n  o f  the rubidium  

proceeding smoothly, a b r ig h t ,  s i lv e r y  sample w ithout any traces o f
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im purity having been obtained when the rubidium was a c tu a l ly  d i s t i l l e d .

C). Tests fo r  so lu t ion  s t a b i l i t y  and decomposition:

Once dry ammonia had been obtained i t  was l e f t  in the cy l in d er  

in the form o f a sodium ammonia so lu t io n ;  the c y l in d e r  was kept in an 

acetone dry ice bath u n t i l  the ammonia was needed. A f te r  the cesium 

had been d i s t i l l e d  in to  the so lu t io n  c e l l  the so lu t io n  was made as 

described below. The so lu t ion  c e l l  was immersed in an ice-w ater  

m ixture , stopcock D was closed and the ammonia was d i s t i l l e d  into the 

so lu t io n  c e l l  by c a r e fu l ly  opening stopcock C, the d i s t i l l a t i o n  being 

monitored by using the manometer. The level o f  the l iq u id  ammonia 

in the cy l in d e r  furnished a rough estim ate o f  the concentration  o f  

the cesium-ammonia s o lu t io n ,  th is  being a l l  th a t  was required in the 

p re lim in ary  experiments. Once the desired amount o f ammonia was 

d i s t i l l e d ,  stopcock C was closed. The ammonia remaining in the 

c y lin d er  could be kept in the acetone dry ice bath , i f  needed for  

l a t e r  use, or could be otherwise disposed o f .  The eas ies t way to do 

th is  was to  remove the c y l in d er  and pour the ammonia w hile  s t i l l  cold  

in a s ink . The sodium could be l e f t  overn ight in the c y l in d e r  where 

i t  would form oxide and hydroxide in contact w ith  the a i r .  A fterward  

the c y l in d e r  was c a r e fu l ly  rinsed w ith  cold water and then washed 

and d r ied .

When ammonia was thus d i s t i l l e d  onto the cesium o ften  on ly  a 

very small amount o f  ammonia would condense and, by observing the  

manometer, formation o f  a gas could be ascerta ined . This gas was 

hydrogen re s u lt in g  from the reac tion  o f  the cesium-ammonia so lu t io n  

w ith  minute amounts o f  water vapor s t i l l  remaining in system. The



hydrogen was simply pumped out o f  the system, together w ith  any 

ammonia th a t  condensed and d i s t i l l a t i o n  was resumed. Usually  th is  

procedure was necessary a t  most once, d i s t i l l a t i o n  proceeding  

smoothly th e r e a f te r .

Cesium-ammonia so lu tions have a d is t in c t  bronze-gold c o lo ra t io n ;  

they can be prepared as o u t l in e d  above and w i l l  be r e l a t i v e l y  s tab le  

provided the s tr in g e n t  conditions necessary fo r  th e i r  p repara tion  are 

met. I t  was desired to  check the so lu t io n  at as high a temperature  

as would be necessary fo r  the f in a l  experiments; i t  was f i r s t  checked 

fo r  decomposition a t  0°C. S o lu tion  s t a b i l i t y  was monitored by a 

manometer connected to  the system as shown in Figure 3. A f te r  the 

cesium-ammonia so lu t io n  had been made and some f iv e  to ten minutes, 

had elapsed, the pressure in the manometer was read and recorded. 

A fterw ard , a t  a quarter  to h a l f  hour in te rv a ls ,  the pressure in the 

manometer was read and recorded again . A v a r ia t io n  o f less than 5% 

in pressure readings w ith in  the f i r s t  hour o f  p repara tion  o f the 

so lu t io n  was disregarded. This pressure was taken to be the pressure  

o f the cesium-ammonia so lu t ion  before any appreciab le  decomposition 

had taken p lace . Decomposition o f the cesium-ammonia s o lu t io n  takes  

place v ia  the reac tion  Cs + NH  ̂ •*♦ CsNl^ + Since hydrogen

is insoluble in ammonia a corresponding increase in the pressure o f  

the so lu t ion  would have to  take place as decomposition ensued. Thus 

a measurement o f  so lu t io n  vapor pressure was taken to be the c r i t e r io n  

for so lu t io n  s t a b i l i t y .  As long as the pressure o f  the so lu t ion  

stayed w ith in  5 to  10% o f  i ts  o r ig in a l  va lue .over a period o f several 

hours, the so lu t io n  concentration  remained !approximately the same
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(except fo r  the case o f  very d i lu t e  so lu tions) so th a t  positron  

a n n ih i la t io n  measurements fo r  a s p e c if ic  concentration  could be made.

In a p lo t  o f  pressure versus time a quick, sharp r is e  o f  the 

pressure versus temperature curve, fo llowed by a long, f l a t  region, 

is construed to  imply some i n i t i a l  hydrogen formation followed by 

almost no decomposition. A long, f l a t  region from the beginning means 

a s tab le  so lu t ion  (over the region where the curve is f l a t )  with  

almost no i n i t i a l  decomposition. A constant r is e  in pressure from 

the beginning means an unstable so lu tion  and any pos itron  a n n ih i la t io n  

measurements made from such a so lu t io n  are meaningless. In the case o f  

i n i t i a l l y  s tab le  so lu t io n s , whether hydrogen was i n i t i a l l y  formed or  

not, the long f l a t  region w i l l  sooner or l a te r  be followed by a 

r is in g  p o rt io n  which ind icates decomposition. Only pos itron  a n n ih i la t io n  

measurements made during the f l a t  p o rt io n  o f  the curve are s ig n i f ic a n t .  

For th is  reason i t  is imperative to constan tly  monitor the pressure  

during the course o f a run and to  stop acquir ing  data whenever there  

is an abrupt change in pressure and use only the data obtained up to  

th a t  p o in t .  F igure 5 shows the d i f f e r e n t  types o f  pressure versus 

time curves.

D) The so lu t io n  c e l l :

The cesium-ammonia so lutions were made in glass and in s ta in less  

stee l s o lu t io n  c e l ls  and a t  d i f f e r e n t  temperatures. Glass was f i n a l l y  

chosen as the b e t te r  m ateria l fo r  the f in a l  so lu t io n  c e l l .  The 

decomposition reaction  o f  cesium-ammonia so lu tions is a reaction

2k
common to a l l  a lk a l i  metal-ammonia so lu t io n s , and i t  has been reported  

to  be in h ib ite d  to  some extent by the use o f  aluminum as a negative  

c a ta ly s t .  This ra ised the p o s s ib i l i t y  o f  using aluminum as the m ateria l
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for  the so lu t io n  c e l l .

U n fortunate ly  th is  p o s s ib i l i t y  was uncovered only a f t e r  most o f

the f in a l  experiments had been conducted. I t  was nevertheless deemed

worthwhile to conduct a t r i a l  cesium-ammonia run in an aluminum

container to  te s t  th is  p o s s ib i l i t y .  The resu lts  obtained ind icated

th a t  aluminum would indeed be a b e t te r  choice than glass fo r  the

so lu tion  c e l l  and consequently the la s t  two runs on cesium-ammonia

so lu tions were made using aluminum c e l ls .  The negative c a t a ly t ic

action  o f aluminum is supposed to  be due to  i ts  p o s it io n  in the

2kelectrochem ical ser ies  o f  the elements

E) Hosing problems:

The system which was i n i t i a l l y  used fo r  the p repara tion  o f  the 

solutions consisted o f  glass parts  jo in e d  by high grade vacuum red 

rubber hosing. Before using the hosing fo r  the system i t  was scrubbed 

w ith  a hot detergent s o lu t io n ,  rinsed in b o i l in g  w ater, rinsed w ith  

d i s t i l l e d  w ate r,  d r ied  w ith  pure ethyl alcohol and dry n itrogen and 

vacuum pumped fo r  more than twenty four hours. In s p ite  o f th is  

treatment the hosing was found s t i l l  to  be outgassing during the 

experiments, thus producing an inaccurate reading in the manometer.

The outgassing could conceivably even harm the so lu t ion  so th a t  i t  

was decided to  use an a l l  glass system to e l im in a te  th is  problem.

F) Temperature control system:

The temperature control system consisted o f  a small pump 

connected to  two copper c o i l s ,  one o f  Which was immersed in a dry ice 

acetone bath and the o ther in an alcohol bath which was used to  

regu la te  the temperature o f  the so lu t io n  chamber. The pump was
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connected to an e le c t ro n ic  temperature control device. The system 

was therm ally  insulated  from the surroundings so tha t w ith  about ten 

pounds o f dry ice i t  was possib le  to  run an experiment fo r  up to ten 

hours at temperatures o f  -20°C w ithout having to  add any more ice. 

A fterw ard , to  more c lo s e ly  sim ulate experimental conditions w ith the 

more concentrated s o lu t io n s , an ice-w ater bath was used to regu late  

the temperature o f  the so lu t io n  chamber.

3. Determination o f  the concentration o f cesium in the so lu tion :

A)Post mortem method fo r  the determ ination o f  the concentration  

of the cesium-ammonia so lu tions:

Since water was used e x ten s ive ly  in the cleaning process o f the 

so lu t ion  c e l l  i t  seemed advisab le  to  run an ana lys is  on the water used 

to  determine whether the presence o f  c e r ta in  im purit ies  would perhaps 

in te r fe r e  w ith  the experiments la te r  on. Tests were made fo r  the 

presence o f  c h lo r id e ,  s u l f a te ,  calcium and magnesium ions, the re s u lt  

o f a l l  the te s ts  being negative in tap , d i s t i l l e d  and e q u il ib r iu m  w ater.

The post-mortem method was used fo r  the determ ination o f  the  

concentration  o f  the so lu tions in a l l  the p re l im in ary  experiments; 

however, i t  was deemed too cumbersome fo r  the f in a l  experiments so 

th a t  a d i f f e r e n t  method was devised la te r  on. This section  w i l l  be 

confined to  a d es cr ip t io n  o f the former.

The post-mortem apparatus used is shown in F ig . 6. I t  was used 

as fo llow s: F i r s t  the gas measuring apparatus G was f i l l e d  with

e q u il ib r iu m  water from A, keeping 5 ,  6 and 7 open so th a t  erlenmeyer E 

would a lso  be f i l l e d  w ith  w ater. Any a i r  remaining in the Toepler  

pump TP was removed using the pump, w ith  the a id  o f the two-way stopcock
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Fig.6 Diagram of the post mortem apparatus used 
in determining the concentration of the solutions.



k.  The c e l l  C contain ing the so lu t io n  was frozen In l iq u id  n itrogen  

keeping 1 closed. Keeping 1 and 8 closed 2 and 3 were opened and the  

p art  o f  the apparatus thus accessib le  through 3 was evacuated.

Since there  was atmospheric pressure on the side o f  the system where 

the gas measuring apparatus was, the leve l o f  the mercury in tube T 

rose u n t i l  i t  ind icated atmospheric pressure. Equ ilib rium  water was 

placed in bulb B, and stopcocks 3 , b,  6 and 7 were closed. Opening 

stopcock 1 allowed any hydrogen in the c e i l  C to  be drawn through

stopcock 5 in to  the gas c o l le c t in g  apparatus. When no more hydrogen

flowed in to  i t  in th is  way, 5 was closed and the Toepler pump was 

used to  force the remaining hydrogen in to  the gas c o l le c t in g  apparatus  

G. This gas c o l le c t in g  apparatus had been c a l ib ra te d  beforehand so 

that one could c a lc u la te ,  using the ideal gas law, the number o f  moles 

of hydrogen c o l le c te d  in M. This was done by le v e l l in g  the bulb A 

w ith  the l iq u id  ins ide the c y l in d e r  M, using the known volume o f  the  

gas inside the c y l in d e r  and the atmospheric pressure a t  the moment 

o f the experiment. The hydrogen thus c o l le c te d  came from the decompo

s i t io n  reac tion  o f  the cesium-ammonia s o lu t io n .  By opening 6 and 7 

and using A th is  hydrogen was vented out o f  the system e x e r ic is in g  

due care on account o f  the exp los ive nature o f hydrogen. This completed 

the f i r s t  p a rt  o f  the an a lys is .

For the second p art  o f  the ana lys is  i t  was f i r s t  necessary to  

remove the a i r  trapped in bulb B. This was done by c losing 1, opening

2 , 3 and 8 and pumping through 3 fo r  a couple o f  minutes. This

removed any a i r  th a t  had been trapped in B and a lso  any hydrogen l e f t  

in the l in e s  from the previous determ ination . Stopcock 3 was then



closed and 1 and 8 were opened, a l low ing  water to  vaporize from B and 

condense in C. A layer  o f  ice was thus formed on top o f the frozen  

s o lu t io n . Enough water was allowed to  freeze  to  achieve completion o f  

the reaction  upon warming up o f  the c e l l .  Usually  an amount o f water 

equal in volume to the volume o f  the so lu t io n  s u f f ic e d .  Stopcock 8 

was th*=n closed and the l iq u id  n itrogen bath was removed a llow ing  the 

c e l l  to  warm up g e n tly .  As the ice melted the water reacted w ith the 

cesium metal and the cesium amide. The heat generated by the reaction  

increased the ra te  o f  the reac tion  which went to  completion in a few 

seconds. A f te r  the reac tio n  had proceeded to completion the c e l l  was 

again immersed in the l iq u id  n itrogen bath, and a l l  the hydrogen 

produced in the reac tion  was c o l le c te d  as described in the f i r s t  p a r t .  

This hydrogen came from the reac tion  o f  the undecomposed cesium with  

the w ate r. The c e l l  was then removed from the post-mortem apparatus 

and allowed to  warm up. A Kjeldahl determ ination  was then performed 

on the ammonia and the cesium hydroxide was t i t r a t e d ,  thus completing  

the an a lys is .

This method of. an a lys is  d i f f e r e n t ia te d  between cesium which 

reacted during the course o f the run and cesium which remained in 

so lu t io n .  A flow  diagram o f the complete post-mortem method is shown 

in F ig . 7.

B) Determination o f  the concentration  o f  the so lu t io n  in the f in a l  

experiments:

The f in a l  method used in the determ ination o f  the concentration  

o f the so lu tions did not d i f f e r e n t ia t e  between reacted and unreacted  

cesium, th a t  is ,  i t  assumed th a t  no decomposition took place during
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Fig. 7 Flow diagram fo r post mortem analysis.
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the run. Although th is  assumption was not s t r i c t l y  correc t i t  could  

be q u a l i f ie d  by a knowledge o f  the v a r ia t io n  o f pressure during the  

course o f  a run, and by a knowledge o f  the vapor pressure o f  the 

so lu t io n  a t  the c a lc u la te d  concentra tion .

In th is  method the cesium ampoule was weighed before breaking i t ;  

a t  the end o f  the experim ent, a f t e r  the v ia l  had been broken, the 

cesium d i s t i l l e d  and the d i s t i l l a t i o n  tube torched o u t ,  the d i s t i l l a t i o n  

tube was c a r e fu l ly  opened so th a t  no glass pieces were mixed w ith  the  

broken pieces o f  the cesium ampoule ins ide . A l l  the bulbs th a t  contained  

cesium during the d i s t i l l a t i o n  were a lso  opened and, together w ith  

the d i s t i l l a t i o n  tube and the remnants o f the ampoule, were washed 

w ith  d i s t i l l e d  water to  transform  the cesium and cesium oxide l e f t  

behind in to  cesium hydroxide. The wash water was c o lle c te d  and 

t i t r a t e d .  This t i t r a t i o n  was performed to know how much cesium was 

l e f t  behind in the d i s t i l l a t i o n  system. Then the remnants o f  the  

cesium ampoule were rinsed again , d r ied  w ith  e thy l alcohol and weighed. 

Thus by d if fe re n c e  the to ta l  amount o f  cesium i n i t i a l l y  contained in 

the ampoule was determined and, from the previous t i t r a t i o n ,  how much 

cesium was a c tu a l ly  in the so lu t io n  c e l l .  By t i t r a t i n g  the cesium 

hydroxide obtained from the cesium contained in the c e l l  a check was 

obtained fo r  th is  la s t  c a lc u la t io n .  A c tu a l ly ,  some of the cesium in 

the f in a l  c e l l  was always l e f t  behind in the side arm used to  get the  

cesium in to  the system, so th a t  a special e f f o r t  had to  be made to  

determine ju s t  how much cesium was l e f t  th e re .  To an extent th is  

could be done by washing out the cesium contained in the. c e l l  t ry in g  

not to  a llo w  any water in to  the side arm, pouring the wash out and
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The meanings o f  the symbols used in  F ig . 8 are shown below:

1 to 9 high vacuum stopcocks

12 d i f fu s io n  pump

14 bulb f o r  dispensing ammonia to  make so lu tions

15 to  17 in term ed iate  bulbs f o r  conta in ing the cesium

18 cesium d i s t i l l a t i o n  tube
* \

19 pressure transducer
, \

20 high vacuum s id e .o f  system

21 low vacuum s ide  o f  system

24 l iq u id  ammonia c y l in d e r

25 and 26 ground jo in t s

A" and B" glass l in e s  going to  l in e s  A' and B1 o f  c e l l

M1 manometer
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then r in s in g  the c e l l  and side arm w ith  water and performing separate  

t i t r a t i o n s .  The very small amount o f cesium th a t  could have found 

i t s  way onto the top o f  the c e l l  could be disregarded as a source 

o f e r ro r .

To determine the amount o f  ammonia th a t  went in to  so lu t io n  a 

c a l ib r a t io n  was performed on the p a rt  o f  the system used to  contain  

the ammonia to  determine i ts  volume and w i l l  be described p re s e n tly .  

F ig . 8 is a diagram of the f in a l  system used to  make the f in a l  

so lu t io n s . With stopcocks 3 ,  6 ,  8 ,  and 9 c losed , 7 was opened, and 

the part  o f  the system accessib le  through 5 was evacuated. The 

volume o f bulb 14, includ ing  the space up to  stopcock 9 had been 

prev ious ly  determined by f i l l i n g  i t  w ith  water and measuring the 

; volume o f  the w ate r.  Bulb 14 was then f i l l e d  w ith  a i r  a t  the actual  

atmospheric pressure at the moment o f  in s e r t in g  i t  back in p lace . By 

opening 9 and reading the manometer a f t e r  e q u il ib r iu m  had been 

a t ta in e d  the new volume a v a i la b le  to  the a i r  was determined. A minor 

co rrec tio n  had to  be made fo r  the d isplaced volume o f the mercury 

in the manometer to  a r r iv e  a t  a f ig u re  o f  volume th a t  could be used 

in a l l  experiments. The volume o f  glass tubing between 6 and the 

so lu t io n  chamber had to  be determined in each experiment. A f te r  these 

correc tions  had been app lied  i t  was ju s t  a m atter o f  numerical sub

s t i t u t io n  to  c a lc u la te  fo r  given amounts o f  ammonia and cesium the  

concentration  o f  the s o lu t io n .

4 .  The measurement c e l l :

F igure 9 shows the measurement c e l l  used in the f in a l  experiments. 

E was a s ta in le s s  s tee l cup and V a p le x ig la s s  cover which was screwed
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onto the top of the c e l l .  The top and bottom of the p le x ig la s s  cover

were polished to enable one to  see the in te r io r  o f  the so lu t io n  c e l l .

The source holder R f i t  in to  the la rg e r  hole bored inside the cover 

and the source S f i t  in to  the sm aller ho le . For the pure metal runs, 

steel cup E was used as the f in a l  c e l l ;  fo r  the metal-ammonia runs 

glass and aluminum cups K, adequately bored on the sides to provide  

en try  fo r  the cesium and the ammonia, were constructed. These cups 

were designed to  f i t  inside E and were used as the f in a l  so lu t io n  

c e l ls .  To insure a t ig h t  f i t  a f t e r  in s e r t in g  the cups aluminum shims 

of 0.001 inch were used. Lines A.and B were 1/4" diameter s ta in le s s  

steel l in e s ,  s i lv e r  soldered to  the cup E and to  the wall o f  the c e l l .  

They protruded approxim ately one inch from the wall o f  the c e l l  and 

were s i lv e r  soldered to  the Kovar p a rt  o f  g lass -to -m eta l  Kovar sea ls .  

Line A was used to  get the cesium in to  the c e l l ,  and l in e  B was used

to  get the ammonia in to  the c e l l .  The glass end o f  the seal o f  l in e

B was jo in e d  permanently to  a 4 mm. high vacuum stopcock Z not shown 

in the f ig u re  and a piece o f  glass tubing was jo in e d  to  the o ther end 

o f  the stopcock. The' glass tubing ends o f ' l i n e s  A and B w i l l  be 

designated by A 1 and B* re s p e c t iv e ly ,  since i t  w i l l  be necessary to  

re fe r  to  them when describ ing  the process fo r  making the  f in a l  

so lu t io n s .

5 .  The temperature control system:

The most important parts  o f  the temperature contro l system are

shown in F ig .  9 . A d r i l l e d  copper block D was s o ft  soldered to  the

bottom o f the s teel cup E to provide adequate thermal contact w ith  the

sample. The l in e s  C were two 1/8" diameter s ta in le s s  s teel l in e s  which 
<

were soldered in to  the copper b lock so as to  a llo w  gas flow  between



both C l in e s .  One o f  the C l in e s  went to  a needle valve which was 

connected to  a vacuum pump. The o ther C l in e  went almost to  the  

bottom o f  a Dewar which was f i l l e d  w ith  l iq u id  n itrogen and which was 

used fo r  r e f r ig e r a t io n  purposes. Pumping through the valve created a 

p a r t ia l  vacuum in the C l in e s  which caused the evaporation o f  some 

l iq u id  n itrogen  from the Dewar. This cold gas was forced through the 

copper block and towards the pump, r e f r ig e r a t io n  tak ing  p lace . By 

opening the va lve  more or less , the f low  o f  gas and thus the ra te  o f  

evaporation o f  l iq u id  n itrog en  were c o n tro l le d ,  and a f t e r  10 to  20 

minutes an e q u il ib r iu m  temperature could be a t ta in e d  fo r  a given va lve  

s e t t in g .  Pumping on the inner chamber o f  the c e l l  was e f fe c te d  

continuously during each run, d i f f e r e n t  pumps being used fo r  vacuum 

in s u la t io n  and r e f r ig e r a t io n  purposes.

The temperature was monitored by th ree  copper-constantan th e r 

mocouples, not shown in the f ig u r e ,  placed in ser ies  and a f f ix e d  w ith  

epoxy cement to  the sides o f  the copper block. P e r io d ic  checks were 

made on the thermocouples a f t e r  each run to  insure t h e i r  r e l i a b i l i t y .  

The thermocouple vo ltage  was measured w ith  a potentiom eter and a lso  

constan tly  monitored by connecting the thermocouple output to  a Leeds 

and Northrup multichannel recorder. The recorder had a f u l l  scale  

s e n s i t iv i t y  o f  1.0 m v ., and a supplementary vo ltage  d iv id e r  was 

connected to the thermocouple output fo r  c a l ib r a t io n  purposes. A 

s t ra ig h t  1 ine in the recorder was the best evidence o f  constancy of  

temperature during the course o f  a run. in th is  way v a r ia t io n s  in 

tem perature /o f the order o f  0 .1°C could be detected.



4 2

6. M onitoring the pressure:

The pressure in the so lu t ion  c e l l  was monitored throughout the 

experiments w ith  a Bourns absolute pressure transducer, w ith  a re s is 

tance of 5000 ohms, pressure range 0 to  150 p s ia .  The transducer was 

connected to  the glassware as shown in F ig . 8 by means o f  a glass to  

metal Kovar seal o f  1/4" diameter.

During an actual run, a f t e r  a so lu t io n  had been made, the mano

meter was closed o f f  and the pressure was monitored e x c lu s iv e ly  by 

means of the transducer. Thus the p o s s ib i l i t y  o f mercury vapor 

contaminating the so lu t io n  was avoided. A s t ra ig h t  l in e  in the  

recorder was evidence o f  pressure constancy throughout a run. In 

cesium-ammonia runs i t  was easy to  observe the onset o f  rap id  decom

p o s it io n  by means o f  the recorder and thus to  determine which data  

was to be considered v a l id  and which was to  be discarded.

7 . Radioactive sources used in the experiments:

Two d i f f e r e n t  sources o f  positrons were used in these experiments: 

22 6̂ 1
Na and Cu . The sodium was obtained in the form o f sodium ch lo r id e  

from In te rn a t io n a l  Chemical and Nuclear C orporation , and i t  had an 

i n i t i a l  a c t i v i t y  o f  30 me. A cross sectional diagram o f the source 

mounting is shown below.

□



The sodium ch lo r id e  was contained in the cross-hatched space 

shown in the f ig u re .  The f o i l  separating the source from the outside  

had a thickness o f 0.0002" and was ra ted  fo r  vacuum tigh tness down to  

77^K. N inety per cent o f  the d is in te g ra t io n s  in the sodium produce 

positrons and about one fourth  o f  the positrons produced a c tu a l ly  

came out through the f o i l .

At the end o f  each run, te s ts  were made on appropria te  parts  o f  

the equipment to  determine i f  any rad io ac tive  leakage had occurred.

The te s ts  consisted o f  smears made on parts  o f  the glassware, the c e l l  

and the magnet. Some leakage was observed a f t e r  a 10 day run probably  

due to having kept the source under vacuum during th is  per iod . This  

delayed the experiments fo r  f iv e  months. The source was always kept 

inside w e ll -s h ie ld e d  co n ta in e rs ,  and only a t  the time o f  the experiment 

was i t  taken o u t.  I t  was handled behind lead b r ic k s ,  and fo r  ease o f  

operation  one o f the bricks was a c tu a l ly  a very high lead content f l i n t  

glass through which i t  was possib le  to  see the source w h ile  s t i l l  

a f fo rd in g  good sh ie ld in g .

The source was handled w ith  long tweezers and then screwed to  a 

steel rod 1/2" in d iam eter, and immediately inserted  in to  the magnet. 

P r io r  to  th is  the c e l l  had been adequately surrounded by lead bricks  

to  provide good sh ie ld in g . A f te r  each run the c e l l  was f i l l e d  w ith  

argon gas to atmospheric pressure and only then was the magnetic f i e l d  

removed and the source very c a r e fu l ly  and very s l ig h t l y  l i f t e d  from 

the c e l l  cover to  a llo w  a i r  to  d i f fu s e  in to  the c e l l .  These 

precautions were necessary to  prevent the cesium from catching f i r e  

which could melt the solder used to  a t ta c h  the s teel f o i l  to  the re s t
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o f the source mounting. Every h a l f  hour or so the source was l i f t e d  

a l i t t l e  more, th is  process being repeated f iv e  or s ix  tim es. The 

source was then taken o u t ,  immediately placed behind the glass b r ic k ,  

and r in sed , f i r s t  in water to  remove any remaining traces o f  cesium 

hydroxide, and th e n . in  pure e thy l alcohol fo r  drying purposes. Smear 

te s ts  were then conducted on the residues o f the water and alcohol to  

detect any possib le  leaks.

The sodium, chi o r id e  source ju s t  described was o r i g in a l l y  intended

to  be used in the performance o f  a l l  the experiments; however, p r io r

to the f in a l  cesium-ammonia run the s ta in le s s  s tee l f o i l  came loose

•at one edge rendering the source tem p o ra r ily  useless. I t  was then

decided to  use a copper 6k source. This source consisted o f  a piece

o f  0 .002" copper f o i l  s l ig h t l y  under 3 /8"  in diam eter. I t  was

obtained by c u t t in g  i t  out o f  a sheet o f  reagent grade copper f o i l

supplied by the Fischer S c ie n t i f i c  Company. The f o i l  was rendered

ra d io a c t iv e  by neutron i r r a d ia t io n ,  i t s  c a lc u la te d  a c t i v i t y  being  

6k0 .3  c u r ie s .  Cu is a ra th er  short l iv e d  isotope w ith  a h a l f  l i f e  o f  

12.8 hours, and since i t s  pos itron  e m it t in g  e f f ic ie n c y  is on ly  19% 

i t  was necessary to  have a f a i r l y  strong source to  ob ta in  re s u lts  

comparable to  those obtained w ith  the sodium source. The f o i l  was 

taped to  the bottom o f a dummy source mounting which had the same 

shape as the o r ig in a l  source mounting but consisted simply o f  a 

machined piece o f  s ta in le s s  s te e l .

8. E le c tro n ic  setup fo r  coincidence measurements:

A block diagram o f  the e le c t r o n ic  c i r c u i t r y  setup used in the  

experiments is shown in F ig .  10. The inc iden t l ig h t  from the ~
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s c i n t i l l a t o r s  was converted in to  e le c t r ic a l  pulses by the photom ulti

p l ie r s .  These pulses had a r is e  time o f 1/2 microsecond and a decay 

time o f  100 microseconds. The output o f  the p h o to m u lt ip l ie r  was 

used as an input fo r  the p re a m p l i f ie r .  The p re a m p lif ie rs  served as 

impedance converters since the output impedance o f  the p h o to m u lt ip l ie r  

assemblies was o f  the order o f 2 .5  megohms w hile  the output impedance 

o f the p re a m p li f ie rs  was only about 100 ohms. The vo ltage  gain o f  

the p re a m p li f ie rs  was approximately 3.

The p h o to m u lt ip l ie rs  were RCA model 63^2-A and they were connected 

to  the s c i n t i l l a t o r s  in an in te g ra l  assembly. The p re a m p li f ie rs  were 

Hamner model NB-12. The outputs o f  the p re a m p li f ie rs  on e i th e r  side  

were connected in p a r a l le l  to  each o ther and the re s u lta n t  output was 

connected to the double delay l in e  l in e a r  a m p l i f ie rs .  The DDL's were 

Hamner model NA-12. They generated the crossover tim ing by a process 

which consisted o f  ana lyzing on ly  the leading edge o f  a pulse and 

using i t  to  produce a signal which was symmetric r e la t iv e  to  i ts  

c en te r ,  which was the zero crossover p o in t .  This zero crossover point  

determined th e  beginning o f  the pu lse . This procedure was necessary 

because i t  was d i f f i c u l t  to  a s c erta in  the beginning o f  a pulse. One 

could not j u s t  consider a c e r ta in  height o f  pulse as d e f in in g  the 

beginning o f  a pulse since pulses o f  a l l  heights were ecountered  

coming from the s c i n t i l l a t o r s  and th e re fo re  from the p re a m p li f ie rs .

The output o f  the DDL's went to  the pulse height analyzers which were 

Hamner model NC-14. These analyzers were so b u i l t  th a t  they could be 

made to  accept pulses between d e f in i t e  in te rv a ls  o f  vo ltage  and re je c t  

a l l  o thers . This was done to  accept only pulses which came from 

positron  a n n ih i la t io n s ,  the l im i ts  on the PHA1s having been set between



2 and 9 v o l t s ,  the a n n ih i la t io n  photopeak being a t  7 v o l ts .  In th is  

way the 1.28 Mev hard gamma coming from the pos itron  c re a t io n  in the  

sodium 22, as well as the cosmic rays, were not accepted by the PHA1s.

The lower l im i t  on the PHA1s was set to  2 v o l ts  to diminish the PHA's 

j i t t e r  and walk and obta in  accurate t im ing . From the PHA's the pulses 

were fed in to  the coincidence module, Hamner model NL-16, which 

d iscrim inated  pulses d i f f e r in g  in time by more than approxim ately 10 

nanoseconds, depending on the s e tt in g  o f  the reso lu t io n  knob in the 

module.

The motor drove the arm o f the angular c o r re la t io n  apparatus  

(described in section  10) to se lected  angular p o s it io n s . The counting  

time a t  each in te rv a l  was d ic ta te d  by the s e t t in g  o f  the t im e r ,  an

Eagle Signal Corporation M ic ro f le x  model. At the end o f  each time

in te rva l the sca le r  stopped and t r ig g e re d  a pulse to  the p r in te r  which

recorded the to ta l  number of coincidences obtained.

9. Experiments on e le c tro n ic s :

P r io r  to  s ta r t in g  the runs several te s ts  were made on the e le c tro n ic s  

and the sh ie ld in g  to  insure th a t  the equipment was working properly  

and th a t  adequate sh ie ld in g  was provided.

a) C a l ib ra t io n  o f se tt in g s  o f  the coincidence knob in terms o f  

time in nanoseconds;

The coincidence module was c a l ib ra te d  against the re so lu t io n  time  

in nanoseconds by two d i f f e r e n t  methods:

22 851. Two small sources (3 to  5 m icrocuries) o f Na and Sr were used, 

shielded from each o th e r .  Each source was placed next to  one o f  the 

arms o f tfte angular c o r re la t io n  apparatus, and the background BG was read
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from the output o f  the coincidence c i r c u i t  by using the s c a le r .  The 

side channel count ra tes  N| and N2 were read d i r e c t ly  by the ratem eters.  

Then the reso lu t io n  time r  was computed using the formula BG = 2 trN jN 2 

where t  is the to ta l  count tim e.

2 . Using a mercury switch p u ls e r ,  Hamner model NP-10, the maximum 

and minimum se tt in g s  o f  the time delay knob in one o f the PHA's 

fo r  which coincidence counts were re g is te re d  were determined. This  

time in te rv a l  was equal to 2 r ,  so th a t  fo r  each s e t t in g  o f  the 

coincidence know a value o f  f  was determined.

b) Determ ination o f  the e f f ic ie n c y  versus reso lu t io n  curves fo r  

the coincidence c i r c u i t :

This c a l ib r a t io n  was done to  determine the region o f  optimum 

s e t t in g  o f  the coincidence knob; th is  would be a region combining 

high reso lu t io n  and high e f f ic ie n c y  and i t  was determined th a t  fo r  a 

knob s e t t in g  above 1.0  ( th a t  is ,  a time re s o lu t io n  o f  more than 12 

nanoseconds) e f f i c ie n c ie s  o f  not less than 60% were ob ta in ab le .  This  

determ ination was done using the small sources, using the mercury 

switch pulser and using the 30 me. source.

c) Checks on sh ie ld in g :

Checks on sh ie ld in g  were performed by determining the a n n ih i la t io n  

spectrum of aluminum w ith  the source at various heights from the 

ta r g e t .  These checks also served as checks on the s c i n t i l l a t o r s .

The spectra obtained were ju s t  as a n t ic ip a te d  so i t  was concluded 

th a t  the s c i n t i l l a t o r s  and the sh ie ld ing  were in working order.

10. Angular c o r r e la t io n  apparatus:

An angular c o r r e la t io n  apparatus o f  the long horizonta l s l i t  

type was used, a diagram o f  which is shown in F ig .  11. A and A 1 were
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N a l(T l )  s c i n t i l l a t o r s  mounted on a s ta t io n a ry  stand located 250" from 

the center o f  the system. C and D are c o l l im a t in g  s l i t s .  The sample 

under study is a t  E. B and B1 were N a l (T l )  s c i n t i l l a t o r s  mounted on 

an arm which moved r e la t i v e  to  the cen ter o f  the system so th a t  the  

angle between the s ta t io n a ry  and the moving detectors  could be va r ied  

from 180°. At the 180° p o s it io n  o f  the moving arm both c o l l im a t in g  

s l i t s ,  the sample and both arms were always a l ig n e d . The moving arm 

was au to m atic a lly  c o n tro l le d  from a master panel which also  c o n tro l le d  

a motor and a set o f  l im i t in g  switches. The moving arm was also  

located 250" from the geometrical center o f  the system. The motor, 

not shown in the f ig u r e ,  had a sha ft  attached to i t  in such a way 

th a t  ro ta t io n  o f  the shaft caused the moving arm o f the angular 

c o rre la t io n  apparatus to change i ts  p o s it io n  r e la t i v e  to i t s  former 

p o s it io n .  Thus each h a l f  turn o f  the motor caused the angle between 

the detectors to  change by 0.1 mrad. in e i th e r  d ire c t io n  since the  

d ire c t io n  o f  motion o f  the shaft could be reversed.. There were a set  

o f  numbered plug in switches on the master control panel numbered 

consecutively  from 0 to  500, each u n it  corresponding to  one h a l f  tu rn  

o f the motor sha ft  or to  an angular displacement o f  0.1 m i l l i r a d ia n .

The operation  o f  the system was completely automated so tha t by

in sert in g  pins in the app ro pria te  switches and s e t t in g  the tim ing

clock anywhere between 0 and 20 minutes one cou ld, when running an

experiment, make the movable arm stop fo r  the prescribed amount o f

time a t  a r b i t r a r i l y  predetermined angular distances from the 180°

p o s it io n .  The sca le r  was connected to  the p r in te r  so th a t  a t  the  
*

end o f  the count time a t  each po in t the p r in te r  au to m atic a lly



recorded the number o f  coincidences read by the s c a le r ,  which was then 

au to m atica lly  reset to  zero , coincidence counting and tim ing resuming 

a t  the next p o in t .  The system was set up so th a t  a t  the end o f  a 

scan o f a l l  the desired points  the tab le  was au to m a tic a lly  brought 

back to the lowest p o s it io n  fo r  which data was desired and a new 

scan s ta r te d .

E was a magnet whose magnetic f i e l d  was perpendicular to the 

d ire c t io n  o f  alignment o f  the s c i n t i 1la to rs  and s l i t s  and perpendicular  

to  the paper in the top view o f  the angular c o r re la t io n  apparatus  

shown in F ig . 11. The purpose o f  the magnet was to  focus the positrons  

coming from the source onto the surface o f  the sample and thus increase  

the number o f  a n n ih i la t io n s  per u n it  tim e. The magnet could a lso  be 

used to  study magnetic f i e l d  e f fe c ts  on pos itron  a n n ih i la t io n  and on 

positronium form ation, although no studies o f  th is  nature are presented  

in th is  d is s e r ta t io n .  The magnet was an electrom agnet, Magnion model H.

The sample being studied was placed between the pole faces o f

the magnet. The top face o f  the magnet had a hole o f  s l ig h t l y  more 

than h a l f  an inch in diameter d r i l l e d  through .so as to  accomodate a 

rod which would serve as a source h o lder. During an actual experiment,

the magnetic f i e l d  was not turned on u n t i l  a f t e r  the source had been

inserted  and secured in p lace . The usual value o f  the magnetic f i e l d  

used in these experiments was 7 k ilogauss.

To be ab le  to  study the f in e  s tru c tu re  o f  the angular c o r re la t io n  

curves, the system was so designed th a t  the width o f  the s l i t s  in 

f ro n t  o f  the s c i n t i l l a t o r s  could be va r ie d  a t  w i l l  by the in s e r t io n  

o f  shims between the lead sh ie lds  placed d i r e c t ly  in f ro n t  o f  the 

s c i n t i l l a t o r s .  The highest reso lu t io n  used was obtained by in se rt in g
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0.050" shims which gave a geometrical reso lu t io n  o f  0 .2  mi 11iradians  

f u l l  width a t  h a l f  maximum. I t  should a lso  be noted th a t  the  

coincidence counting ra te  va r ie d  as the square o f  the angular reso lu tion  

and th a t ,  in an actual experim ent, the sample surface must be f i a t  and 

leve l w ith  the center o f  the c o l l im a t in g  s l i t s .  The lead bricks  used 

to  sh ie ld  the source were placed around the sample before in se rt in g  

the source.

11. Miscellaneous experimental procedures involved in obtention  

o f data and cleaning o f  the system:

a) Checking o f  the side channel count rates:.

P r io r  to  each run a check was made o f  the side channel count 

ra tes  by running the arm o f the angular c o r re la t io n  apparatus up and 

down so as to  cover the angular range over which measurements were 

to  be made. The ra tes  on both the f ix e d  and movable arms were read 

from the ratem eters. Th is  was necessary to  insure th a t  a proper 

alignment ex is ted  between the surface o f  the sample being studied and 

the c o l l im a t in g  s l i t s .  For th is  purpose the ra tes  had to  be constant 

throughout the whole range. The ra tes  read in the f ix e d  and movable 

channels, however, did not n ecessarily  have to be equal and in fa c t  

they never were. During each run the side channel ra tes  were 

monitored by connecting the ratemeters d i r e c t ly  to  the recorder, thus 

i t  was possib le  to  de tec t any anomalies in the course o f  a given scan 

and to determine the i n v a l id i t y  o f  data under c e r ta in  circumstances.

b) M onitoring o f  pressure and temperature:

Temperature and pressure were monitored throughout each scan.

This furn ished another in d ic a t io n  o f  the v a l i d i t y  o f  data acquired  

during a scan.
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c) Cold trapp ing:

During the runs on pure metals the c e l l  was continuously pumped 

from the high vacuum side o f the system, care being exercised tha t  

the Dewar f la s k  surrounding the cold trap  was always a t  le a s t  h a l f  

f u l l  o f  l iq u id  n itrog en . This avoided the p o s s ib i l i t y  o f  any pump 

o i l  or o ther im p u rit ies  a c c id e n ta l ly  d i f fu s in g  in to  the measurement 

c e l l .

d) Smear te s ts :

A fter '  each experiment a smear te s t  was conducted on the magnet 

and i t s  surroundings, on the glassware c lo s e ly  in contact w ith  the 

ce ll  and on any o ther p a r t  o f  the equipment suspected o f  possib le  

contamination. I f  a ra d io a c t iv e  level as low as background was found, 

the system was considered to  be uncontaminated and one proceeded with  

the cleanup procedure described below. Otherwise a i l  a f fe c te d  areas  

were washed using a so lu tion  o f  a detergent s p e c i f ic a l ly  designed fo r  

th is  purpose. This detergent was "Decontamf' manufactured by the Kern 

Chemical Company. Then smear te s ts  were conducted again , the procedure 

being repeated as many times as necessary to  a t t a in  background le v e l .

I f  any glass parts  were found to  be badly contaminated they were 

disposed o f  as a sa fe ty  measure.

e) Cleaning the cup:

A f te r  each experiment i t  was necessary to  completely c lean  the  

stee l cup o f the measurement c e l l .  This  was a s tra ig h tfo rw ard  

procedure as w i l l  be described below; however, in the case o f  cesium- 

ammonia so lu t io n s , which fo r  the decomposition problems a lready  

described had to  be made in e i th e r  glass or aluminum cups, an a d d it io n a l  

d i f f i c u l t y  was encountered. The cesium hydroxide formed a f t e r  opening
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the c e l l  to  the a i r  attacked the aluminum shims used to  keep the inner 

cup in p lace , cementing the inner cup and shims to  the steel cup o f  

the c e l l .  In th is  case i t  was necessary to  break the inner cups to  

be able to  remove them from the measurement c e l l .  Breaking the inner 

cups was done w ith  utmost care to avoid damaging the th in -w a lle d  cup 

o f the cel 1.

A f te r  the cup had been removed,when th is  was necessary, the 

remaining cesium hydroxide was washed out w ith  d i s t i l l e d  water and 

mixed w ith  the res t  o f  the cesium hydroxide obtained from the cup fo r  

t i t r a t i o n  purposes. While c leaning the c e l l  one had to be care fu l  

to wash out a l l  the cesium and cesium hydroxide which might have 

remained trapped in the side arm, both fo r  a n a ly t ic a l  purposes and 

for sa fe ty  considerations . Then the system was washed out with  

b o i l in g  water to  remove any remaining traces o f  soluble cesium 

compounds. The c e l l  and side arms were cleaned w ith  f a i r l y  

concentrated hydroxh loric  ac id  to  remove any traces  o f  oxides or 

other contaminants which might have formed e i th e r  during the course 

o f the experiment or during the c leaning process. Immediately a f t e r 

ward, the assembly was rinsed w ith  b o i l in g  tap water and then w ith  

d i s t i l l e d  w ate r. The system was f i n a l l y  d r ied  w ith  reagent grade 

ethy l alcohol and blown w ith  a hot a i r  gun.

During the cleanup procedure care had to be exercised due to  the  

extreme r e a c t i v i t y  o f  cesium and the h ig h ly  poisonous nature o f  i ts  

compounds. The use o f  surgeon's gloves and a p ro te c t iv e  face mask 

was found to  a f fo rd  adequate p ro te c t io n .  A f te r  completion o f  the  

cleanup procedure the s ink w here.the washes had been poured was 

f lushed w ith  la rge  amounts o f  hot water fo r  10 or more minutes. , In
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case any ra d io ac t ive  contamination was found to  be present precautions  

had to  be increased. P r io r  to  any washing, a so lu t io n  o f  f a i r l y  

concentrated Decontam, about 10%, was prepared, and the c e l l  was 

thoroughly washed w ith  i t  and w ith  hot b o i l in g  w ater. A f te r  cleaning  

and drying smear te s ts  were conducted on a l l  the surfaces th a t  had 

been in contact w ith  the wash to  insure th a t  no contamination was l e f t .

12. Procedure used in making the f in a l  cesium-ammonia so lutions:

The arrangement o f the system used fo r  making the f in a l  cesium-
\

ammonia so lu tions is shown in F igs. 8 and 9 .  Figure 8 shows the 

glassware used. The meanings o f  the numbers used are shown in page 37 A. 

Figure 9 shows the measurement c e l l .

P r io r  to  making a cesium-ammonia so lu t io n  the glassware used was 

c a r e fu l ly  inspected fo r  any d i r t ,  im p u rit ies  e tc .  which could be —  

present and they were scrupulously removed. A l l  the stopcocks and 

ground jo in t s  were inspected and greased and cleaned whenever necessary. 

Apiezon grease, grade N, was found to  be the best. S im ila r  consider

a tions  app lied  to the f in a l  measurement c e l l  which was completely and 

thoroughly cleaned and d r ied  p r io r  to  each run. A l l  the o ld  grease 

from the o -r in g s  and the stopcocks was removed w ith  toluene or some 

other s u ita b le  so lven t. The metal p a rt  o f - th e  seals was scrubbed w ith  

a b o i l in g  detergent so lu t ion  to prevent formation o f  layers  o f  im p urit ies  

on top o f  the a l k a l i  metal a f t e r  i t  was melted in to  the c e l l .  When 

cups o f  glass or aluminum were used they were a lso  thoroughly cleaned  

and d r ie d .

A f te r  completing the p re l im in a ry  c leaning process the bottom of  

the measurement c e l l  was removed, the re s t  o f  the c e l l  was assembled'
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source consisted o f  a p iece o f  s ta in le s s  s teel machined to  the same 

dimensions as the real source. The dummy source was securely fastened  

in place by means o f  a slug o f  metal placed on top o f  i t  and a large  

rubber band running around the c e l l  and over the s lug. The measurement 

c e l l  was then placed so th a t  i t  was possib le  to  j o in  l in e s  A 1 o f  the  

c e l l  and A" o f  the main system. Line B" o f  the main system was used 

fo r  glassblowing purposes, and stopcock Z in the measurement c e l l  was 

l e f t  c losed. The vacuum pump on 1 ine 20 was turned on and a f t e r  

pumping down to  a few microns the d i f fu s io n  pump 12 was turned on. 

During the f i r s t  p a r t  o f  th is  experiment the cold trap  was not used 

and stopcock 1 was l e f t  c losed. A f te r  A' and A" were jo in e d ,  the  

j o in t  was leak tes ted  using a Tesla c o i l .  This was done immediately 

a f te r  making every one o f  the glass jo in t s  mentioned in th is  sec tion .  

Dry ammonia was then d i s t i l l e d  in to  c y l in d e r  l b ,as described in 

section 111—2—A . Once the desired amount o f  d r ied  l iq u id  ammonia had 

been d i s t i l l e d  in to  l b  stopcock 8 was closed and the cy l in d e r  was 

inserted in a dry ice-acetone bath. With stopcocks 1 and 2 closed  

the rest o f  the system was evacuated from 21. While s t i l l  pumping 

from 21, stopcock 7 was closed and pumping continued fo r  a few more 

minutes. This was done to  e l im in a te  any traces o f  mercury vapor 

from the system.

The process fo r  g e t t in g  the cesium in to  the c e l l  was s im ila r  to  

th a t  described in section  l l l - 2 - B - e  but the  fo llo w in g  changes were 

made:

The ex tra  length o f  glass l in e  that, had been introduced, as w ell as
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res t  o f  the glassware. Baking out the cup, however, presented a 

problem in th a t  one could not apply too much heat to  i t  since th is  

could damage the thermocouples and crack the glass cup whenever one 

was used. This d i f f i c u l t y  was circumvented by s e t t in g  a soldering  

iron in contact w ith  the copper block and reg u la t in g  i t s  heat output 

so th a t  i t  kept the cup heated up to  about 130°C. I t  was best i f  

the cup could be vacuum baked overn ight a f t e r  jo in in g  the cesium 

d i s t i l l a t i o n  tube to  the res t  o f  the system and d i s t i l l i n g  the cesium 

in to  the f i r s t  in term ediate  bulb.

The d i s t i l l a t i o n  o f  the cesium from the d i s t i l l a t i o n  tube 18 to  

the in term ediate bulb 17 was done ju s t  as described p rev io u s ly ,  and 

a l l  the pumping was done through l in e  21, the low vacuum side o f the  

system. Thus a l l  the im p urit ies  were pumped out w ithout passing 

through the d i f fu s io n  pump. A f te r  the d i s t i l l a t i o n  tube was torched  

o f f ,  the cold tra p  was immersed in l iq u id  n itro g en , stopcock 3 was 

closed and stopcock 1 was opened. Th is  insured the best possib le
t

vacuum fo r  the remainder o f  the experiment. Any im p u rit ies  l e f t  over 

were frozen in the cold t ra p .

The cesium was then d i s t i l l e d  as before except th a t  th is  t im e,  

a f t e r  i t  had been d i s t i l l e d  in to  bulb 15 and frozen t h e r e , i t  had to  

be brought in to  the f in a l  measurement c e l l .  During the d i s t i l l a t i o n  

process i t  was best to  keep the top o f  the bulb hot to  prevent the  

cesium from d i s t i l l i n g  in to  the tube going to the ground j o i n t .  I t  

was a lso  best to  wrap the ground j o i n t  in wet towels to  prevent the  

grease from m elt in g . Even i f  some cesium escaped i t  could always be
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r e d i s t i l l e d  in to  15. The cesium fro ze  in bulb 15 and in l ine s  A'A" so 

i t  had to be melted and forced by g ra v i ty  in to  the so lu t io n  c e l l .  

Extreme care was exercised so th a t  no cesium d i s t i l l e d  in to  the  

so lu t io n  c e l l ,  since i t  would then cover the w a lls  and the exposed 

p a r t  o f  the p lex ig la ss  top w ith  harmful consequences. To avoid any 

v o l a t i l i z a t i o n  o f  the cesium once in the so lu t io n  c e l l  the soldering  

gun used to  heat the c e l l  was removed before  d i s t i l l i n g  the cesium 

in to  bulb 15 to  give the cup time to  cool down.. A f te r  the cesium was 

brought in to  the so lu t io n  c e l l  the p a r t  o f  the r e f r ig e r a t io n  l in e  

going to  the Dewar was soldered in p lace , the bottom o f  the measurement 

c e l l  was screwed back on and the cesium l in e  was ready to  be torched  

o f f  a t  A". Before doing t h is ,  however, a f in a l  check was always made 

to  insure th a t  everyth ing  was ready since when the l in e  was torched  

o f f  the cesium, although s t i l l  under vacuum, was subjected to  no 

pumping, so th a t  utmost speed o f  operation  was e s s e n t ia l .

A f te r  the r e f r ig e r a t io n  Dewar had been put approxim ately in place  

the cesium l in e  was c a r e fu l ly  torched o f f  a t  A'A" and the whole 

measurement c e l l  assembly was inserted  in to  the magnet and a ligned  so 

th a t  the dummy source was located d i r e c t ly  under the hole bored in 

the top face o f  the magnet.

Before torching o f f  the cesium l in e  a p iece o f  g lass s u ita b le  

fo r  connecting the ammonia l in e  was secured; th is  piece o f  glass was 

jo in e d  in place a f t e r  the above operations were completed. This was 

done by c los ing  stopcock 1, opening stopcock 6 , removing the cesium 

d i s t i l l a t i o n  assembly and using ground j o i n t  25 fo r  glassblowing  

purposes. A f te r  the l in e  had been jo in e d  2 was closed, 6 was opened 

and the a i r  and water vapor present in the l in e s  were pumped out

f
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through 21. The ammonia l in e  was torched i ig h t iy ^ to  a id  in the  

removal o f  water vapor. A f te r  a good vacuum had been a t ta in e d  

stopcock 4  was closed and 1 was again opened. Stopcock Z was then 

opened so tha t the c e i l  was being pumped on aga in . At th is  po in t the  

hoses going to  the pumps fo r  the  vacuum in s u la t io n  o f  the c e l l  and 

fo r  the r e f r ig e r a t io n  l in e  were connected.

The thermocouples were connected to the potentiom eter system 

prev ious ly  set up, and the pressure transducer and the thermocouples 

were connected to  the recorder. The alignment of the source was checked 

and the lead bricks  used fo r  sh ie ld in g  were stacked around the 

measurement c e l l .  The real source was then inserted  in place o f the 

dummy. To do th is  the r e f r ig e r a t io n  valve was opened so th a t  the 

temperature inside the cup went down to  about -100°C, stopcock 3 was 

closed, 4 and 5 were opened and cold trapped argon gas was allowed  

from 21 into the l in e .  As the gas flowed in , stopcock 7 was opened up.

The arrangement shown in F ig . 12 was used to  e s ta b lis h  communication

between l in e  21 and e i th e r  the ammonia, the argon or the vacuum l in e s .  

The argon cold trap  is  a lso  shown th ere . A ll  l in e s  were pumped out 

c a r e fu l ly  before a llow ing  the argon in to  21, being care fu l not do 

damage the diaphragm in the pressure reg u la to r  o f  the argon in the

process. Stopcocks 6 and Z were opened and argon was allowed to flow

in to  the c e l l  u n t i l  the pressure rose s l ig h t l y  above atmospheric.

At th is  po in t the actual source was taken out and mounted in the

holder. Another rod was used to  pu ll  the dummy source out.

The f in a l  opera tion  o f  p u l l in g  out the dummy and in sert in g  the

real source requ ired  the cooperation o f  two operators and was done as
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fo llow s: While an operator increased the ra te  o f  flow  o f  argon u n t i l

the pressure rose s l ig h t ly  above atmospheric, another operator inserted  

the rod so as to  p ick  up the dummy, which by th a t  time had popped out a 

l i t t l e  due to  the s l ig h t  overpressure. A f te r  the dummy was picked up 

the f low  o f  argon was continued to  e f f e c t i v e ly  exclude any a i r  from 

the inside o f  the cup. Then, as qu ick ly  as poss ib le , the real source 

was c a r e fu l ly  inserted and f i t  in to  the o - r in g .  As soon as a good f i t  

was obtained and the pressure began to  r is e  above atmospheric, the  

flow o f  argon was immediately stopped and pumping resumed on the c e l l ,  

from the low vacuum s ide . For pure metal runs the only other manipu

la t io n  necessary was to  w a it  u n t i l  the pressure had gone below about 

10 microns and then switch to  the high vacuum s ide . For metal ammonia 

runs, however, a f t e r  a very low pressure had been a t ta in e d  on the low 

vacuum side the ammonia was then d i s t i l l e d  in to  the c e l l .  Since the 

required pressure d i f f e r e n t i a l  had a lready been c a lc u la te d ,  stopcock 3 

was closed permanently, 5 and 6 were closed, and k ,  7 and 9 were 

opened. Stopcock 8 was then opened and enough ammonia was allowed into  

the a v a i la b le  volume u n t i l  a value o f  pressure about 150 mm. in excess 

o f  the ca lcu la ted  necessary pressure d i f f e r e n t i a l  had been reached.

This was done to  speed up the condensation o f  the ammonia. I f  the  

required pressure d i f f e r e n t i a l  was too high the above process was 

repeated u n t i l  enough ammonia had condensed. Stopcock 8 was closed and 

6 was opened so tha t the leve l o f  the manometer came down to a value  

in d ic a t iv e  th a t  the desired amount o f  ammonia had gone in to  s o lu t io n .  

Stopcock 9 was then closed fo r  g rea te r  accuracy in monitoring pressure  

changes. Stopcock 7 was a lso  closed immediately and a l l  pressure  

measurements were made w ith  the transducer from then on.
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The so lu t ion  was made a t  the approximate value o f  temperature  

required since making the so lu t ion  too cold and then allow ing  i t  to  

warm up afte rw ard  would cause s p la t te r in g  and consequent decomposition. 

Thus, before d i s t i l l i n g  the amonia, the c e l l  was allowed to warm up to  

about 10°C below the desired temperature. Then the ammonia was 

d i s t i l l e d  in ,  the heat evolved in condensing the ammonia compensating 

approximately fo r  the temperature d i f fe re n c e .  . A more accurate  

temperature adjustment was la te r  done w ith  the needle va lve  in the  

r e f r ig e r a t io n  l in e .  The valve was c a l ib ra te d  in turns versus 

temperature; un fo rtu n a te ly  the va lve  was both n o n -l in e a r  and non- 

reproduc ib le , i t s  c a l ib r a t io n  being good only w ith in  20 degrees o f  

the desired va lue . A f te r  thermal eq u il ib r iu m  was a t ta in e d  the  

temperature was adjusted manually by tu rn ing  the va lve  slowly in 

e i th e r  d ire c t io n  and w a it in g  fo r  the temperature to  s t a b i l i z e .

13. In ves tig a t io n s  on the phase diagram o f cesium-ammonia so lu tion s:

I t  was decided to  in ves t ig a te  the behavior o f  cesium-ammonia 

solu tions upon fre e z in g . This was o f  in te re s t  in the present work 

because i f  the so lu tions kept t h e i r  composition upon f re e z in g ,  positron  

a n n ih i la t io n  experiments! could be c a r r ie d  out on frozen solu tions o f  

a r b i t r a r y  concentra tion , thus m inim izing the decomposition problems 

o f  the so lu t io n s .

The experimental set up and the procedure fo r  making the so lu tions  

were s im i la r  to  those used before in studying t h e i r  s t a b i l i t y .  The

physical s ta te  o f  the so lu tions was determined by v isua l inspection  

and by means o f  a piece o f iron imbedded in a glass bead which was 

placed in the so lu t io n  c e i l  before d i s t i l l i n g  the cesium. This glass
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covered piece o f  iron could be moved under the in fluence o f  a small 

horseshoe magnet as long as the so lu tion  remained l iq u id .

The so lu t io n  c e l l  was immersed in an acetone bath and the  

temperature o f  the so lu t io n  was regulated  by adding l iq u id  n itrogen  

to th is  bath. The d i f f e r e n t  concentrations investiga ted  w i l l  now be 

described in some d e t a i l .

•a )  5 0  mole per cent:

The 50 mole per cent so lu t ion  was formed a t  -35°C and gradu a lly  

cooled down. The onset o f  fre e z in g  was observed a t  -43°C , the so lu tion  

remaining p a r t i a l l y  frozen u n t i l  a temperature o f  -74°C was a t ta in e d ,  

a t  which temperature the so lu t ion  appeared to  be completely frozen.

The pressure o f  the so lu t io n  a t  the d i f f e r e n t  temperatures was recorded.

The frozen so lu t io n  did not present the aspect o f  a s o l id  homo

geneous body but ra th e r  i t  had, ever since the onset o f  f re e z in g ,  a 

d e f in i te  spongy appearance w ith  a b r ig h t  golden c o lo r .  This co lor  

was maintained u n t i l  the so lu t io n  was completely frozen . The l iq u id  

so lu tion  presented the ty p ic a l  b ro n ze like  aspect o f  concentrated  

a l k a l i  metal-ammonia s o lu t io n s . This so lu t io n  was preserved overn ight  

by immersing i t  in a l iq u id  n itrogen bath.

The e f f e c t  o f  suddenly fre e z in g  the s o lu t io n  w ith  a bath a t  dry 

ice temperature and w ith  l iq u id  n itrogen  was a lso  inves tig a ted . The 

so lu tion  was melted and i ts  pressure was recorded a t  two temperatures, 

-29°C and -35°C . These values o f  pressure when compared w ith  those 

prev ious ly  recorded fo r  -35°C and -43°C ind icated  th a t  some 

decomposition o f  the s o lu t io n  had taken p lace .

The f i r s t  time the so lu t io n  was frozen a t  dry ice temperature,

1
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three layers  were observed a f t e r  f iv e  minutes in contact w ith  the bath: 

A l iq u id  layer  on top o f about 1 mm. thickness o f  bronze s o lu t io n ,  an 

in term ediate yellow ish-go lden  laye r  o f  l iq u id  s o l id  o f  about 2mm 

th ickness, and a bottom layer  o f  a g ray -ye llow  p r e c ip i ta te ,  d e f i n i t e l y  

s o l id ,  o f  about k  mm. thickness. The temperature was -70°C.

The so lu t io n  was melted and frozen again w ith  the acetone bath a t  

dry ice temperature, and the same phenomenon was again observed. A 

th i r d  time th a t  the procedure was t r i e d ,  however, p r a c t ic a l ly  a l l  o f  

the so lu t io n  seemed to f re e z e .  The so lu t io n  was then melted once 

again and th is  time frozen in l iq u id  n itro g en , a s o l id  being re a d i ly  

obtained. With the pressure down to  some 20 to  25 mm. a l l  the gas on 

top o f  the so lu t io n  was pumped ou t.  This gas was hydrogen from the  

decomposition o f  the s o lu t io n .  Thus there  remained a presumably minute 

amount o f  cesium amide in the frozen s o lu t io n .

The d i f f e r e n t  temperatures a t  which the so lu t io n  was observed, 

together w ith  the corresponding pressures, a re  l is t e d  below, both 

before and a f t e r  preserving the s o lu t io n  overn igh t.

B e f o r e A f t e r
T°C P mm. T °C P mm.

- 3 5 129 - 2 9 190
- 4 3 7 6 - 35 1 7 7
- 5 8 4 2 - 7 0 67
- 7 4 2 0 -168 25



The more d i lu te  so lutions were made by simply adding more ammonia 

to  the concentrated so lu t ion s . I f  necessary the more concentrated  

so lu t io n  was frozen before adding the ammonia, and any hydrogen present 

was then pumped out.

b) 25 mole per cent:

At a temperature o f  -75°C a bronze sol id was formed and a pressure

o f  21 mm. was observed; The so lu t io n  was melted and frozen repeated ly .

On several instances, a bronze s o l id  was formed upon sudden fre e z in g

o f the so lu t ion ; in o ther occasions a l iq u id  bronze layer  was observed

on top , s im ila r  to  th a t  observed in the 50 mole per cent s o lu t io n .

Formation- o f  th is  layer could be due to incomplete m elting  o f  the

so lu t io n  before re fre e z in g  i t .  Thus, i f  any p r e c ip i ta t io n  o f  the

cesium was tak ing p lace , the remaining so lu tion  would be more d i lu t e

w ith  a consequent displacement towards the e u te c t ic  in the phase 
k

diagram , which e n ta i le d  a lowering o f  the fre ez in g  temperature fo r  

the more d i lu t e  s o lu t io n .  I f  the f re e z in g  was done gradu a lly  enough, 

the l iq u id  would become so d i lu t e  th a t  i ts  fre e z in g  temperature would 

be lower than th a t  o f  dry ice and a layer  o f  l iq u id  would always be 

present on top . A l l  the above experiments were performed a t  dry ice  

temperature. Freezing the so lu t ion  w ith  l iq u id  n itrogen immediately 

produced a sol id.

c) Eu tec tic :  A ddition  o f  more ammonia brought the so lu tion  to  approxi

mately the concentration o f  the e u te c t ic .  Upon freez in g  the so lu tion  

suddenly a t  dry ice temperature a top layer  o f  bronze l iq u id  and a 

bottom layer  o f  golden s o l id  were obtained. Upon fre ez in g  w ith  l iq u id  

nitrogen a bronze, d i s t in c t l y  metal 1 ic  s o l id  was obtained.
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d) D i lu te  Solution:

A d i lu te  s o lu t io n ,  approximately 15 mole per cen t, was prepared  

from the above so lu t io n  by adding more ammonia. Upon suddenly coo ling ,  

th is  so lu t ion  w ith  dry ice , a top layer  o f  l iq u id  so lu tion  was obta ined ,  

having a d is t in c e  bronze-reddish hue, much darker than any obtained  

before . A bottom layer  o f s o l id  was a lso  obta ined , having a bronze- 

v i o l e t  c o lo ra t io n .  As the s o l id  melted i ts  co lo r  became l ig h t e r ,  

changing to bronze. Upon fre ez in g  w ith  l iq u id  n itro g en , a bronze 

v io le t  s o l id  was obtained which became bronze upon warming up. This  

so lu t ion  was stored under l iq u id  n itrogen fo r  several hours, w ithout  

any apparent changes in i ts  co lor or general appearance.

I t  was thus concluded th a t  upon cooling  a cesium-ammonia s o lu t io n  

below the fre e z in g  po in t corresponding to  i ts  concentra tion , e i th e r  o f  

the components was p re c ip i ta te d  o u t ,  depending on the con centra tion , so 

tha t the s o l id - l iq u id  l in e  in the phase diagram was fo llow ed, u n t i l  

the e u te c t ic  was reached. At th a t  po in t upon fu r th e r  cooiing the  

so lu t io n  fro ze  com pletely. Thus i t  was not possib le  to  freeze  a 

cesium-ammonia so lu t io n  o f a given concentration  and expect i t  to  maintain  

the same concentration in the s o l id  phase, w ith  the exception , o f  

course, o f  a so lu t io n  a t  the e u te c t ic .

l*f. -  Angular c o r re la t io n  experiments:

Angular c o r re la t io n  experiments were c a rr ie d  out on cesium-ammonia 

so lu t io n s , on cesium and on rubidium. Table 1 is a summary o f  the 

re s u lts  obtained from the angular c o r re la t io n  experiments on cesium- 

ammonia s o lu t io n s . The cesium-ammonia runs were made using d i f f e r e n t  

samples o f  cesium m eta l, so th a t  they were completely independent o f



each o th er .  This was necessary because o f  the decomposition problems 

a lread y  discussed. The 22 and the 50 mole per cent runs were made 

using glass cups. The 9*t mole per cent run was made using an aluminum 

cup. Due to the negative c a t a ly t ic  ac tion  o f  aluminum on cesium- 

ammonia s o lu t io n s , the frozen cesium-ammonia run was made from the same 

sample th a t  had been used fo r  making the mole per cent run. I t  was 

only necessary to  fre eze  the 9^ mole per cent s o lu t io n ,  pump out any 

hydrogen formed due to p a r t ia l  decomposition o f  the l iq u id  so lu t io n  

and add s u f f ic ie n t  ammonia to  form an approxim ately 25 to 35 mole per 

cent s o lu t io n . A f te r  a tta inm ent o f  the des ired  f in a l  temperature,  

below the fre ez in g  po in t o f the e u te c t ic ,  any excess cesium would 

p r e c ip i ta te  leaving on ly  a frozen so lu t ion  o f  known concentra tion ,  

namely th a t  o f  the e u te c t ic .

Table 2 is a summary o f  the re s u lts  obtained from angular 

c o rre la t io n  experiments on pure cesium. The runs l is t e d  in ta b le  2 

are not the only runs th a t  were performed on cesium, they are the best 

choices among several runs performed a t  the same temperature, in some 

cases from the same sample and in o ther cases from d i f f e r e n t  samples.

O r ig in a l ly  i t  was intended to  perform the experiments on cesium 

by making the desired runs on a given sample in order o f  increasing  

temperature. This was done fo r  the f i r s t  cesium sample, and runs 

were made a t  -9 3 ,  0 and 30°C; a second cesium sample was run a t  -172 ,  

-5 0 ,  16 and 35°C. These two runs were made w ith  the in te n tio n  o f  

checking the re s u lts  obtained from one sample aga inst those obtained  

from the o th e r .  However, the re s u lts  obtained when the angular co rre 

la t io n  curves p e r ta in in g  to  the f i r s t  and second samples were compared
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seemed to  ind ica te  an anomaly in the e le c t r ic a l  p ro p e rt ies  o f  cesium 

near room temperature. Since there  was no a p r io r i  reason to  expect 

any abrupt t ra n s i t io n  or d is c o n t in u ity  in any o f  the e le c t r ic a l  p roperties  

o f cesium a t  or near room temperature i t  was decided to  look fo n  

causes which might v i t i a t e  the re s u lts .

I t  was imperative th a t  a i l  the equipment in contact a t  one time or 

another w ith  the metals was clean and dry and f re e  from im p u rit ies .

During the cleaning and bakeout o f  the glassware a l l  im p urit ies  were 

presumably removed; however, due to the s t r a in  associated w ith  th e  

glass to  metal j o i n t  o f  the s e a l , th a t  p a rt  was not baked, instead, i t  

was cleaned w ith  a b o i l in g  detergent so lu t ion  and rinsed w ith  b o i l in g  

water fo r  several minutes. Before a llow ing  the cesium in to  the c e l l  

the c e l l  was heated using the so ldering iron arrangement but the metal 

p art  o f  the j o i n t  was not subjected to  th is  trea tm ent, instead i t  was 

only l i g h t l y  torched fo r  a w h ile .  Once the cesium had been brought 

in to  the c e l l ,  formation o f  a very th in  grayish la ye r  o f  im purit ies  

took p lace . Thus formation o f th is  layer  seemed due to  traces o f  

fo re ig n  substances th a t  had not been removed from the metal p a rt  o f  the 

j o i n t .  Besides, the s ta in le s s  s teel cup o f  the measurement c e l l  was 

used as the f in a l  conta iner in these experiments, so th a t  i f  any 

im p urit ies  had been l e f t  there  they might have reacted w ith  the cesium. 

Formation o f  the layer  was so quick upon a r r iv a l  o f  the cesium a t  the  

cup, however, th a t  the blame fo r  the layer  could be placed w ith  great  

p r o b a b i l i ty  upon the glass to  metal s e a l.  Later re s u lts  confirmed 

th is  supposition. Of course, the p o s s ib i l i t y  o f  the existence o f  cesium 

soluble im p urit ies  in the c e l l  i t s e l f  could not be discounted, since
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they could very well d issolve and co n tr ib u te  towards g iv ing  poor 

re s u l ts ,  over and above the im p u rit ies  from the glass to metal sea l.  

Another possib le  complication was t h a t ,  as the temperature o f  the cesium 

was ra ised , any im purit ies  a lready  present in the cup from any o f the 

above mentioned sources could have become more re a c t iv e  forming compounds 

with the cesium. The mere existence o f  the th in  layer o f  oxide on the  

surface o f  the cesium, however, was not enough reason to d iscard any 

re s u lts  obtained from such samples since i f  the layer  was th in  enough 

most o f  the positrons could tra ve rse  the layer  and a n n ih i la te  w ith  the 

underlying cesium, thus g iv ing  bona f id e  re s u lts .

Due to the inconclusive nature o f  the resu lts  obtained w ith  these 

two samples i t  was decided to made a t h i r d  run on a new sample o f cesium, 

th is  time adding a few refinements which would ensure almost to ta l  

absence o f  im p u rit ie s .  I t  was decided to  make the run using an aluminum 

cup as insurance against the presence o f im p urit ies  in the s ta in le s s  

steel c e l l  s ince, i f  these im p urit ies  came from the s ta in le s s  steel 

i t s e l f , t h e y  could not be removed. The aluminum cup was subjected to  

the same precautions used fo r  the glass cups used in cesium-ammonia 

runs. Th is  time the glass to  metal j o i n t  was v igorous ly  brushed and 

cleaned w ith  a b o i l in g  detergent s o lu t io n .  I t  was then rinsed suer., 

cess ive ly  w ith  b o i l in g  w ater, d i s t i l l e d  water and 100% ethyl a lco h o l,  

and dried  w ith  a stream o f  dry n itrogen gas. Then i t  was fu r th e r  d r ied  

w ith  hot a i r .  A l l  these precautions proved e f fe c t iv e  In th a t  the 

cesium brought in to  the c e l l  using equipment tre a te d  in th is  way had 

a b r ig h t ,  shiny surface , w ith  no v is ib le  traces o f  im p u rit ie s .

To guard against the p o s s ib i l i t y  o f  formation of. an im purity  layer
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la te r  on, i t  was decided to  make the runs in the same order as before  

but, once the warmest run had been made, to  come back to  some o f  the 

lower temperatures used and check i f  the re s u lts  were reproducib le .

As a fu r th e r  precaution the temperature was ra ised again in order to  

repeat runs a t  or near the higher temperatures. In th is  way data was 

taken a t  6 ,  16, 31 , 16 and 35°C.

The usual momentum d is t r ib u t io n  o f  the a n n ih i la t io n  photons in a 

metal consists o f  a c e n t r a l ,  quas i-parab o lic  p a r t ,  a t t r ib u t a b le  to the 

conduction e lec tro n s  superimposed upon a broad d is t r ib u t io n ,  a t t r ib u ta b le  

to  a n n ih i la t io n s  w ith  the core e lec tro n s . The centra l p a rt  extends 

up to  an angle proportional to  the Fermi c u t - o f f  in the m eta l, a t  

which po in t a ra th e r  abrupt d is c o n t in u ity  in the shape o f  the  

d is t r ib u t io n  is noted. When im p urit ies  such as metal oxides are present
i

th is  abrupt d is c o n t in u ity  is smoothed out due to  a n n ih i la t io n s  w ith  

the bound oxide e le c tro n s .

The re s u l t  obtained from the second 16°C run from th is  sample did  

indeed in d ica te  the onset o f  formation o f  a very minute amount of  

im p u r it ie s ,  since the break between the parab o lic  and the gaussian parts  

of the angular c o r re la t io n  curve was s l ig h t ly  less abrupt than was the 

case fo r  the f i r s t  run. A comparison w ith  the f i r s t  16°C run, the one 

made from the second sample o f  cesium, revealed th a t  a very severe 

decomposition had taken place a t  the f i r s t  l6 ° ru n .  Thus the re s u lts  o f  

the runs on the second cesium sample fo r  16 and 35°C were discarded. 

Although the re s u lts  from both 16°C cesium runs from the th ir d  cesium 

sample were considered v a l id ,  i t  was decided to  use only the f i r s t  in 

ana lyz ing  data since a f t e r  a l l  some decomposition had taken place
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during the higher temperature measurements. Comparison o f  the 6°C run 

from the t h i r d  cesium sample and the 0°C run from the f i r s t  cesium 

sample ind icated  th a t  both the 0 and 30°C runs from the f i r s t  cesium 

sample should a lso  be discarded. Comparison o f  the -93°C run from the  

f i r s t  sample and the -50°C run from the second sample ind icated th a t  

the -50°C run from the second sample should a lso  be discarded.

The fo llo w in g  runs were thus kept fo r  an a lys is :  The -93°C run

from the f i r s t  sample, the -172°C from the second sample and the 6 ,  16,

31 and 35°C runs from the t h i r d  sample. Since the second 16°C run on 

the th i r d  cesium sample showed s l ig h t  traces o f  im p urit ies  and the 31 

and 35°C runs were made immediately before and a f t e r  i t  there  was some 

question as to  the v a l i d i t y  o f  the data obtained so th a t ,  a f t e r  making 

the 35°C run on cesium, i t  was decided to  make a run on cesium oxide.

The oxide was made by a llow ing  oxygen gas in to  the c e l l  being care fu l

a t  a l l  times to keep the temperature low enough to  prevent damaging the  

source. Since cesium oxide is an in s u la to r  there  is no reason to  

expect a p arab o lic  shape fo r  i t s  momentum d is t r ib u t io n ,  so th a t  a marked 

d if fe re n c e  between the cesium oxide and the cesium d is t r ib u t io n s  would 

in d ica te  th a t  we had indeed had cesium, and not cesium oxide , in the  

molten cesium runs. As expected, a d i f f e r e n t  and very broad d is t r ib u t io n  

was obtained from the cesium oxide sample.

I t  was la te r  decided to  make a s e r ies  o f  runs on rubidium metal

to  check whether some unexpected e f fe c ts  encountered in cesium, to  be 

described l a t e r ,  were a lso  present in rubidium. The procedure fo r  

g e tt in g  the rubidium in to  the c e l l  was id e n t ic a l  w ith  th a t  described  

fo r  the t h i r d  cesium sample. S ix  runs were performed on rubidium m eta l,



72

a t  temperatures o f  -168 , -5 4 ,  34, 43 , -96  and -83°C . The reason fo r  the 

la s t  two runs, ju s t  as In the case o f  the cesium runs, was to check 

fo r  decomposition. These la s t  two runs Ind icated some degree o f  

decomposition so they were discarded. A run on rubidium oxide  

was a lso  performed; the rubidium oxide was made ju s t  as the cesium 

oxide was, and the purpose o f  the run was the same as th a t  o f  the 

cesium oxide run. A very broad d is t r ib u t io n  was obtained from the 

rubidium oxide run, completely d i f f e r e n t  from th a t  obtained from pure 

rubidium. The fo llow ing  rubidium runs were f i n a l l y  chosen fo r  ana lys is : '  

-1 6 8 , -5 4 ,  34 and 43°C.

Table 3 is a summary o f the re s u lts  obtained from the angular  

c o r re la t io n  experiments w ith  rubidium.



CHAPTER IV

PROCESSING AND INTERPRETATION OF EXPERIMENTAL DATA

1) General discussion o f processing o f  data:

The experimental data obtained fo r  a given run was not n ecessarily  

a l l  v a l id ,  so th a t  i t  was desired to  ob ta in  an in d ic a t io n  o f  the  

r e l i a b i l i t y  o f  the re s u lts  obtained fo r  each ind iv idu a l scan. This  

was done by choosing and p lo t t in g  evenly d is t r ib u te d  scans throughout 

the course o f  the run.

One would a p r io r i  expect to  ob ta in  symmetrical, id e n t ic a l  curves 

fo r  a l l  o f  the scans p e r ta in in g  to  a given run. Devia tion  from 

symmetry, however, did not n ec essa ri ly  in d ic a te  th a t  the data was 

u n re l ia b le .  I f  the surface o f  the sample was not adequately a ligned  

w ith  the c o l l im a t in g  s l i t s  a h igher count ra te  would be c o n s is te n tly  

obtained on one side o f  the curve. This was correc ted  f o r ,  when 

necessary, by observing the recorder traces o f  the side channel count 

ra te s ,  which would be c o n s is te n tly  h igher in the region o f  h igher co in -  - 

cidence counts, and then p ro ra t in g  the counts according to  the observed 

deviations o f  the side channel count ra te s .  Th is  co rrec tio n  was 

necessary in on ly  one r u n ; - th is  was for. the cesium-ammonia so lu t io n  o f  

concentration 50 mole per cent cesium.

A d i f f e r e n t  type o f  anomaly would be encountered i f  a lopsided  

d is t r ib u t io n  was obta ined , th a t  i s ,  i f  the centers  o f  the p arab o lic  

and the gaussian portions o f  the curve d id  not co inc ide . This would 

probably be evidence o f  a more serious problem such as sample 

decomposition. No instances o f  th is  type o f  anomaly were encountered.

During the f i r s t  scans o f  some runs la rge  v a r ia t io n s  in temperature  

were noted, those scans being re je c te d  fo r  data a n a ly s is .  The h a l f -



l i f e  o f  sodium 22 is long enough th a t  source decay did not have to  be 

taken in to  consideration  when analyzing the re s u lts  of runs made using 

sodium 22 as a pos itron  source. Copper 6k,  on the other hand, is a 

very short l iv e d  isotope and as a re s u lt  i t  was necessary to  make 

"corrections fo r  source decay both to  the background and to the back

ground corrected re s u l ts .  These correc tions  are discussed in Appendix 1. 

A l l  the runs except those fo r  the cesium-ammonia so lu t io n  o f  concen

t r a t io n  9k mole per cent cesium and the frozen so lu t io n  were made

using the sodium c h lo r id e  source.

The background a t  any po in t  is  given by the formula BG = 2trN jN^  

where r  is the reso lu t io n  t im e , Nj and Ng are  the side channel count 

ra te s ,  recorded a t  the beginning o f  each run and assumed constant 

throughout the run, and t  is the to ta l  time per p o in t ,  th a t  is ,  the sum 

o f  the times spent per po in t fo r  each scan. This constant background 

was then subtracted from the sum o f  the counts per po in t fo r  each

p a r t ic u la r  run being analyzed, when the sodium 22 source was used.

When the copper source was used i t  was necessary to  make use o f  

the decay co rrec tion  formulas developed in Appendix I .  As a f in a l  

re s u l t  o f  the described correc tions  one obtained the background and, 

where a p p lic a b le ,  decay corrected data , to  be used fo r  fu r th e r  a n a ly s is .  

These re s u lts  were next normalized to  an a r b i t r a r y  value o f  10000 a t  

the maximum. This was done so th a t  a l l  angular c o r re la t io n  curves 

could be compared w ith  each o th e r .  A computer.program fo r  the IBM 360 

was w r i t te n  to  make a l l  the required c o rre c t io n s ,  i t s  source language, 

as w ell as th a t  o f  the o ther programswritten fo r  ana lys is  o f  the data ,  

was FORTRAN IV .



A f te r  the data was background corrected and normalized, the f in a l  

re s u lt  obtained was a ser ies  o f  points which should f a l l  on a symmetric 

curve,but which were not symmetric themselves r e la t iv e  to  the center o f  

the d is t r ib u t io n .  Part o f  the fu r th e r  ana lys is  c a l le d  fo r  the  

determ ination o f  N(k) and p ( k ) ,  fo r  both o f  which i t  was necessary to  

know d l /d k ,  which could be obtained by using the d iffe ren c es  between 

successive points  and d iv id in g  those d iffe ren c es  by A k, the distance  

between successive po in ts .  By fo ld in g  the curve so th a t  one side was 

superposed on the o ther i t  was possib le  to  determine i t s  cen ter f a i r l y  

w e ll ;  then both sides o f  the curve could be used independently to  

determine N( k) and p (k ) and the re s u lts  compared, This procedure gave 

an approximate in d ic a t io n  o f  the symmetry o f  the curve, since the  

re s u lts  obtained from both sides were expected to  be equal. This o f  

course was not the case since the d e r iv a t iv e s  were taken by d i f fe re n c e ,  

the points were unevenly spaced and they were not symmetric r e la t iv e  

to  the center o f  the d is t r ib u t io n .  The advantage o f  th is  procedure 

was th a t  i t  allowed fo r  the determ ination  o f  a value o f  the s t a t is t i c a l  

e r ro r  o f  each p o in t ,  obtained in terms o f  some pre-assigned leve l o f  

confidence. The d e r iv a t io n  o f  the formulas used in the determ ination  

o f  the e rro rs  is given in Appendix IV #

The method o f  tak ing d e r iv a t iv e s  by d if fe re n c e  was not su ited  fo r  

an accurate ana lys is  o f  the data . Two other p o s s ib i l i t ie s  were open, 

and both were t r i e d  in the course o f  the ana lys is  o f  the data. One 

consisted in making a n o n -l in e a r  le a s t  squares f i t  to  the background 

corrected d is t r ib u t io n  fu n c tio n . This procedure furnished an 

a n a ly t ic a l  function  to  work w ith ,  thus s im p li fy in g  the data reduction  

process. The functional form o f  the curve used to  f i t  the d is t r ib u t io n
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was

F = P1exp [-P 2 (x -P g) 2]  + P3exp [-P ^ (x -P g) 2] + PgexpC-PgCx-Pg)^] +

P^xpC-PgCx-Pg)^]

which is the sum o f  four gausslans, and where the P j 's  are a r b i t r a r y  

parameters which are adjusted fo r  a best f i t .  The center o f  the 

d is t r ib u t io n  is Pg .

Let the exp erim en ta lly  observed va lue  o f  a v a r ia b le  be designed 

by x , and i ts  value as c a lc u la te d  from a leas t  squares f i t  be designed 

by x . Define a q u a n tity  g f c a l le d  the goodness o f  f i t ,  to  be:

g = I -  | x ■ x | / x  . The c r i t e r io n  used fo r  the n o n -l in e a r  leas t

squares f i t  performed on the data was th a t  the c r i t e r io n  g >  0 .999  

was s a t is f ie d  fo r  a l l  po in ts  o f  the curve. In th is  way i t  was possib le  

to  ob ta in  good f i t s  fo r  several runs. Once a f i t  had been obtained  

the a n a ly t ic a l  function  was used to  generate the s l i t  and temperature  

corrected curve. In p r in c ip le  i t  would a lso  be possib le  to  make a non

l in e a r  leas t  squares f i t  to  th is  s l i t  and temperature corrected curve
t

and then perform subsequent c a lc u la t io n s  w ith  i t .  Lack o f  time precluded  

t h is .  Instead the generated s l i t  and temperature correc ted  curves 

were analyzed j u s t  as ind icated  below fo r  the case where no mathematical 

f i t  was found fo r  the background correc ted  curves.

In the cases where i t  was not possib le  to f in d  a f i t  to  the curve

which s a t is f ie d  the desired goodness o f  f i t  c r i t e r io n ,  the curve was 

folded g ra p h ic a l ly  in order to  f in d  i ts  c en te r .  To insure th a t  a good 

cen ter had been found, a computer program was w r i t te n  which could fo ld  

the curve not only around the center found g ra p h ic a l ly ,  but a lso  around 

po in ts  a t  a r b i t r a r y  distances from the c en te r .  Points were chosen a t



0.1 and 0 .2  mrad a t  e i th e r  side o f  the cen ter obtained by fo ld in g  the  

curve g ra p h ic a l ly .  A f te r  the curve had been fo lded about those f iv e  

d i f f e r e n t  centers i t  was a simple m atter to  graph the f iv e  possib le  

fo lded curves and determine which one was the best by v isua l inspection.  

Then points  were read o f f  th is  best curve and used to  s l i t  and tem

perature  co rrec t  the curve. The re s u lta n t  curve, corrected  fo r  s l i t  

and tem perature, was normalized to  10000 a t  the maximum.

A computer program was w r i t te n  to perform the s l i t  and temperature

c o rre c t io n s ,  w ith  an option th a t  allowed the user to  perform e i th e r

co rrec tio n  o n ly ,  or both. The d e r iv a t io n  o f  the formulas used to w r i te

the s l i t  and temperature c o rre c t io n  programs can be found in Appendices

11 and I I I .  Once the s l i t  and temperature corrected curve had been

found i ts  d e r iv a t iv e  was c a lc u la te d  by d i f fe re n c e  by tak in g  evenly

spaced po in ts ; using th is  d e r iv a t iv e  N( k) and p (k )  were c a lc u la te d  and

normalized to 10000 a t  the maximum. A computer program was w r i t te n  to

perform these c a lc u la t io n s .  As can be seen from the d e r iv a t io n  o f  the

temperature c o rre c t io n  formulas, the f in a l  temperature corrected function

was dependent on the value used fo r  the e f fe c t iv e  mass o f  the positrons

25 26in the l a t t i c e .  A f te r  Kim and Garg the r e la t i v e  e f fe c t iv e  mass o f  

the positrons was taken as 2 .4  in rubidium and 2 .6  in cesium. For lack  

o f  in form ation , an e f f e c t iv e  mass o f  1.00 was used fo r  positrons in the 

cesium-ammonia s o lu t io n s . The correc tio n  program included the option  

o f  using several d i f f e r e n t  values o f  the e f f e c t i v e  mass o f  pos itron s ,  

and th is  was indeed done fo r  several runs. The f in a l  r e s u l ts ,  however, 

were p r a c t ic a l ly  equal fo r  values o f  the e f f e c t i v e  mass as fa r  removed 

from those quoted’ above as 0 .6 .
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2. Discussion o f  removal o f  in e r t  gas cores and o f  ammonia background:

The angular d is t r ib u t io n  o f the a n n ih i la t io n  photons is presumed

to  be made up o f  two main con tr ibu tions : The c e n t r a l ,  q u as i-p arab o lic

p a r t  a r is e s ,  in the m eta ls , from a n n ih i la t io n s  w ith  the conduction

e le c tro n s ,  and in metal-ammonia so lu tions from a n n ih i la t io n s  coming

from whatever bound species is formed in the so lu t io n s . The broader,

outer p a r t ,  is supposed to  come from a n n ih i la t io n s  w ith  the core e lectrons

in the case o f  the pure m eta ls , and from a n n ih i la t io n s  w ith  the outer

e lec trons  o f  the ammonia molecule in the case o f  the metal-ammonia

s o lu t io n s . I t  would thus be extrem ely advantageous to be ab le  to

compare the curves obtained from cesium and rubidium w ith  angular

c o r re la t io n  data fo r  t h e i r  core e le c tro n s . Due to  the p o s it io n  o f

cesium and rubidium in the p e r io d ic  t a b le ,  the s o l i d i f i e d  in e r t  gases

xenon and krypton w i l l  fu rn ish  approxim ately the necessary core c o n t r i -  .

bution data fo r  cesium and rubidium, re s p e c t iv e ly .  The re s u lts  o f

angular c o r re la t io n  experiments on krypton and zenon to  be published by 

27
P. G. Varlash k in  w i l l  be used .in  what fo llo w s . S im i la r ly ,  data on 

positron  a n n ih i la t io n  from pure l iq u id  ammonia** can be used to  compare 

w ith  data on a n n ih i la t io n  in metal-ammonia so lu tions so as to  subtract  

from the data fo r  the metal-amrnonia so lu tions the c o n tr ib u t io n  from 

a n n ih i la t io n s  w ith  the ou ter e lec trons  o f  the ammonia molecules.

I t  is expected, in a f i r s t  approximation, to  be able to  f i t  the core 

corresponding to a given metal to  the data fo r  the metal in such a way 

as to  be ab le  to  remove completely the high momentum components, so th a t  

only the co n tr ib u t io n  from the conduction e lec tro n s  would be l e f t .  

S im i la r ly ,  one should be ab le  to f i t  the data fo r  pure l iq u id  ammonia
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to the data fo r  the metal-ammonia so lu tion s  so as to  remove the high 

momentum components and be l e f t  only w ith  the co n tr ib u t io n  from the  

a n n ih i la t io n s  from whatever bound system is formed in the so lu t io n s ,  

in the case o f  m etals , the remaining p o rt io n  a f t e r  core removal is 

expected to  be very c lo s e ly  p a ra b o lic .  In what fo llow s the data fo r  

a n n ih i la t io n s  w ith  pure ammonia w i l l ,  fo r  b r e v i ty ,  be re fe r re d  to  as 

the "core" fo r  the s o lu t io n s , but w ithout a ttach ing  any physical 

meaning to th is  designation in the case o f  the so lu t io n s .

The core f i t t i n g  could in p r in c ip le  be done as fo llow s: Since

the coincidence counts were in a r b i t r a r y  u n its  anyway, the outermost 

portio n  o f  the core was f i t  by re q u ir in g  the number o f  counts fo r  a 

given angle to  be the same fo r  both curves by a p p ro p r ia te ly  normalizing  

the core to  the other curve. I f  a good f i t  was obtained in the sense 

th a t  the portions o f  both curves corresponding to momenta higher than 

the chosen norm aliza tion  po in t co incided, a lower momentum portio n  o f  

the curve was chosen and the precedure repeated u n t i l  i t  was not possible  

to go any c loser to  the center o f  the d is t r ib u t io n .  I f  a good f i t  was 

not found the f i r s t  time then i t  was necessary to  go to  higher  

momentum regions u n t i l  a good f i t  was obta ined.

Since in p ra c t ic e  there  were many curves to  be f i t ,  the actual

procedure consisted in w r i t in g  a computer program which would scale  

up and down any given core by f ra c t io n a l  amounts o f  the order o f  0 .05

or less o f  the given core and which produced p lo ts ,  on an o f f  l in e  p l o t t e r ,

o f  a l l  these cores. Then successive cores, in increasing order o f  

m u lt ip ly in g  r a t io ,  were t r i e d  to  f i t  each curve so as to  get the break  

point c lo ser  and c loser to  the c en te r .  In th is  way i t  was possib le  to  

f i t  a l l  the cesium curves to  xenon cores, a l l  the rubidium curves to
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krypton cores, and a l l  the cesium-ammonia curves to  ammonia cores, w ith  

vary ing degrees o f  success. The f i t s  were performed using the s l i t  

and temperature corrected curves in a l l  cases. The cores, however, 

were not s l i t  and temperature corrected themselves, since the correc tions  

fo r  these broad c o n tr ib u tio n s  were n e g l ig ib le .

I f  the remaining portio n  o f  a curve a f t e r  the core has been 

removed is termed the narrow component, and the core portio n  is termed 

the broad component i t  is p o ss ib le , a f t e r  the app ro pria te  f i t  has been 

found fo r  a given curve, to  c a lc u la te  the percentages o f  broad and narrow 

component by simply determining the to ta l  area under the curve and then 

the to ta l  area o f  the narrow component. The percentage narrow component 

can be associated w ith the  a n n ih i la t io n s  w ith  conduction e lec trons  in 

the case o f  m eta ls , and probably w ith  positronium  formation or o ther  

bound species in the case o f  the s o lu t io n s . The c a lc u la t io n s  were done 

using a p lan im eter fo r  a l l  runs and the re s u lts  are  tabu la ted  in tab les  

1, 2 and 3 where the re s u lts  o f  measuring the h a l f  w idth a t  h a l f  maximum 

fo r  each run, before and a f t e r  subtracting the core , are a lso  tab u la ted .  

A fte r  su b trac t in g  the core , N( k) and p (k )  were again ca lc u la te d  fo r  a l l  

the curves. A f low  chart showing the d i f f e r e n t  steps involved in the  

ana lys is  o f  the experimental data is given in F ig . 13.

The terms used in the f low  diagram are discussed below. The data 

as obtained d i r e c t ly  from experiment was designated by RAW. SEG1 was 

a computer program whose f i r s t  p a rt  performed a source decay correc tio n  

' on the background and on the raw data . The second p art  o f  SEG1 sub

tra c te d  the background from the data and normalized th is  corrected  

data to  10000 counts a t  the maximum. The r e s u l t  o f  applying SEG1 to



no

yes

noyes

no

yes

no

es no

no core

core

.no

PLO T

READ POINTS 

FROM  STC

PERFORM 
FIT SIMILAR 
TO ABOVE G O O D ?

OUTPUT IS 
YBGCN, INPUT 

TO NLDTCF

A P P L Y
STC

P L O T
S T C

P L O T  

NO CORE

PLOT
NLDTCF

READ POINTS 
FROM  
YBGCN

SUBTRACT
CORE

IS THERE  
AN OTHER FIT 
AVAILABLE?

P L O T

CORE OR 

NO CORE?

IS T H E R E  
ANOTHER FIT 
AVAILABLE?

USE SECOND 
PART OF 

SEGI

IS NLDTCF 
GOOD?

yes

PERFORM
NLDTCF

PERFORM
F IT

A P P L Y

PLOT

N(k)AND/>(k)

USE FIRST 
P A R T  OF 

S E G I

READ POINTS 

FROM NOCORE

IS THERE 
ANOTHER FIT 
AVAILABLE?

P LO T
F IT

USE SEG3 TO 
CALCULATE
N(k)AND/>(k)

P L O T

R A W
D A T A

D E C A Y
C O R R E C T ?

A P P L Y
F I T

PLO T
YBGCN

Fig 13 Flow chart for data processing.
61



82

the raw data was ca lled  YBGCN.

NLDTCF was a computer program which performed a n o n -l in e a r  leas t  

squares f i t  on YBGCN. F IT  re fe rs  to  any o ther possib le  curve f i t t i n g  

procedure; in p ra c t ic e  lack o f  time precluded searching fo r  o ther  

curve f i t t i n g  procedures when NLDTCF f a i l e d  to s a t is fy  the desired  

goodness o f  f i t  c r i t e r io n .  FIT is mentioned here, however, fo r  

completeness and to indicate an a l te r n a te  procedure fo r  data  

reduction.

STC was a computer program th a t  performed correc tions  fo r  

instrumental, reso lu t io n  due to s l i t  width and a lso  fo r  positron  

temperature.

CORE and NOCORE are the two types o f  fu r th e r  ana lys is  performed 

upon the previous re s u lts .  CORE means th a t  the core co n tr ib u tio n s  

to  the a n n ih i la t io n s  were not removed, and NOCORE means th a t  the core 

co n tr ib u tio n s  to  the a n n ih i la t io n s  were removed.



V CESIUM-AMMONIA SOLUTIONS

r  /  O Q  9 a

Metal-ammonia so lu tions have been e x ten s ive ly  i n v e s t ig a t e d * * " ;

as a re s u lt  o f  these studies i t  has been possib le  to achieve a p a r t ia l

understanding of the nature o f  the species present in so lu t io n  a t  -

d i f f e r e n t  concentrations. D i f fe r e n t  models have been proposed to exp la in

the nature and p ro p e rt ie s  o f these s o lu t io n s , each having a t ta in e d  a

c e r ta in  degree o f  success w ith in  i ts  p a r t ic u la r  domain o f  a p p l i c a b i l i t y .

No model has as ye t been proposed, however, capable o f  fu rn ish in g  an

adequate d es cr ip t io n  o f  the so lu tions a t  a l l  concentrations. Positron

a n n ih i la t io n  has re c e n t ly  been used fo r  the f i r s t  time to  in ves t ig a te

5 6metal-ammonia so lu tions * and the re s u lts  obtained w ith  th is  technique  

have y ie ld ed  a d d it io n a l inform ation on the s tru c tu re  o f  metal-ammonia 

s o lu t io n s .

1) Discussion o f  models fo r  metal-ammonia so lutions:

The d i f f e r e n t  models proposed to  e xp la in  the p ro p e rt ies  o f  m eta l-

ammonia so lu tions w i l l  be b r i e f l y  discussed fo llo w in g  c lo s e ly  the review  

29
paper o f  Das , Following Das, as a te s t  o f  the d i f f e r e n t  models, only  

the binding energy o f  the e lec trons  as pred ic ted  by the d i f f e r e n t  models 

w i l l  be compared w ith  experiment,

a) E a r l ie r  models:

31The e a r l i e s t  model, proposed by Kraus , assumed the presence o f

undissociated sodium atoms, sodium ions and solvated e le c tro n s ,  according

to. the equations:. Na 2  Na+ + e” and e" + NH  ̂ £  (NH^Je . This model

was proposed to  e xp la in  the m e ta l - l ik e  conduction process in concen-

t ra te d  s o lu t io n s . I t  was abandoned as a r e s u l t  o f  the c a lc u la t io n s  

32
by Farkas .. o f  the c o n d u c t iv ity  in sodium-ammonia so lu tions w ith
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concentrations g rea te r  than 1 gram mole per l i t e r  (1M) which gave

re s u lts  in disagreement w ith  experiment, and a iso  as a re s u lt  o f  the

33paramagnetic s u s c e p t ib i l i t y  studies o f  Huster which ind icated th a t

one should abandon the idea th a t  undissociated atoms were present in the

so lu t ion  a t  concentrations g rea te r  than 0.2M.

A lte rn a t iv e ly ,  one could assume th a t  the atoms are completely

d issoc ia ted  a t  a l l  concentrations and the e lec trons  behave l ik e  a f re e

33e le c tro n  gas; however, data on d i lu t e  sodium-ammonia so lu tions and
3 4

on d i lu t e  potassium-ammonia so lu tions in d ica te  th a t  the atomic sus

c e p t i b i l i t y  tends to  a va lue d i f f e r e n t  from th a t  expected from the

f re e -e le c tro n  gas model. In a d d it io n ,  the f i n i t e  p h o to e le c tr ic  th re s -

35 36hold observed fo r  these so lu tions by Hasing and Teal ind icates th a t  

the e lec tro n  is not f re e  but is  bound to  some cen te r .

b) The p r im it iv e  c a v ity  model;

37 38 39 40The discovery by Kraus ’ and by Kraus and Lucasse o f  a

minimum in the curve o f  equ iva len t co n d u c t iv ity  against concentration ,

33the paramagnetic s u s c e p t ib i l i t y  data o f  Huster and the discovery by . 

35 36
Hasing and Teal o f  a f i n i t e  p h o to e le c tr ic  th resho ld , among other

th in g s , led to the conclusion tha t the e lec trons  in metal-ammonia

so lu tions were trapped in some centers .
4i

I t  was proposed by Ogg as an extension o f  the idea o f  Kraus o f  

solvated e le c tro n s , th a t  the solvated e lec tro n  could be considered as 

being trapped in a spherica l c a v ity  surrounded by ammonia molecules.

The ca lc u la t io n s  o f Ogg o f  the energy o f  so lva tion  and o f  the c a v ity  

radius using th is  model do not compare well, w ith  the experimental 

so lva t io n  energy and w ith  the expected c a v ity  radius obtained from 

dens ity  data.
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Lipscomb and S ta irs  have t r ie d  to improve the o r ig in a l

approximate c a lc u la t io n  o f  Ogg by considering several ad d it io n a l  

con tr ibu tions  to the energy which Ogg had om itted. These con tr ibu tions  

a r is e  from e le c t r o s t r ic t io n  e f fe c ts ,  e le c t ro n ic  p o la r iz a t io n  o f  the 

molecules a t  the surface o f  the c a v i ty ,  and surface tension e f fe c ts .

Thus b e t te r  agreement w ith  experiment was obtained fo r  the one e lec tro n  

in a c a v ity  model although the ca lc u la te d  binding energy is s t i l l  much 

less than the experimental va lue.

Ogg a lso  considered the case o f  two e lectrons in a c a v i ty  under

the same approximations th a t  he used fo r  the s ing le  e le c tro n  c a v i ty ,

but inconclusive resu lts  were obtained w ith  th is  model. No ca lcu

la t io n s  are as yet a v a i la b le  fo r  the tw o-e lec tron  c a v ity  resembling the 

c a lc u la t io n s  o f  Lipscomb and S ta i r s  fo r  the s ing le  e le c tro n  c a v ity .

c) The polaron model :

In the polaron model i t  is assumed th a t  the e lec tro n  p o la r ize s

the surrounding ammonia molecules in such a way as to  provide a trapping  

p o te n t ia l  fo r  i t s e l f ,  but w ithout assuming a p r i o r i ,  as the c a v ity  

model does, th a t  the e le c t ro n ic  wave function  is almost lo c a l iz e d  w ith in  

a d e f in i t e  volume o f  a c e r ta in  shape. The polaron model has been 

apparently  successful in exp la in in g  the so lva tion  energy o f  m eta l-  

ammonia so lu t ion s ; however, some o p t ic a l  and magnetic p ro p e rt ie s  suggest 

th a t  the unpaired e lec tro n  is in some way associated w ith  the m etal.

This led to  the proposal o f  the c lu s te r  model to  be discussed below.

d) The c lu s te r  m odel^  ^  :

In the c lu s te r  model i t  is assumed th a t  the metal atom is ionized  

and the e lec tro n  is trapped by the p o te n t ia l  produced by the metal ion
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and the o r ien ted  ammonia molecules around the ion. The number o f  o r ien ted  

molecules is uncerta in  but i t  is  assumed to  be between four and s ix
i

depending on the m etal. The u n it  consis ting  o f  the e lec tro n  trapped by 

the metal and the o r ie n te d  ammonia molecules is c a l le d  a monomer M.

At higher concentrations two monomers are  p ic tu red  as combining to form 

a dimer M2  w h ile  a t  very low concentrations the monomer is assumed to  

d issoc ia te  in to  a monomer ion M and an e le c t ro n .  The two re v e rs ib le  

processes may be represented by: M 5  M+ + e” and M2 *■* 2M .

Some c a lc u la t io n s  have been performed to  exp la in  the average 

volume expansion o f  metal-ammonia so lu tion s  and the re s u lts  obtained  

are w ith in  two th ird s  o f the  experimental v a lu e . Some c a lc u la t io n s  

are a lso  a v a i la b le  on the binding energy o f  the e le c tro n  in the monomer, 

and on the binding energy o f  the dimer r e la t i v e  .to two monomers, the  

re s u lts  in d ic a t in g  th a t  the observed s t a b i l i t y  o f  tw o-e lec tron  centers  

w ith  respect to two o ne-e lec tron  centers rece ives a natura l q u a l i t a t iv e  

exp lanation  in the c lu s te r  model.

e) The u n i f ie d  model:

From a complete consideration  o f  the p rev io u s ly  proposed models 

one can see th a t  the polaron model seems to  g ive  an adequate exp lanation  

o f the so lva t io n  energy and o f  the volume expansion, and th a t  the c lu s te r  

model y ie ld s  some resu lts  fo r  the binding energy which are comparable 

to  those obtained from experim ent. In view o f the above re s u lts  and o f  

the o p t ic a l  absorption data one can propose the fo llo w in g  u n i f ie d  model: 

When the metal atom is d issolved in ammonia, i t  d issoc ia tes  and produces 

the metal ion and an e le c t ro n .  Some o f  the e lec tro n s  get trapped in a 

polaron s ta te  and some In c lu s te rs  around the  metal Ion. In d i lu t e
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polarons, which accounts fo r  the  success o f  the polaron theory in 

exp la in ing  the value o f  the so lva t io n  energy in d i lu t e  so lu tion s .

As the concentration increases, dimer c lu s te rs  are produced by the 

association  o f  monomer c lu s te rs ,  the tw o-e lec tron  polaron being probably  

unstable. As the concentration  increases toward s a tu ra t io n ,  the monomers 

and dimers form a l a t t i c e - l i k e  arrangement and the unpaired e lectrons  

get de loca lized  as in a metal.

2) Positron a n n ih i la t io n  experiments on metal-ammonia so lu tions:

Positron a n n ih i la t io n  has been used as a tool to  in v es tig a te  the

s tru c tu re  o f  metal-ammonia so lu t io n s . A b r i e f  discussion o f  the resu lts

5 6o f Stewart and V arlashkin  and o f  Varlashkin  from positron a n n ih i la t io n
N

experiments in a l k a l i  metal-ammonia so lu tions w i l l  be given below, so as 

to  be able to  re la te  t h e i r  re s u lts  to  the experiments w ith  cesium- 

ammonia so lu tions discussed in th is  d is s e r ta t io n .

I f  the e lectrons in the s o lu t io n  were fre e  one would expect to  f in d  

the data from the usual angular c o r re la t io n  experiment to  have the form 

o f  a small parabola , w ith  width and in te n s i ty  determined by the density  

o f  fre e  e le c tro n s , superimposed upon the broader d is t r ib u t io n s  which 

would re s u lt  from pos itrons a n n ih i la t in g  w ith  the outer e lec tro n s  o f

the ammonia molecule. This was not the r e s u l t  found in 1 ithium-ammonia

5 6solutions , nor in sodium, potassium or rubidium-ammonia so lu tions .

Instead, the momentum d is t r ib u t io n s  were found to  be e s s e n t ia l ly

concentration independent, and d i f f e r e n t  from the d is t r ib u t io n s  fo r

pure ammonia or fo r  a m eta l. The shape o f  the momentum d is t r ib u t io n

leads one to  b e lieve  th a t  very few positrons a n n ih i la te  w ith  higher



momentum e lec trons  as In the pure l iq u id  ammonia. The d is t r ib u t io n

from positrons a n n ih i la t in g  in l iq u id  ammonia shows two d is t in c t  regions

A region corresponding to a n n ih i la t io n s  w ith  higher momentum e le c tro n s ,

which is c a l le d  the broad component, and a region corresponding to

a n n ih i la t io n s  w ith  the lower momentum e le c tro n s , which is c a l le d  the

narrow component. The same terminology w i l l  be used to  re fe r  to  the

d is t r ib u t io n  from positrons a n n ih i la t in g  w ith  metal-ammonia so lu t io n s .

The narrow component o f  the pure l iq u id  ammonia momentum d is t r ib u t io r i

can be separated from the broad component in such a way as to  make the

narrow component resemble very much the data fo r  the m e ta l l ic  s o lu t io n s .

Since in o ther l i q u i f i e d  gases the narrow component is a t t r ib u te d  to

positronium form ation, the existence o f  a concentration  independent

narrow component in metal-ammonia so lu tions suggests the p o s s ib i l i t y

o f positronium formation in the so lu t io n s . P re lim inary  c a lc u la t io n s
\

o f  the momentum d is t r ib u t io n  o f  positrons a n n ih i la t in g  from positronium  

assumed to  be formed in a " c a v i ty "  in these so lutions support th is  

p o s s ib i1 i t y .

By comparing the re s u lts  obtained from a l k a l i  metal-ammonia

so lu tions w ith  those obtained from ca1cium-ammonia so lu tions one is  led

to  speculate th a t  increasing the fre e  e lec tro n  density  in a m eta l-

ammonia s o lu t io n  beyond th a t  corresponding to  saturated  1 ithium-ammonia

might tend to  in h ib i t  formation o f  the bound s ta te  associated w ith  the

narrow component o f the  angular c o r re la t io n  d is t r ib u t io n .  Since recent
4

data ind icates  th a t  cesium is soluble in ammonia in a l l  proportions  

i t  was decided to  in ves t ig a te  cesium-ammonia so lutions to  be able to  

study the whole concentration  range.



Since positronium formation is not observed in m etals , but is

believed  to be observed in metal-ammonia so lu t io n s , one is  led to

be lieve  tha t there  would be a t r a n s i t io n  region where positronium

formation ceases to  be allowed. A p r i o r i  one would expect the change

to be ra ther  abrup t,  as soon as the minimum radius required fo r  c a v ity

formation were reached. The work o f Thompson on metal-ammonia 
52

solu tions seems to  su b stan tia te  the b e l i e f ,  expressed through the  

various models fo r  metal-ammonia so lu tion s  a lready  discussed, th a t  the  

solu tions are markedly d i f f e r e n t  in the d i lu t e  and concentrated regions, 

having non-metal l i e  c h a ra c te r is t ic s  in the d i lu t e  region and m e ta l l ic  

c h a ra c te r is t ic s  in the concentrated reg ion. One is thus led  to  

associate positronium formation w ith  the d i lu t e ,  non m e ta l l ic  so lu t io n s ,  

and to  expect to  be ab le to  observe some sort o f  t r a n s i t io n ,  perhaps 

even ra ther  abrupt, to  the concentrated, m e ta l l ic  s o lu t io n s , where 

positronium form ation would not be expected. The considerations o f  

Thompson o f  a v a r ie t y  o f  physical p ro p e rt ies  seem to  po in t  out the 

existence o f  an abrupt t ra n s i t io n  o f  the Mott type in metal-ammonia 

s o lu t io n s . Thus pos itron  a n n ih i la t io n  in concentrated cesium-ammonia 

so lu tions should y ie ld  inform ation concerning th is  abrupt t r a n s i t io n ,  

i f  i t  e x is ts .

3) Discussion o f experimental re s u lts  on metal-ammonia solutions:

Positron a n n ih i la t io n  experiments have been conducted on a frozen  

cesium-ammonia s o lu t io n ,  the so lu t io n  w i l l  reach the e u te c t ic  concen

t r a t io n  when frozen and th e re fo re  w i l l  have a concentration  of  

approximately 17 mole per cent cesium in ammonia. S im ila r  experiments  

were a lso  conducted on l iq u id  cesium-ammonia so lu tions o f  concentrations
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22, 50 and 94 mole per cent cesium In ammonia. Graphs o f  the s l i t  

and temperature corrected curves, and the corresponding N(k) and p (k )  

are shown in Figs. 14, 15 and 16 re s p e c t iv e ly .  An ana lys is  o f  a pure 

cesium run is a lso  included in those f ig u re s  fo r  comparison purposes.

The f i r s t  fe a tu re  th a t  should be noted is th a t  the shape o f  the  

angular c o r re la t io n  curve is not concentration  independent, instead  

one notices a broadening o f  the narrow component in the l iq u id  

solutions as the concentration  increases. An increase in the r e la t iv e  

s ize  o f  the broad component w ith  concentration  is  a lso  n o ticeab le .

The shape o f  the d is t r ib u t io n  corresponding to  the frozen so lu tion  

resembles th a t  o f  the most concentrated so lu t io n  w ith  the exception  

th a t  there  seems to  be a l i t t l e  less broad component present in the 

frozen s o lu t io n .  By comparing a l l  four d is t r ib u t io n s  i t  can be seen 

th a t  although the shapes o f  the angular c o r re la t io n  curves are not the 

same fo r  a l l  concentra tions , nowhere is i t  possib le  to  detect an abrupt 

change in the shapes o f  the curves when comparing them. This is in 

complete variance w ith  our expectations in view o f  the foregoing  

arguments. This leads one to  b e lie v e  th a t  one is  not observing in 

r e a l i t y  a Mott type t r a n s i t io n  in cesium-ammoma s o lu t io n s , or a t  

leas t  th a t  even i f  a Mott t r a n s i t io n  e x is ts  i t  is not detectab le  using 

the pos itron  a n n ih i la t io n  technique.

By comparing the present re s u lts  w ith  the data o f  Stewart and 

Varlash k in ’’ on 19 mole per cent 1 Ithium-ammonia so lu tions i t  can be 

seen th a t  the angular c o r re la t io n  d is t r ib u t io n  fo r  22 mole per cent 

cesium-ammonia is id e n t ic a l  w ith  th a t  obtained fo r  the 19 mole per 

cent 1 ithium-ammonia which, as w i l l  be re c a l le d ,  is id e n t ic a l  w ith
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5 0  %
9 4  %
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0 4

■ 8 ( Milliradians)
Fig. 14 Momentum distribution of photonsfrom positrons annihilating 
in liquid cesium-amonia solutions and in solid cesium. Concentrations 
are expressed in mole per cent cesium. © is the angle by which 
the directions.of, the emitted photons deviate from 180° for a 
particular annihilation.
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100 %

N ( k )

o 2 4 6 8

9 (Miiliradiqns)
Fig. 15 D ensity  of states as obtained from the photon 
momentum distribution-of Fig. 14. Concentrations are 
expressed in mole per cent cesium. 9  is the angle by 
which the directions of the em itted photons deviate 
from l8 0 °fo r a particular annihilation.
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9 4  %  
100 %

20 4 86
Q ( M i l l i r a d i a n s )

Fig. 16 P ro b a b ility  density as obta ined  from  the 
photon m om entum  d is tribu tion  of Fig-14. Concen
trations are expressed in mole per cent cesium .
0  is the angle by which the directions of the emitted 

. photons deviate from  180° f o r a  particular annihilation.
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the d is t r ib u t io n s  obtained fo r  a l l  the o ther a l k a l i  metal-ammonia 

so lu t io n s . This seems to  ind ica te  tha t a l l  the a lk a l i  metai-ammonia 

solu tions have approximately the same s tru c tu re  and e le c t r ic a l  

p ro p e rt ie s  in d i lu t e  and even in moderately concentrated so lu t ion s , a t  

leas t  from the viewpoint o f  pos itron  a n n ih i la t io n  experiments.

4) Discussion o f  the p o s s ib i l i t y  o f  formation o f  positronium and other

bound species in metals and in metal-ammonia so lu tions:

7 8T h eo re tica l considerations ’ as w ell as experimental evidence  

in d ic a te  th a t  there  should be no positronium formation in pure m etals .  

Examination o f  the angular d is t r ib u t io n  corresponding to  Sk mole per 

cent cesium in ammonia ind icates  th a t  th is  d is t r ib u t io n  is not very  

d i f f e r e n t  from th a t  a t  22 mole per cent cesium in ammonia, so tha t i f  

one attempts to  exp la in  the existence o f  the narrow component in m eta l-  

ammonia so lu tions be asc rib ing  i t  to  a n n ih i la t io n s  from positronium  

formed in a c a v ity  one is forced to conclude th a t  in concentrations  

even as high as mole per cent cesium in ammonia a considerable amount 

of positronium  is formed. On the o ther hand, i t  seems d i f f i c u l t  to  

b e lieve  th a t  the ad d it io n  o f  a very minute amount o f  ammonia ( to  the  

exten t o f  6 mole per cent) would produce such changes in the s tru c tu re  

o f the cesium to a llo w  fo r  the formation o f  positronium in i t .  The 

remarkable volume expansion o f  metal-ammonia so lu tions could be adduced 

as p a r t ia l  exp lanation  o f  t h is ,  but i t  is also possib le  to  suppose th a t  

there  are o ther e n t i t i e s  formed in the so lu tion  besides positronium ,  

fo r  example the a lready  mentioned positronium negative ion which could  

be formed by in te ra c t io n  o f  the positrons with tw o-e lec tron  centers  

which could very w ell,  e x is t  in the so lu t io n s . The arguments fo r  and



95

against the p o s s ib i l i t y  o f  the existence o f  th is  e n t i t y  are by no means

s e t t le d  yet and need fu r th e r  th e o re t ic a l  co n s id era tio n . Recent

53ca lc u la t io n s  by Land and O 'R e i l ly  , however, seem to  lend l i t t l e  

support to  the importance o f  e i th e r  the c a v ity  species e^ or the  

monomer species Na . in sodium-ammonia s o lu t io n s . I t  is claimed, how

ever, th a t  c lu s te red  species, such as a p a ir  o f  c a v i t ie s  in te ra c t in g  

w ith  or w ithout a neighboring p o s it iv e  ion may be important bound 

e lec tro n  p a ir  species in l iq u id  ammonia.



Table 1 Cesium-ammonia runs
Mole % 
Cesium

Tem p
°C PHASE %narrow

compt.
HWHM
C 0 REW,

HWHM
NOCOljE-

1 7 - 1 65 Solid 6 7 1 ,8 1 .7
2 2 - 5 0 Liqu id 8 2 1 . 7 1.6

5 0 0 Liquid 6 7 1 .8 1 . 7
9 4 7 Liquid 7 5 1 . 9 1 .8

Table 2 Pure cesium runs
T e m p

°C PHASE
% narrow 

com pt.
H W H M  
C 0  REmr

HWHM
n o c o r e ^.

- 1 7 2 Solid 6 0 2 .0 1 . 9

- 9 3 Solid 6 7 1.9 1 .8

6 Solid 6 0 . 1 .9 1 .8
1 6 Solid 5 2 1 .9 1 .8

3 1 Liquid 5 2 1 .9 1 .7

3 5 Liquid 4 9 1 .9 1 .8
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Table 3 Pure rubidium runs
T e m p

°C P H A S E
% narrow 

compt.
H W H M  mr. 

C O R E
H W H M m r.

NOCORE

- 1 68 Solid 6 7 2 .  1 2 . 0

- 5  4 Solid 6 3 2. 1 2 .0
3 4 Solid 5 5 2 .  1 1 . 9

4 3 Liquid 5 7 2 .  1 1 . 9
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APPENDIX I 

SOURCE DECAY CORRECTION

I f  a rad io ac tive  isotope has a decay constant X, the number N o f

ra d io ac t ive  atoms remaining a f t e r  time t  is g iven , in terms o f  the

i n i t i a l  number Nq o f  ra d io ac t ive  atoms, by N = Nq exp (-X  t )  (1)

When N = N /2  one obtains from (1) N / 2  = N exp (-X  t , )  
o o o 2

(2) where t i  = t(N  = N /2 )  is the h a l f - l i f e  o f  the isotope. From (2)
2 o

i t  fo llow s th a t  X = 0 .6 9 3 / t j .  (3 ) so th a t ,  s u b s t i tu t in g  (3) in ( l )
2

N = N e x p (-0 .6 9 3 t /t jL )  (4) fo llow s.o . 2

The background is  given by:

BGq = 2 t'TN jN2 (5) where BGq is  the i n i t i a l  background, t 1 is the 

to ta l  count t im e, f  is  the reso lu t io n  o f  the instrument and Nj and N2 

are the side channel count ra te s .  Since the s ide channel count ra tes  

depend on the strength  o f  the source, formula (4 ) app lies  to  the 

v a r ia t io n  o f the side channel count ra te s .  Thus the actual background 

fo r  the f i r s t  po in t  o f  the f i r s t  scan is given by 

BGq  jj = 2 t ' r N 1 e x p ( - 0 .6 9 3 t ' / t ^ ) N 2 e x p ( -0 .6 9 3 t» / t^ )

= 2 t , rN ,N 2 e x p ( -1 .3 8 6 t ‘ / t ^ )  (5)

S im i la r ly  the background fo r  the i th  p o in t  o f  the f i r s t  scan w i l l  be

BG(i 1) “ 2t'TNiN2 *386 i t'/t^)

= BG e x p (-1 .3 8 6  i t ' / t , )  (6)o 2

I f  t  is the time taken fo r  the ta b le  o f  the angular c o r re la t io n  o

apparatus to go from the end o f  the la s t  po in t o f  a given scan to  the

beginning o f  the f i r s t  po in t o f  the next scan, and there  are N po in ts

per scan, the background fo r  the f i r s t  po in t o f  the second scan w i l l
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be given by:

BG( ] 2) = BGo e x p [(-1 .3 8 6 /ti)(N t,+ to+ t ' ) ]  (7)

S im ila r ly  fo r  the background fo r  the 1th p o in t o f the second scan: 

BG( . ^  m BGQ e x p [ ( - 1 .3 8 6 / t i ) ( N t '+ t o+ i t ' ) ]  (8)

and fo r the background fo r  the ith  p o in t o f the mth scan:

BG(i,m ) “  BGo e x p { [ - 1 .3 8 6 / t J [ ( m - l ) ( N t '+ t o) + i t ' ] }  (9)

A fte r  the background fo r  each p o in t o f each scan has been thus ca lc u la te d

i t  is subtracted from the corresponding number o f counts y^. obtained

fo r  th a t p a r t ic u la r  p o in t and scan to  ob ta in  the background corrected

re s u lt  o f  BG/. »:
( i ,m)

N( i  ,m)“  yBG(i ,m) t= y ( i,m ) BG(i,m )

The background correc ted  counts s t i l l  have to  be correc ted  fo r  source

decay; th a t is ,  fo r  each in d iv id u a l scan, the angular c o rre la t io n  curve

w i l l  have a lopsided appearance due to  source decay during the course

o f the scan. Thus i t  is necessary, w ith in  each scan, to  c o rre c t the

background correc ted  counts to  what they would have been fo r  a source

o f constant s tre n g th . Since N =» N e x p ( - 0 .6 9 3 t / t i ) i t  fo llow s th a t
o 2

N = N e x p (0 .6 9 3 t / t i ) ;  aga in , i f  t ‘ is the tim e per p o in t , th ere  are N
o 2

po in ts  in a scan, t Q has the same meaning as b e fo re , and i f  N^. ^  is 

the number o f background corrected  counts a t the ith  p o in t o f  the mth 

scan, the corrected  number o f counts for, the ith  p o in t o f  the f i r s t  scan, 

M(j . | ) wi 1.1 be N^. j je x p ( 0 .6 9 3 i t ' / t ^ )  (11) s im ila r ly  fo r  the ith

p o in t o f the second.scan:' N^j 2 )® . 2 ) exPC( 0 .6 9 3 /t^ ) (N t '+ i t ,+ t o) 3 (12)
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and fo r  the ith  p o in t o f the mth scan:

N0 ,m )  “  N( j , m) exP ^ 0 - 69 3 / t p [ ( m - 1 ) N t '+ ( m - l ) t o+ i t ' ] }  (13)

th a t is:

N(I nl) “ N(1 > ) oxp£C0.693/ti ][(m -l)(N t,+to)+| t ' ] }  . (I<t)



APPENDIX 2 

SLIT CORRECTION

Since the s l i t s  used in the experim ent were not in f in i t e ly  narrow, 

when counts were taken a t a p a r t ic u la r  angle they were a c tu a lly  being  

taken a t  an angular range, as can be seen from the drawing below.

R<e)

$--e-r 4=b fce+r
Here is tha angle between the arms o f the angular c o rre la t io n  

apparatus, and y  is ' the angle subtended by the  s l i t ,  as seen from the  

sample.

Therefore  co n trib u tio n s  were measured fo r  angles between 0 -  y  

and 0  + y  as should be obvious from the f ig u re . I f  the tru e  angular 

d is tr ib u t io n  is given by the fun ctio n  T (0 ) i t  w i l l  be smeared by th is  

angle 2 y .

Define a reso lu tio n  fun ctio n  R (0) which gives the c o n tr ib u tio n  to  

the count ra te  from a n n ih ila tio n s  a t  angles between 0 -y  and 0 + y  .

Th is reso lu tio n  functio n  is  a l in e a r  functio n  o f the angular d ev ia tio n  

from 0 ,  the angle defined  by the cen ter o f  the s l i t s .  Therefore  i f  the  

tru e  angular d is t r ib u t io n  a t 0 is given by T ( 0 ) ,  the actual d is tr ib u t io n  

E(0) (measured by the instrum ent) a t  an angle 0 w i l l  be given by:

0+y
E (0)«  J  R(0)T(<p') dtp' (15),

0 -y

1



105

A formula fo r  the numerical In te g ra tio n  o f the above w i l l  be 

d erived . Consider the s l i t  c o rre c tio n  a t  a po in t j  in the angular 

c o rre la t io n  curve. P o in t 1 w i l l  denote the maximum o f the angular 

c o rre la t io n  curve.
I

a

Let the s l i t  w idth be 2a, d iv id e  a in  N equal p arts  and d e fin e  

6 = a/N so th a t i f  a p o in t 1 is N or more d e lta  u n its  away from po in t j  

i t  w i l l  not c o n trib u te  anything to  the s l i t  c o rre c tio n  a t  j .  A ll  po in ts  

j  are  picked a t equal d e lta  in te rv a ls  so th a t po in t j  is a t  ( j - 1 )  d e lta  

in te rv a ls  from p o in t 1. Consider a p o in t 1 located  on the l e f t  hand 

side (LHS) o f p o in t 1. Th is p o in t i is located  ( i - 1 ) + ( j - l )  53 i+ j - 2  

d e lta  u n its  away from p o in t j  so th a t  i f  i+j-2&N th ere  w i l l  be no c o n tr i

bution  from i to  the s l i t  c o rre c tio n  a t j .  N o tice  th a t  since i+ j-2sN

then ( i+ j -2 )  /N srl. T h e re fo re , i f  there  is  a c o n tr ib u tio n  to  the s l i t

i+i~2
c o rrec tio n  from a p o in t i on the LHS i t  w i l l  be given by (1 -  — — )n .  

(16) where n  ̂ is the o rd in a te  o f the ith  p o in t.

Consider a p o in t I located on the r ig h t  hand side (RHS) o f p o in t 1. 

This p o in t i is  located | i - j |  d e lta  u n its  away from p o in t j ,  so th a t
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I f  | i “j |  ^ N th ere  w i l l  be no c o n tr ib u tio n  to  the s l i t  co rrec tio n  from  

p o in t 1 to  the s l i t  c o rre c tio n  a t j .  N o tice th a t since | i - j | 2 :  N then 

11 —j | / N  ^ 1. T h e re fo re , I f  th ere  is a c o n tr ib u tio n  to  the s l i t

co rre c tio n  from a p o in t i on the RHS i t  w i l l  be given by (1 -  -I- i ) n .(1 7 )  

where n. is the o rd in a te  o f  the ith  p o in t.

I f  the top p o in t 1 is N d e lta  u n its  away from the j t h  point i t  

w il l  never be counted, but i f  i t  is less than N d e lta  u n its  away i t  

w il l  be.counted when adding up the c o n tr ib u tio n s  from the l e f t  hand 

side and a lso  when adding up the c o n tr ib u tio n s  from the r ig h t  hand s id e , 

so i t  w i l l  be necessary to  su b trac t i t  once when adding the co n trib u tio n s  

from both s id es . Thus the to ta l c o n tr ib u tio n  to  the s l i t  c o rre c tio n , 

and th e re fo re  the to ta l s l i t  c o rre c tio n  y? a t a p o in t j  w i l l  be, i f  

th ere  are M p o in ts  on each side o f the curve, inc lud ing  the top p o in t 1:

/  = S  + S  ( l - - L ^ L ) n  - A ( j )  (18)
J i= l i= l

i+j-2s:N | i -  j  | SN

A ( j )  = 0  i f  j - l^ N

A ( j)  -  ( 1 - -U ^ -L jn , i f  j - l< N
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TEMPERATURE CORRECTION

The pos itrons a n n ih ila t in g  w ith  the e le c tro n s , although therm alized  

a t the tim e o f  a n n ih ila t io n , do not a l l  have zero  momentum, but have a 

momentum d is t r ib u t io n  given by the Boltzmann fa c to r:

e x p (-E /k T ) = exp(-m 2c 2p 2/2m*kT)

*where m is the  p o s itro n  e f fe c t iv e  mass, T is the tem perature in degrees 

K e lv in , m is the mass o f the e le c tro n , <p is the angle in radians and k 

is Boltzm ann's constant. Thus in considering the c o n tr ib u tio n  to  the

a n n ih ila t io n  a t  a given angle not on ly  zero momentum pos itrons have to

be taken in to  account, but a l l  possib le  a n n ih ila tio n s  w ith  positrons o f 

a l l  possib le  momenta, which is p re c is e ly  what the Boltzmann fa c to r  g ives. 

Then the measured d is t r ib u t io n ,  E ( 0 ' ) ,  is g iven , in terms o f the actual 

d is tr ib u t io n  T (0 ) by:
> +CO

E (0 ‘ ) = J  T (0 \)  exp(-m 2c2<p2/2m *kT) dp (19)
—00

Thus from (15) and (19) the combined e f fe c t  o f s l i t  and temperature  

co rrec tio n s  is :

E (0 ) '=  J R(0) J* T ( 0 ')  exp(-m2c2(̂ )2/2m *kT )<kpd8l (20)
0-*7 - «

A form ula fo r the numerical in te g ra tio n  o f the tem perature

re s o lu tio n , eq. (19) w i l l  be d erived . The f ig u re  used fo r the d e riv a tio n

o f the s l i t  c o rre c tio n  w i l l  be used. Consider a point i located on

the l e f t  hand side o f p o in t 1. I t s  c o n tr ib u tio n  to  the tem perature

* *i* * 2c o rre c tio n  a t a po in t j  w i l l  be ( I -  — jjj— )n .  where n. is the o rd in a te  o f  

the ith  p o in t . Consider a po in t I located  on the r ig h t hand side o f
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p o in t 1. I ts  c o n tr ib u tio n  to  the tem perature c o rre c tio n  a t a p o in t j

w i l l  be (1 -  n . where n. is the o rd in a te  o f the ith  p o in t. The
• N i i

T
to ta l tem perature c o rre c tio n  y j a t the po in t j  can be obtained by 

adding the co n trib u tio n s  from a i l  the po in ts  on the r ig h t  hand side and 

from a l l  the po in ts  on the l e f t  hand s id e , and then su b trac tin g  the  

c o n tr ib u tio n  from the top p o in t , which has been counted tw ice . The 

f in a l  re s u lt  w i l l  be, i f  th ere  are  M p o in ts  on each side o f the curve, 

in c lu d in t the top po in t 1:

The tem perature e f fe c t  due to  e le c tro n  motion on the shape o f the  

a n n ih ila t io n  curve is n e g lig ib le  when compared to  th a t  due to  p o s itro n

motion discussed above, th u s , i f  A  k is the thermal smearing o f  the
ch. 2  2

Fermi surface due to  e le c tro n  m otion, then (h  /2m) (k^.± A  k) = E^.±kgT

where is the Fermi momentum, Ê . is  the Fermi energy and kg is

Boltzmann's constant. That is:

(h2/2m) (k f ±  A  k )2 = (h2/2m) (k f 2±2kf A k + (A k f )  « (h 2/2m) (k f 2±2kf A k ) ,

2 2 2 
n eg lec tin g  the second o rder term (A k) . Hence (h  /2m )(k^  ±2k^A k) =

Ef  ±  kgT but Ef  = h2k2/2m so th a t  2Ef A  k /k f  = kgT th a t is A k /k f  =

kgT/2E^.. The thermal smearing due to  pos itron  motion is o f the o rder k+
2 2 s A

where h. k+ /2m = kgT so th a t k+ /k ^  = [3kgT/2E<:] 2 . At room tem perature

kgT is o f the order o f 1 /40  eV: kgT ® (0 .8 6  x 10 ^ eV deg )̂(3 0 0  deg) =

0 .025 eV m 1/40 eV. For the a lk a l i  m etals the va lue  o f Ê . v a rie s  from

55
4 .7 2  fo r  Li to  1.53 fo r  Cs , then one c a lc u la te s :
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( A k / k f ) L . ** ( 1 /8 0 ) (1 /4 .7 2 )  M 1 /375 ,

(k+/ k f ) Li «  (3 /3 7 5 ) *  »  1 /1 1 , (A  k /k f ) Cs w  (1 /8 0 ) (1 /1 .5 3 )  «  1 /130 ,

(k+/ k f ) Cs «  (3 /1 3 0 )2 »  1 /6 . Hence (A  k /k f ) / ( k +/ k f ) = A  k/k+= (kgT/6Ef ) 2 ,

so th a t (A  k /k + )^ .  = 1 /34 and (A  k/ k+ )q s a 1 /22 .

Since the e f fe c t  due to  p o s itro n  motion is ju s t  v is ib le  on a 

la rg e ly  expanded s c a le , th a t is ,  by comparison o f the tem perature  

correc ted  angular c o rre la t io n  a n n ih ila t io n  curve w ith  the uncorrected  

curve, the e f fe c t  due to  e le c tro n  m otion, which is  two orders o f  

magnitude sm aller., is n e g lig ib le  and was th e re fo re  not co rrec ted  fo r .



APPENDIX k  .

CALCULATION OF STATISTICAL ERRORS

A constant background w i l l  be assumed in th is  c a lc u la tio n  o f 

s t a t is t ic a l  e r ro rs . Denoting by y { raW the raw value o f the data  

obtained fo r  the i th  p o in t , and by B6 the background, the standard  

d ev ia tio n s  o f the above q u a n tit ie s  are defined  by or.raw s  ( y . raw) 2 

and or = (BG)2re s p e c tiv e ly . The background correc ted  value a t the  ith  

p o in t is y . = y . raw-BG and the corresponding e r ro r  in y . is

<7- = C(cr.raw)^  + cr^]? A ll the curves p e rta in in g  to  the same physical

q u a n tity  were norm alized to  the same value a t the maximum fo r  comparison

purposes. Thus i f  a l l  the curves were norm alized to  a he igh t o f A u n its

a t  the maximum, and the value o f the unnormalized curve a t the maximum

was a , a l l  the p o in ts .o f  the curve had to  be m u lt ip lie d  by the same

Nno rm aliza tion  fa c to r  \  = A /a . The e rro r  <r., corresponding to  the

Nnormalized counts versus angle curve was thus or. = Y cr. where y is3 i ,m Am i Am

the n o rm aliza tio n  fa c to r .  The sub scrip t m re fe rs  to  a p a r t ic u la r  curve

since the n o rm aliza tio n  fa c to rs  d i f f e r .

I t  w i l l  be assumed th a t the e rro r  fo r  the s l i t  and tem perature

corrected  curve is  o f  the same order o f  magnitude as th a t fo r  the

uncorrected curve c a lc u la te d  above, and th is  ca lc u la te d  e r ro r  w i l l  be

used in place o f the e rro r  fo r  the s l i t  and tem perature correc ted  curve.
C0r6

I f  the value o f the counts versus angle curve fo r  a given core is y .

the standard d e v ia tio n  in the core a t th a t p o in t is given by (X.core =

co rc(y . ) 2 I f  the sca lin g  fa c to r  fo r  the core fo r  a p a r t ic u la r  run is f ,

the e rro r  in the core functio n  scaled w i l l  be (T| ^  fCTjCore. I f  the

core is  subtracted  the e r ro r  in  the core correc ted  fu n c tio n  is th e re fo re  

given by or? -■ [(or1? )^ .+  (crt I f  the  n o rm aliza tio n  fa c to r  fo r
l|fY!pT I ,m *9*

. no
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the core corrected fu n c tio n  Is a  the e rro r  In the norm alized, core

n
C 0correc ted  function  is  or. , = a  a . c . Denoting the e r ro r  in thei,m ,r ,n  n I ,m ,r

norm alized ith  po in t o f a curve , whether core correc ted  or n o t, by S . ,

the e rro r  in the d e r iv a t iv e ,  taken by d iffe re n c e , between two successive
2 2  1

po in ts  is  A. = C(S-+1) + (L.) P  / 1k,+ 1 - k . | .  I f  the norm aliza t ion

fa c to r  fo r  the d e r iv a t iv e  is  n̂  the e rro r  in the norm alized d e r iv a t iv e  

fun ctio n  is A j00™  = n̂  Aj . I f  N(k) and p (k ) a re  obtained from the  

unnormalized d e r iv a t iv e  and th e ir  resp ec tive  n o rm aliza tio n  fa c to rs  are  

nj. and n , the resp ec tive  e rro rs  in N (k) and p (k ) unnormalized a re , in 

view  o f th e ir  d e f in it io n s ,  Â* = Ajk, A./k and the e rro rs  in N(k) 

and In p(k) normal ized are  J {  ̂  , £$-;norm -  Z? «p  .

Typical e rro r  bars have been computed fo r  a few po in ts  o f N(k) and 

p (k ) and are shown in .f ig u re s  15 and 16.
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AND SOLID RUBIDIUM AND CESIUM
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ABSTRACT

The momentum d is t r ib u t io n  o f  photons from positrons  

a n n ih ila t in g  in  l iq u id  and s o lid  rubidium  and cesium and 

in  s o lid  krypton and xenon has been measured. The 

krypton and xenon data  are  used to  remove the core  

c o n tr ib u tio n s  in  rubidium  and cesium re s p e c t iv e ly .

A n a lys is  o f  the re s u lta n t  conduction e le c tro n  momentum 

d is t r ib u t io n  shows th a t ,  A . in d ic a tio n s  o f  h igher momentum 

components due to  s c a tte r in g  in to  the second zone are

predom inately  a r e s u lt  o f  core a n n ih ila tio n s  and la rg e ly .
$

disappear when the core c o n tr ib u tio n  is  removed, B. the  

f re e  e le c tro n  model is  reasonably accurate fo r  the l iq u id  

m etals as w e ll as the s o lid s .  The core c o n tr ib u tio n s  in  

rubidium  and cesium c lo s e ly  approxim ate Gaussians. There  

is  l i t t l e  o r no change in  the r a t io  o f  the broad to .n arro w  

component upon m e ltin g .

N' • * V ■ ■ . • . ; , • * .*•

. * * • t • *\ •
■ 1 1 2  . .  . : '
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Using p o s itro n  a n n ih ila t io n  as a probe to  measure the

c h a ra c te r is t ic s  o f  e le c tro n s  in  m eta ls , severa l in v e s tig a to rs

have in d ic a te d  th a t  fre e  e le c tro n  theory is  not adequate to

d escribe  the conduction e le c tro n  momentum d is t r ib u t io n  o f

1-9various l iq u id  m e ta ls . Change in  shape o f  the narrow  

component upon m e ltin g  may be due to  the loss o f  the ordered  

s tru c tu re  o f  the p e r io d ic  l a t t i c e ,  however, in  some m eta ls , upon 

h ea tin g  the d is t r ib u t io n  changes p r io r  to  m e ltin g  and undergoes 

s l ig h t  a d d it io n a l change th e r e a f te r .  (A f a i r l y  ex ten s ive  

discussion o f  the s itu a t io n  is  given in  references 1 and 2 ) .

We have measured the angular c o r re la t io n  o f  photons from  

p os itrons  a n n ih ila t in g  in  l iq u id  and s o lid  rubidium  and cesium.

T h is  data  when p ro p e rly  analyzed in d ic a te s  f re e  e le c tro n  behavior 

in  these sim ple m etals in  the l iq u id  as w e ll  as. the s o lid  s ta te .  

F u rth e r , th ere  has been considerab le  discussion o f  the p o s s ib i l i t y  

o f  h igher momentum components due to  s c a tte r in g  in to  the second 

zone.*®  *•* Rubidium and cesium data  when analyzed in  the  

customary manner s tro n g ly  in d ic a te  the presence o f  high momentum 

components. However, when the c o n tr ib u tio n  from a n n ih ila tio n s  

w ith  the core e le c tro n s  is  removed, the apparent high momentum 

components la rg e ly  d isapp ear.

Le t the coincidence counting ra te  from the usual long s l i t

angular c o r re la t io n  apparatus fo r  p o s itro n  a n n ih ila t io n  experim ents

be denoted by k (0 ) where 6 is  the angle by which a n n ih ila t io n

photons d e v ia te  from  180°. 'S te w a rt***  has shown th a t

p (k )  «  ( l/0 ) [d k _ (0 )y 8 0 ] and N (k) «  6 d k ,(0 ) /d 0  where p (k )  is  the * z  • z



p r o b a b il ity  d e n s ity  and N (k) is  the d en s ity  o f  s ta te s . These 

re la t io n s  however.should o n ly  be ap p lied  to  the conduction e le c tro n s  

and the c o n tr ib u tio n  from a n n ih ila tio n s  w ith  the core e le c tro n s  

must be removed before a ttem pting  th is  s o r t  o f  a n a lys is  o f the

data  o r serious e rro rs  w i l l  r e s u lt .

Because o f  th e ir  s im p lic i ty ,  the a lk a l i  m etals make id e a l 

te s t  cases. I t  is  necessary, o f  course, to  have data  a v a ila b le  

on core a n n ih ila tio n s  i f  the core c o n tr ib u tio n  is  to  be 

• sub tracted  p r io r  to  fu r th e r  a n a ly s is . In  the case o f the a lk a l i  

m eta ls , the in e r t  elements provide the core e q u iv a le n ts  o f  the 

m e ta ls . Due to  positronium  form ation in  the l iq u i f ie d  gases, 

i t  is  p re fe ra b le  to  use data  on the in e r t  elem ents in  s o lid  form .
s.

Because p o s itro n  a n n ih ila t io n  angular c o r re la t io n  d ata  on s o lid  

krypton and xenon (unpublished data o f  Paul G. V a rlash k in ) shows

no sign o f  positronium  form ation  (as evidenced by the absence o f

a narrow component in  the momentum d is t r ib u t io n ) ,  rubidium  and 

cesium were chosen as te s t  cases.

Data was taken w ith  the usual long s l i t  angular c o rre la t io n  

apparatus. Rubidium was measured a t  -168°C , -5^°C , 34°C, and 

43 °C (m o lte n ). Cesium was measured a t  -172°C , -93°C , 6°C , 16°C, 

31°C (m o lten ), and 3 5 °C (m o lten ). The m etals were vacuum d is t i l l e d  

in to  a s ta in le s s  s te e l measurement c e l l  and con tinuously  vacuum 

pumped during the data  runs. Temperature was cycled  from the  

lowest tem perature up in to  the molten reg ion  and then back down 

in  tem perature to  check a g a in s t the p o s s ib i l i t y  o f  surface  

o x id a t io n . The e n t i r e  momentum d is t r ib u t io n  was scanned rep ea te d ly ,
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each data  scan la s t in g  about th ree  hours. Comparison o f each data

* 1
scan w ith  i t s  predecessor served as a n a tu ra l check to  insure th a t

the c h a ra c te r is t ic s  o f  the sample had not changed from one scan to

the n e x t. The data  has been co rrec ted  fo r  ins tru m en ta l re s o lu tio n

17due to  s l i t  w idth  and a lso  fo r  p o s itro n  tem perature . A fte r  Kim 

18and Garg, the r e la t iv e  e f fe c t iv e  mass o f  the pos itrons was taken  

as 2 .k  in  rubidium  and 2 .6  in  cesium. The combined s l i t  and 

tem perature c o rre c tio n  a lte re d  the experim enta l data  ju s t  enough 

to  be b a re ly  v is ib le  on a la rg e  sca le  g rap h ica l p re s e n ta tio n .

In  F ig s . 1 and 2 the l e f t  hand column represents data  from  

which the core c o n tr ib u tio n  has not been sub tracted  w h ile  the  

r ig h t  hand column shows the re s u lts  a f te r  core s u b tra c tio n . The 

s o lid  krypton ( - l6 6 ° C )  and xenon (-12 1°C ) cores are  shown as 

dotted  lin e s  in  the coincidence counting ra te  d is tr ib u t io n s  o f  

F ig s . 1 and 2 re s p e c t iv e ly . S o lid  rubidium  and cesium are  

i l lu s t r a te d  a t  two d i f f e r e n t  tem peratures in  o rd er to  show th a t  

e le v a tio n  o f  the tem perature c lose  to  the m eltin g  p o in t produces 

no s ig n if ic a n t  e f f e c t .  The a c tu a l data  po in ts  a re  shown in  the 

coincidence counting ra te  d is tr ib u t io n s  w ith  core in c lu d ed . The 

po in ts  on the remainder o f  the d is tr ib u t io n s  are  " s y n th e tic "  in  

th a t  they have been taken from a smooth curve f i t  to  the d a ta . 

Whenever p o s s ib le , an e le c tro n ic  computer was used to  f i t  a curve  

generated from the sum o f  fo u r gaussians. However, i t  was not 

found poss ib le  to  o b ta in  an adequate computer generated data  

f i t  fo r  the d is tr ib u t io n s  lab e led  C, E, and F and these were 

analyzed g r a p h ic a lly .  E rro r  bars two standard d e v ia tio n s  long
* . I i • . ' t ■ * . ♦, » •
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have been computed fo r  a ty p ic a l data  run as a fu n c tio n  o f  6 .

They represent the s t a t is t i c a l  e r ro r  th a t  could be a n tic ip a te d  

i f  d i f f e r e n t ia t io n  o f the coincidence counting ra te  had been 

obtained  by tak in g  the d iffe re n c e  between successive data  p o in ts . 

Since p (k ) is  obtained by d iv id in g  the d e r iv a t iv e  by 0 , the e r ro r  

bars become i n f in i t e  fo r  s u f f ic ie n t ly  sm all 6 .  The v a r ia t io n  in  

p (k )  below about 2 m il l ir a d ia n s  comes from minute system atic  e rro rs  

in  curve f i t t i n g  and. should not be considered p h y s ic a lly  

s ig n i f ic a n t .  Note the disappearance upon removing the core o f  the  

high momentum components ( p a r t ic u la r ly  n o tic e a b le  in  the N(k) 

d is t r ib u t io n s ) .  The s l ig h t  re s id u a l am plitude a f te r  core removal 

may indeed be due to  h igher momentum components o f  the conduction  

e le c tro n s  but is  more probably due to  the fa c t  th a t  kryptpn and 

xenon cannot be expected to  e x a c tly  d u p lic a te  the core d is t r ib u 

tio n s  o f  rubidium  and cesium.

Since in  most m etals experim enta l data  on core c o n tr ib u tio n  is  

not a v a ila b le , core c o n tr ib u tio n  is  sometimes obtained from a 

th e o re t ic a l c a lc u la tio n .; ;o r as is  more o fte n  the case, in  the  

absence o f  a th e o re t ic a l tre a tm e n t, sim ply by f i t t i n g  the high

momentum p o rtio n  o f the curve to  a Gaussian (see fo r  example

6references 5 and 7)• McGervey has pointed out the errors which 

may be inherent in a Gaussian f i t  to the core contribution.

Figs 3 and k show expanded plots of the high momentum contribution 

of rubidium and cesium together with a Gaussian f i t  to the data 

and also with krypton and xenon f i t  to the data. The quality of 

f i t  for both the Gaussians and the in ert elements is remarkably



good, Note th a t  the am plitude o f  the Gaussian is  too high in  

the v ic in i t y  o f low momenta and th a t th is  discrepancy dim inishes  

w ith  in creas in g  tem perature. This is  probably due to  the increased  

d iso rd er a t  h igher tem peratures. For comparison purposes the  

ra t io s  o f narrow to  broad component as determ ined both by Gaussian 

and by in e r t  elem ent are tab u la ted  in  Tables 1 and 2 .

Rubidium shows a decrease in  narrow component upon heating  

and l i t t l e  change upon m e ltin g . Except a t  the lowest 

tem perature, cesium shows a s im ila r  tre n d . The decrease in  narrow  

component in  cesium a t  the lowest tem perature may be due to  the  

onset o f a low tem perature phase t ra n s it io n  but i t  would be 

premature to come to  th is  conclusion on the basis o f  a s in g le  

number. The decrease in  the narrow component upon heating  is  

co n tra ry  to  th a t  g e n e ra lly  observed in  o th e r m etals (see fo r  

example, re ferences 1, 2 , 1 9 ) .  F u rth e r, the absence o f  s ig n if ic a n t  

change in  the r a t io  o f  the narrow to  broad component upon m elting

is  somewhat unusual. G e n e ra lly , m e ltin g  enhances the r e la t iv e

1 2 *5 7 8 
s iz e  o f  the narrow component. '

. The slopes o f  the angular c o r re la t io n  d is tr ib u t io n s  a f te r  

core removal are shown in  F ig . 5 fo r  l iq u id  and s o lid  rubidium  

and cesium. B, C, E, and F denote the same tem peratures as in  

F ig s . 1 and 2 .  A fre e  e le c tro n  momentum d is t r ib u t io n  in  the  

absence o f e le c tro n -p o s itro n  in te ra c tio n  (such as v e lo c ity  enhance

ment) .produces a p a ra b o lic  angular c o r r e la t io n .d is t r ib u t io n  which 

in  tu rn  g ives r is e  to  a l in e a r  d e r iv a t iv e .  Note th a t



118

m eltin g  produces l i t t l e  o r no change in  the slopes and the m etals  

re ta in  th e ir  f re e  e le c tro n  c h a ra c te r is t ic s  even when m olten .

In conclusion , i t  seems most l ik e ly  th a t  the vast m a jo r ity  

o f  the h igher momentum components o f  rubidium  and cesium should no t 

be a t t r ib u te d  to  e le c tro n s  s c a tte re d  in to  the second zone, but are  

in  a c tu a l i ty  due to  a n n ih ila t io n s  w ith  core e le c tro n s . Second, 

core removal by f i t t i n g  o f  a Gaussian to  the broad component o f  

rubidium  and cesium introduces o n ly  minor e rro rs  in  the determ ina

t io n  o f  the r a t io  o f  the narrow to  broad component s ince fo r  

these elements a Gaussian approximates the core ra th e r  w e l l .  T h ird ,  

the r a t io  o f narrow to  broad component is  not s ig n i f ic a n t ly  

changed by m e ltin g . Fou rth , in  c o n tra s t to  more com plicated m eta ls , 

a t  le a s t  fo r  sim ple m etals the f re e  e le c tro n  model g ives an 

adequate re p re s e n ta tio n  o f  the m olten s ta te .
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FIGURE CAPTIONS

F ig . 1 . E lec tro n  momentum c o n fig u ra tio n  in  l iq u id  and s o lid

rubidium  as obta ined  from p o s itro n  a n n ih ila t io n  angular 

i . c o r r e la t io n .  The l e f t  hand column shows the d is t r ib u t io n s  . 

obta ined  w ith  the c o n tr ib u tio n  from core a n n ih ila t io n s  

included whereas the r ig h t  hand column shows the re s u lta n t  

d is tr ib u t io n s  a f te r  core a n n ih ila t io n s  as determ ined by a . 

f i t  to  krypton (d o tted  l in e )  have been removed. The 

tem peratures are  A. -5^ °C , B. 3^°C, and C. k3°C (m o lte n ).

0p denotes the angle corresponding to  the fre e  e le c tro n  

Fermi momentum.

F ig .  2 .  E le c tro n  momentum c o n fig u ra tio n  in  l iq u id  and s o lid  cesium  

as obtained  from p o s itro n  a n n ih ila t io n  angular c o r r e la t io n .  

The l e f t  hand column shows the d is t r ib u t io n s  obta ined  from  

p o s itro n  a n n ih ila t io n  angular c o r r e la t io n ;  The l e f t  hand 

column shows the d is t r ib u t io n s  o b ta ined  w ith  the c o n tr i 

bu tion  from core a n n ih ila t io n s  inc luded  whereas the r ig h t  

hand column shows the re s u lta n t  d is t r ib u t io n s  a f t e r  core  

a n n ih ila t io n  as determ ined by a f i t  to  xenon (d o tte d  l in e )  

have been removed. The tem peratures are  D . -93 °C , E . 16°C, 

and F . 35°C (m o lte n ). 0p denotes the  ang le  corresponding  

to  the f re e  e le c tro n  Fermi momentum.

F ig . 3« E le c tro n  momentum d is t r ib u t io n  o f  rubidium  and krypton as 

compared to  a G aussian. • Frozen krypton was measured a t  

-1 6 6 °C . ■ * .
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F ig .

Fig. 5

. E lec tron  momentum d is t r ib u t io n  o f  cesium and xenon ai 

compared to  a Gaussian. Frozen xenon was measured a t  

-121°C .

. Slopes o f  the angular c o r re la t io n  d is tr ib u t io n s  from  

positrons a n n ih ila t in g  in  6 .  Rb a t  3^°C ( s o l id ) ,

C. Rb a t  *t3°C (m o lten ), E . Cs a t  16°C ( s o l id ) ,  and 

F . Cs a t  35°C (m olten).. The slopes were computed a f te r  

core rem oval. ,
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Temp
°C

Phase
% narrow  
component 

K

% narrow  
component 

G

-168 s o lid 67 64

-3"LTV1 s o lid 63 56

34 s o lid 55 55

43 l iq u id 57 56

Tab le  .1* Rubidium. K denotes the percentage narrow component using  

a krypton core and G denotes the percentage narrow component as 

determ ined w ith  a Gaussian core f i t  to  the d a ta .



Temp
°C

Phase
% Narrow 
Component 

Xe

% Narrow 
Component 

G

-172 s o lid 60 56

-  93 s o lid 67 61

6 s o lid 60 56

16 s o lid 52 54

31 liq u id 52 54 .

35 liq u id 49 50

Tab le  2 .  Cesium. Xe denotes the percentage narrow component using  

a xenon core and G denotes the percentage narrow component as 

determ ined w ith  a Gaussian core f i t . t o  the d a ta .
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