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ABSTRACT 
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The nuclear orientation technique has been used to 

investigate the mixed allowed beta transition of 5~n. 

Nuclei of 5~ were polarized in an iron lattice utilizing the 

adiabetic demagnetization method to achieve low temperatures. 

The positrons emitted were detected with a high-purity germanium 

detector situated at the 1°K liquid helium bath. The angular 

distribution fits the correlation function 

W(e) = 1 +(v/c) A (<mz>/I) cose 

and the asymmetry parameter A was determined. The Fermi 

to Gamow-Teller mixing ratio can be calculated from the 

experimental value of A if time-reversal invariance is 

assumed. The value of the mixing ratio was found to be 

-14.5% . This value represents the largest negative interference 

term to date on the 5~n mixed transition, although a comparable 

but positive interference term has been reported on the same 

nuclide. A large interference term implies that 52:Mn is a 

favorable candidate for further investigation on the ti..rne

reversal invariance property. Hm·;ever, ma.o.,y other serious 

exper:iln:?ntal difficulties should be taken into consideration) 

and they are discussed in this report. To further test the 
60 

accu.rac~" of the system, the beto. o.syrnmetry of Co wa:> ~.1.lso 

measu.:cerJ. The va.lu.c= of A ·was fou.nd to be ~o. 9TL, '>rhir;'n 

agr·ee;:; ;:ell \·iit.h the theoretical predic1:ion of -1. 0•) 



. . 

1 

INTRODUCTION 

The nuclear orientation technique is a well-established method 

for determining certain nuclear properties such as the multipolarity 

of electromagnetic radiations, nuclear spin and matrix elements. 

Nuclei can be oriented (either polarized or aligned ) in a magnetic 

field if they are cooled to a temperature such that their Zeeman 

splitting is comparable to the thermal energy kT The radiations 

from these. oriented nuclei exhibit a dependency on the field axis 

due to the conservation law of angular momentum. In general, the 

angular distribution function can be written as: 

k odd k even 

( see Chpt. 3 ) 

The k odd terms are normally discarded based on the argument that 

parity is violated. However, the discovery of parity violation 

in weak interactions
1 

suggests that beta particles not only exhibit 

an angular dependency on the field axis, they are also sensitive 

to the nuclear polarization direction as well. By measuring the 

k odd terms, in fact, parity violating forces can be uncovered. 

The doubt about the time reversal symmetry ( T ) in weak and 

electromagnetic interactions has been expressed many times in the 

past fifteen years. The first experiment on time reversal invariance. 

by Ambler et al2 did not reveal any significant violation in the weak 

interaction. The latter discovery of CP violation in K
2 

decay3 

stimulated further interest in the question of possible time reversal 

symmetry violation in both weak and electromagnetic interactions. 
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Hovrever, experiments to date have yet uncovered any conclusive 

evidence of time reversal 

by Commins et a14 in fact 

violation. 

found T 

The recent accurate experiment 

violation to be less than 10-3 

1~. t" 19Ne -d ~or -,le ecay. 

In order to obtain accurate results from a time reversal 

invariance experiment, it is desirable to choose a nuclide which 

rmdcrgoes a mixed :t.llowcd beta transition with a large Fermi to 

Com.o-vr-1'eller mixing ratio. The magnitude of the Fermi to Gamow

Teller mixing ratio ( F/G-T ) can be determined from either beta

gamma circularly polarized angular correlation studies, or beta 

asymmetry experiments from polarized nuclei. Therefore the present 

work can best be viewed as a first step toward the more definitive 

test of time reversal invariance using the nuclear orienta.tion technique. 

The nuclide 5'Mn is chosen because of two reasons: firstly, 

a detectable Fermi to Gamow-Teller interference term ( about S % ) 
has been found; more importantly, the results from many different 

studies in the past on the magnitude of Fermi to Gamow-Teller mixing 

ratio of 5'Mn are too widely different to be conclusive. An accurate 

determination of the F/G-T ratio is highly desirable not only 

because it helps to determine the desirability of 51Mn as a candidate 

for the time reversal invariance experiment ( a small F/G-T term 

-vrould render it less attractive ) , but also because the accuracy 

of the. final time reversal invariance data is directly related to 

t!-1e accuracy of the knowledge of the F /G-T ratio. 2 ( See Chapter 2 ) 

Recent improvements of nuclear orientation techniques and the 

advent of reliable low temperature beta detectors compelled the 

completion of this work. 5'Mn was oriented in a ferromagnetic 

host at low temperature using the adiabetic demagnetization method, 

. .. 
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and the asyriunetric emission of positrons with respect to the direction 

of the polarizing magnetic field was detected with a high purity 

germanium detector held at 1°K • In addition, in order to 

check for the possible systematic error of the entire system, beta 

asymmetry from polarized 60co was also observed under equivalent 
60 conditions. Co undergoes a pure Gamow-Teller transition, and 

its decay scheme is well known, therefore its theoretical beta 

asymmetry can be calculated. The agreement between experimental 

and theoretical results of 60co beta asymmetry boasts the degree 

of confidence in the 5~n result. 



CHAPI'ER I 

Beta Decay Theory 

Beta decay theory has been presented in detail in numerous 

publications. 5- 9 To avoid redundancy, beta transition theory will 

t~e described here only to provide a continuity to the allowed beta 

transition theory. 

Beta Interaction Theory 

The beta interaction energy density may be viewed as the 

coupling between the nucleonic transition current and the leptonic 

transition current: 

1 

Eq.l-1 ~ = 82 gJa(pn)Ja(ev ) + c.c. 

The leptonic transition current is written as: 

Eq.l-2 J (ev ) = a 

4 

where ~ ~(l+y5 )~ is a left-handed projection from the 

actual state of the fermion~; Ya and ~=y4 are the usual y matrices. 

The present knowledge of beta decay indicates that the nucleonic 

transition current can be written as: 

Eq.l- 3 

where JV is the vector current; 
a 

~ is the pseudo-vector current; 

CV and CA are the corresponding coupling constants. 

The significance of Eq.l-3 is that only vector and pseudo-vector 

interactions are responsible for beta decay. The scalar ( S ), 

,._., 
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pseudo-scalar ( P ) and tensor ( T ) interactions vanish from the 

picture altogether. 

Without going into detail, the beta interaction operator 

may be derived from Eq.l-1 as: 

1 ~ [(cv CAy~) i"\jyj ri] [Ja(ev Eq.l-4 }~ = i=>g 
)] Ei - a 

where T+ ~( r 1 + i T2 ) is a raising operator of the 

isospin T . The leptonic transition current has to be evaluated 

e.t its proper iocation within the nucleus 

all the transitioning nueleons j 

and summed over 

There are two major approximations made for the allowed 

beta transitions. 

5 

+ 

l) The beta particle's .energy is of the order of electron rest 
2 mass me The deBroglie wavelength is: 

h/p rv h/mc 10-ll em 

h.c. 

'1'he nuclear radius is, however, much smaller (about l0-13 em). Therefore 

as a good approximation, the- leptonic transition currents may be 

evaluated at r. = 0 
-J 

2) Since the nucleon mass is large compared to the energy 

involved in beta decay, non-relativistic approximations may be applied 

to Eq.l-4 All the terms involving y 
5 

and a = it3r are therefore 

dropped because they are all proportional to v/c 

Eq.l-4 now simplifies to: 
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Eq.l-5 HP (allowed) r .:.::0 
-J 

'l'he beta transition matrix elements are then proportional 

to CV <:119 and CA ~ 1.£ f'9 
The matrix element ~l carries no angular momentum, and 

is called the Fermi matrix element. It gives rise to the singlet 

radiation which is isotropic in nature with respect to the nuclear 

spin. 

The matrix element J2 is called the Gamow-Teller matrix 

element, and it carries one unit of angular momentum. Eq.l-5 thus 

provides for the following selection rules for allowed beta transition. 

Allowed Beta Decay 

The selection rules for allowed beta decay are: 

Fermi : ( Ii = If ); no parity change. 

Gamow-Teller: D. I = l ( Ii = If , or Ii = If ± l ; 

no 0 ~ 0 ) ; no parity change. 

Because the total energy available has to be shared between 

the beta particle and. the neutrino, the energy spectrum of beta 

decay is a continuum. The sharing of the energy is assumed to be 

statistical, i.e. the transition probability is proportional to 

the density of states of the beta particle and the neutrino, and 

a "statistical" spectrum may be derived theoretically. The result is: 
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Eq.l-6 dN 
dE 

1 

(N/f ) E (E - E) 2 (E 2 - 1)2 
0 0 

where f is a normalization integral; 
0 

N is the number of beta particles within the energy interval 

E and E + dE 

E is the end point energy; 
0 

all the energies are expressed in units of 511 kev , the 

rest 'mass energy of electron, plus the rest mass energy 

as well ( which is unity ) . 

In addition to the statistical sharing of the available 

energy, Coulombic force due to the positive charge of the nucleus 

also plays a role in the spectral shape. For positron emitters, 

the positrons are pushed out of the nuclei by the Coulombic force. 

Consequently all .the positrons gain in energy, and very few positrons 

remain at the low energy end of the spectrum. For negatron emitters, 

the Coulombic attrB.ction reduces the kinetic energy of the negatrons, 

and some of the negatrons may even get trapped within the nuclei. 

The result is a high count rate at the low energy portion of the 

spectrum. 

When the Coulombic effect is also taken into account, 

the spectral shape can be written as: 

dN 
dE pE (E - E )2 F(Z,E) I f(Z,E ) 

0 0 

Here p ·is the momentum of the beta particle, and is given by: 

Eq.l-8 p t)E 

Eq.l-9 t3 == v/c 
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THEDRETIC~L BET~ SPECTR~ 

CD-60tHE6ATRDH EMITTER 

MH-62,PDSITRDH EMITTER 

2 0 300. 4 0 6 0 

ENERGY( KEV) 
XBL 727-1272 ~. ' 

Fig. 1. Theoretical beta spectra of 5~n and 
60

co . 
• I 

• ! 
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and 6oco 

:J .) ')I 
~-

f(Z,E ) is a normalization integral 
0 

; it is a function 

of the 

F(Z,E) 

Eq.l-10 

Eq.l-11 

Eq . .l-12 

nuclear charge 

is given by: 

F(Z,E) 

F(Z,E) = 

r 
2rr z a 

~ 

where a o= 1/137 , the 

The theoretical spectra 

( a negatron emitter) 

z 

r 

r 

fine 

of 

are 

and the end point energy E 
0 

for positrons; 

for negatrons; 

structure constant. 

5~n ( a positron emitter) 

given in Fig. 1 

An investigation of Eq.l-7 indicates that the plot of 

9 . 

vs .. E should yield a straight line with a negative 

slope and an X-intercept at E = E 
0 

This is the so-called 

Kurie plot. A Kurie plot is very instructive for the understanding 

of an experimental beta spectrum. ( Fig. 2 ) 
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THEDRETIC~L KURIE PLOT 

0 100 200 300 ll 0 0 500 6 0 0 

ENERGY ( KE V) 
XBL 727-1271 

Fi~. 2. Theoretical Kurie plot of 5~ beta spectrum. 

.. 
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Mixed Transition 

Interference between the Fermi and Gamow-Teller matrix 

elements may occur in a mixed trnsition. An allowed I ( f3 ) I 

transition may come about through either pure Fermi or Gamow-Teller 

interactions. But very often both interactions contribute to the 

decay. Experimental evidences to date 5 seem to indicate that the 

triplet radiation predominates over the singlet radiation~**However, 
** 

ll 

even though the magnitude of may be small, the interference 

term may still contribute significantly to the over all 

interaction picture. The beta asymmetry with respect to the nuclear 

spin direction is highly sensitive to the magnitude of the interference 

term, whereas the time reversal symmetry is sensitive to both the 

magnitude and the phase of the coupling of the Fermi and Gamow-Teller 

matrix elements.( See Chapter 2 and 3 ) 

** From now on, CVMF stands for the Fermi matrix element and its 

coupling constant; CAMGT stands for the Gamow-Teller matrix element 

and its_coupling constant. 

-x--JK- This can be explained by the 11 Isospin Selection Rule 11 which 

,,rill be discussed in Chapter IX • 
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CHAPT1~H II 

Time Reversal Invariance 

This chapter on time reversal invariance is included only 

because this work was done with the possibility of a future T invariance 

experiment in mind. 

Time reversal symmetry may be understood from a non-relativistic 

point of view, although it is strictly a symmetry that arises from relativistic 

wave mechanics. 

If we let 

Consider the Schrodinger equation: 

Eq. 2-1 F \U ( L ) = . h d \f ( t ) 
L r -J. 21'C dt 

t ~ -t in Eq.2-l , we obtain: 

Eq. 2-2 H '!f(-t) +. _.£ d '!'< -t) 
l. 21'C dt 

Here we are assuming a time independent Hamiltonian. Eq.2-l and 

Eq.2-2 actually describe two different sets of physical laws, unless 

the following is true: 

Eq. 2-3 H * H 

We can show the condition as stated in Eq.2-3 is true 

by taking the complex conjugate of Eq.2-2 : 

n*'i'*(-t) = -i.J:! d \jf*(-t) 
2n dt 

Eq. 2-14 and Eq. 2-l are equivalent with the following transformation 

properties: 

As t --+ -t , 

\l'(t) ~ 'i'*(-t) 

provided that * H~ H (i.e. H must be real ) . 

.. 
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'l'hus, if the Hruniltonian H is real, time reversal symmetry is 

invariant in the sense that the time forward state \j! ( t) and the 

time reverSed state \j!*(-t) both satisfy the same Schrodinger 

equation. 

13 

If the Hamiltonian H consists of two types of interactions, 

such as the case of mixed allowed beta transition: 

Eq. 2-5 I-I = CvRF 

'l'he implication oi' Eq. 2-3 is as followed: 

Eq.2-6 

If both CyHp and CAHGT are of the same phase, then by an appropriate 

choice of phase, both terms can be made real. However, if 

Ch and CAHGT differ in phase, then only one term can be made 

real, and the other term must remain complex. The conclusion is that 

if' time reversal is a symmetry at all, the relative phase between 

the Fermi and Gamow-Teller matrix elements must be either zero or 

180 degree. The amount of time re[versal ;i~l]ating forces 

proportional to the quantity Im CVMFCAMGT · 

Nuclear Orientation/Beta-Gamma Correlation Technique 

is therefore 

This work on the beta asymmetry experiment only provides 

information on the ratio lcvll~l /lcAIIMGTI 

the relative phase between CvMF and CAMGT 

-ie e where e is 

The absolute magnitude 

-, 

of the F /G-T mixing ratio can be determined only if the ~-value of G 
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is assumed. To measure the phase angle e as well, coincidence 

measurement between the beta radiation and the following gamma cascade 

may be taken after the nuclei have been polarized. 

and J 

For the allowed transition J ( p ) J ( y ) J , where J 
10,11,12,13 

are the nuclear spins, the correlation function is 

_ (~c B ( 2J+2V+l 2J-2V+l )~[zv ( J(J+l ~-~C -D] cJ 2V-1 J J+l V-1 V+l) 1 

[ E"]! p 2~ (,!•]!) - l' •,! p 2v- i (,! •]! )] 

( v) ( (J+V+l)(J-v) )~[ ( ) -~ ] - c B2V+l J(J+l)(4v+l)(4V+3) (ZV+l) J(J+l) C +DJ 

[£·!! P2~(,!•]!) -_E·,! P2v+i (,!•]!)] 

-~~) B2{ (4J(J+l)) --/,,[ ,!•J>X]! P2~(,!•]!)] F (LJ'J) 2V 

Here £ is the direction of the beta emission; 

k is the direction of the following gamma; 

J is the nuclear spin direction; 

L is the multipolarity of the gamma ray. 

The sum on v is from zero to the lesser of J, J' and L . For 
5~n, the multipolarity of the 6+(y)4+ 744 kev gamma line is 2 

·. 
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Therefore the highest term to be contended with is F4 (246) 

The functions P2v( cose ) are the usual Legendre polynomials. 

15 

'l'h f' t . F ( LJ I J) . th ll k l 1 t . t' t . 14 
e unc ~on 

2
V . l.S e we nown angu ar corre. a l.On .unc ~l.on. 

'l'he coefficients A,B,C,D,E · cotain information on the Fermi and 

Gamow-Teller mixing ratio: 

A = I c A 1
2

1 MGT 1
2 

B lev I 
2

IMF 1
2 

c = ± I c 1
2

1M 1
2 

A GT 

D == [ * * - CJ1FCAMGT 

E = i CJ1FCAMGT [ * * 

+ 
for f3-

* * ] + C~CAMGT 

- ChCAMGT . * * ] 

= -2 [ lcvll~llcAIIMGT! ]c6se 
= 2 [ lcvll~llcAIIMGTI ]sine 

where e is the phase between the Fermi and Gamow-Tel1er terms. 

Eq. 2-·r can be greatly simplified if we use an arrangement 

as shown in Fig. 3 In such an arrangement, the beta detector 

and the polarization axis are perpendicular to each other. The 

gamma detector is so placed that the plane defined by the gamma 

detector and the nuclear spin axis, and the plane defined by the 

beta detector and the nuclear spin axis are mutually perpendicular. 

This is what may be called the "out-of-plane" measurement. In an 

"out-of-plane" measurement, all the terms involving .E' _!! and 

..12•.!! vanish, and Eq.2-7 reduces to: 

Eq.2-8 W(~,~..,!) " ~[ B2V (A[ 1 - ~ ~~~1 1 +B) P2V(,!·~) 
-m B2V (l4J(J+1) )-~ EJ ,!•;£ x ~ p2~(,!•~) }2v(LJ'J) 



Fig. 3· The "in-plane" and "out-of-plane" arrangements for the 

time-reversal invariance experiment. An angle of 45° between the 

y detector and. the polarization axis H provides the greatest 

sensitivity. If the time-reversal symmetry is invariant, there 

should be no change in count rate when the poiarizing field H is 

reversed in direction in the "out-of-plane" arrangement. 

16 
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DET, 
H 

IN -PLANE 

H 

,____ __ ___... p I fi I DET. 

OUT.:.. OF-PLANE 
XBL 728-1398 

Fig. 3· 
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It should be pointed out that the P2~(~ ~) terms are odd with 

respect to ~ , whereas the P2v(~ ~) terms are even with respect 

to J Therefore the difference in count rates between forward 

polarizing field direction and backward polarizing field direction 

measurements can be given by: 

Eq~2-9 [wee'~'~) - w(.£,~,-~)]/2 

·~ m 4,;: [ B2V I hJ(J+l) J -t !!:·!'X k J
F (LJ' J·) 

2V . 

have been normalized to unity when the source is warm. The factor 

E 
A+B is simply: 

Eq.2;.10 2 I Cv II~ II C A II MGT I sin e 

lcvi 2
1MFI

2 
+ lcAI 2

1MGTI
2 

2 a sin e 
1 + a

2 

where a is the absolute magnitude of the F/G-T ratio. 

When e = 0 or ~ , the factor E/(A+B) vanishes, and there should 

be no difference in the forward field and backward field measurements. 

In theory, the degree of time reversal violation is proportional 

to the effect W(,;e,~,~) -W(.£,~,-~) In practice, however, the 

analysis of the experimental results m~y be a lot more involved. 

There may be some "in-plane" contribution to the over all effect 

W(,;e,~,~) -W(J2,~, -.:!) · 
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In an "in-plane" measurement, the gamma detector, beta 

detector and the nuclear spin axis all lie in the same plane.(Fig. 3) 

This causes the terms involving l•E x ~ to vanish from Eq.2-7 . 

In addition, the beta detector is placed perpendicular to the nuclear 

spin axis as in the case of "out-of-plane" measurement, and this 

arrangement causes the 2•i terms to disappear aiso. A careful 

examination of the Eq.2-7 indicates that the "in-plane'' arrangement 

basically measures the quantity 

quantity W(~,].~;,I) -W(~,.!!' -I) 

2 a cose / (l+a ) . In fact, the 

is maximum in an "in-plane 11 meas1irement 

if time reversal i:~ invn.rin.nt. The fact that W(p, k, J) -W(p, k, -,T) 

is non-zero in the "in-plane 11 arrangement complicates the data 

analysis of the "out-of-plane" experiment. A slight deviation in 

the geometric arrangement of the detectors with respect to the polarizing 

field may cause some contribution from the "in-plane" effect. In 

short, Eq~2-7 should be used to correct for a geometric effect, which 

is judged.to be the most serious source of experimental error in 

the future time reversal experiment. 

It should be pointed out that both "in-plane" f)-y coincidence 

experiment and the beta asymmetry experiment measure the same quantity 

a cos e/(l+a2 ) However, the beta asymmetry experiment is judged 

to provide more accur.ate result. The knOwledge of the term ·a. cose/(l+a2 ) 

(from beta asymmetry)··· and the term a sine/(l+a2 ) 

enables one to compute the magnitude of 0 

(from Eq. 2-10) 



CHAPI'ER III 

Nuclear Orientation 

Nuclear orientation theory has been well described in 

many review papers15 • The angular distribution of radiation with 

respect to the nuclear spin direction is a natural cosequence of the 

conservation law of angular momentum. In order for a particle to 

be emitted preferentially in a certain direction, the magnetic sub

states of the nuclei must be preferentially populated. When the 

20 

* Zeeman splitting of' an isotope is comparable to the thermal energy , the 

Boltzmann distribution law dictates that the lower states be si!l;nificantly 
** more populated than the upper states The adiabetic demagnetization 

technique is capable of bringing the nuclei 

of 5 x 10- 3 °K • The thermal energy kT 

down to a temperature 

is then about 10-lS ergs. 
52,1 60 1 . rm, Co and many other nuc e2 have magnetic moments of about 

10- 24 ergs/gauss*** • A field of about 105 G is therefore necessary 

to achieve a reasonable degree of orientation. One hundred kilogauss 

i:s just about the technological limit of the present high field 

superconducting magnets. Although the so-called "brute-force" 

technique may be used for isotopes with large magnetic moments, 

the degree of orientation in general is rather small. 

* We assume here the condition of thermal equilibrium. 

** From a statistical mechanical point of view, the ensemble of 

the nuclei are so dilute in the lattice that both the Bose-Einstein 

and the Fermi-Dirac statistics become unimportant. 
-24 I -:f-H- Nuclear magnet on ~ = 5. 05 x 10 ergs gauss. 
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Advantage may be taken of the large hyperfine field when 

certain isotopes are implanted into a ferromagnetic lattice. The 

hyper fine field of 5~n in Fe is -226.97 KG 
16 

, and is anti

parallel to the external polarizing field direction. The B
1 

, B
2 

and B4 terms of 5~n as a function of temperature are plotted . 

in Fig. 4 . As can be seen from the graph, the degree of orientation 

is quite large for temperature less than 10- 2 °K . 

The angular distribution function for gamma radiation can be given as: 

· Eq. 3-1 

Since most of the gamma photons are of the multipolarity of 2 , the· 

series normally terminates at the P4 ( cose) term. The Bk terms 

are the statistical tensors which describe the degree of orientation. 

TI1e Bk terms contain the temperature dependency. The ~ terms 

are the solid angle correction factors which take into account 

the effect due to solid angle subtended by the detector. The Fk 

terms are the well known angular correlation functions, and they 

contain information about the angular momentum of the system. 

The Uk terms are the reorientation parameters. They take into 

consideration the reorientation due to previous unobserved radiation. 

A set of formulae for the Bk , Uk and Fk are given in Appendix 1 

The correlation function for an allowed beta transition is: 

Eq.J-2 w(e) == 1 + ( ~) A± ·~ cose 
I 

± 
where A± is the asymmetry parameter of ~ 

(mz) is the average z-component of the ensemble of 

nuclei with spin I . The polarization term is 
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related to the statistical tensor B1 as: 

Eq.3-3 

For a mixed allowed transition such as 

given by the equation: 17 

Eq.3-4 

5~n 
' 

and ie CVMF = c~GT a e , then Eq. 3-4 becomes: 

Eq.3-5 

1 ±- -I+l a cose 

1 -+: 

For pure Gamow-Teller transition, such as 60co , then: 

Eq.3-6 where ~ = 1 for If = Ii - 1 

23 

. 60 
The spin sequence for Co is 5+(~)4+(y)2+(y)O+ , therefore 

it has a theoretical asymmetry of -1 • Comparison can thus be made 

between the theoretical value of A and the value determined experimentally 

from this work. 
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Thermometry 

In order to calculate the parameter A , the degree of 

pularization of the isotope must be known. This 

of the final temperature achieved. For the case 

asymmetry experiment, 60co thermometry is well 

requires a knowledge 
60 of the Co beta 

18 
known, and the 

determination of the temperature can be done by observing the 

anisotropy of either the 1.1'7 or the 1.33 Mev gamma lines a::; 

a function of temperature T The decay scheme of 60co is 

presented in Fig~5 

The decay scheme for 5"'Mn is slightly more complicated. 

( See Fig. 6) 89% of 5"'Mn undergoes a 6+(13)6+ transition, and 

in order to calculate the Uk coefficients ( k = 2, 4 ) , we assume 

the transition is .a pure Gamow-Teller transition. This is justified 

on the basis that we expect the Fermi contribution to be small, and 

it can be further justified from the experimental result of this 

work. The coefficients u
2

(66l) and u4 (66l) can thus be calculated. 

( See Appendix l ) A maximum error of 5% is expected on the temperature 

scale determined from the gamma anisotropy of 5"'Mn. 
52.-n Only the 744 kev line should be used in the JM thermometry. 

First of all, although the gamma cascades of 5~n are "stretched" , 

the 935 kev and l.434Mev lines are also fed by the other 11% 
5~n which do not go through the 6+(13)6+ transition. Of the 11% 
5~n, 3% of which undergo transitions which are not well known at 

the present time. Secondly, the response of the gamma detector 

to the 1.434 Mev line is low. The 1.434 line is further 

complicated by the presence of the 1.37 line from 56co which 

exist as an impurity in the source. 
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It should be pointed out that a 5% error in the temperature 

determination would result only in a 1% error in the determination 
-2 0 of the polarization ( B1 term) of the isotope in the 10 K region. 

This is an insignificant error compared to other more serious sources 

of errors which will be discussed later. A list of pertinent data 

on 5'1.1n is given in Appendix 2 . 



CHAPI'ER IV 

Low Temperature Particle Dete,ctors 

An ideal beta detector for the beta asymmetry measurement 

should have the following properties: 

1) Good stability, 11near.4-tr and energy resolution. 

2) Functional down to 1°K • 

3) .i~lbna;l:.g~·. ~a¥ te$ponse. 

4) Minimal backscattering of the beta particles from 

the detector. 

5) Ability to distinguish beta particles from other high 

energy electrons. 

6) Ease of operation. 

Energy Resolution and Stability 

28 

A good detector should have good stability, linearity, 

energy resolution and reliability - even down to low temperature. 

Scintillator counters normally have high efficiency, 'but the e]lergy 

resolution is sacrificed. Since they utilize the photo-multiplier (PM) 

tubes to amplify the signals, these counters cannot tolerate moderate 

magnetic fields unless the PM tubes can be placed far from 

the scintilators. But in so doing further degradation in energy 

resolution is introduced due to the photo loss in the connecting 

light pipes. 

Special problems are created when scintillator counters 

are used as particle detectors at low temperature. First of all, 

since the scintillator crystals have to be within the cryostat 

whereas the EM tubes cannot, scintillations have to be conducted 

to the exterior with light pipes. The energy resolution is therefore 

worsened in addition to special mechanical and vacuum problems. The 

very first experiment on parity violation by Ambler et a119 in fact 

utilized an anthracene scintillator for their beta asymmetry measurement. 

(Fig. 7) 
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Fig. 7. The use of an anthracene scintillator for low temperature 
beta work (taken from Ref. 19). 
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Solid state detectors have found increasing acceptances 

in the field of perticle detectors. They have good energy resolution 

and linearity; they are magnetic field independent as well as relatively 

insensitive to high voltage power supply fluctuation. Their short-

coJ!ling lies perhaps in their narrow temperature range of operation. 

They normally have to be kept at LN temperature because the leakage 

current is too large at room temperature. 

Low Temperature Operation 

Detectors functional down to 1°K are highly desirable. 

Since the nuclei very often are cooled down to milli-degrees, a 

''hot" * detector may present a source of sizable radiation heat leak. 

It is of course important to keep the nuclei as cold as possible 

for as long as possible. A 11hbt 11 detector may require using a mechanism 

which can continuously absorb the heat influx into the 

svstem. The He3-He4 refrigeration technique may be useful for this 

purpose, but the adiabetic demagnetization technique using 

chrome alum ( CrK(so4 )2 .12H2o ) may also serve the purpose. Chrome 

alum has a much larger heat capacity than CMN ( Ce~g3{No3 ) 12 . 24H20 ), 

but it too, like the He3-He 4 refrigerator, 

would have difficulty in cooling the nuclei down to below 15 °mK 

( 1/T = 70 ) . 

* Radiation energy is given as dT4 , where a ~ 10- 5 ergs/sec/cm2 
L- 4 

If T = 40 °K, then radiation heat leak is "" 10- 7 x (1+0) 

~ 10 ergs/sec/cm2 , which is one order of magnitude higher than 

the capability of CMN. 

.. 
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Stirface barrier detectors have found their usage in the 

area of low temperature particle detection. 20 It is not uncommon 

to 1'ind surface barrier detectors capable of working below l °K. 

Their shortcoming lies in their unreliability. Not only do many 

crystals have to be tried before one emerges as a functional detector, but 

the functional one may also behave differently from experiment to 

experiment. 

A surface barrier detector consists basically of a block 

of silicon or germanium crystal. Electrodes are attached to the 

front and back surfaces by the deposition of thin films of gold. 

For reasons still unknown, perhaps due to the impurity or the oxidation 

of the surface layers before the deposition of the electrodes, an 

electric barrier junction exists between the bulk material and the 

front electrode. The high resistance of the barrier produces an 

intense electric field across the junction when a high voltage is 

applied at the electrodes. The region within which the intense 

electric field exists is termed the "depletion zone". Within the 

depletion zone·, ionizations due to radiation are quickly swept away 

by the electric field to produce electric pulses. If the depletion 

depth is greater than the average stopping range of the particles, 

the detector is called an E detector. An E detector is very useful 

since the pulse height produced from an ionizing radiation is proportional 

to the energy of the particle. 

Alpha particles and fission fragments have very short 

range in silicon or germanium, therefore surface barrier detectors can 

behave as E detectors for alpha and fission fragment spectroscopy. 

On the other hand, beta particles have relatively long range in 

* silicon or germanium - certainly longer than the barrier depth -

* About 1.3 mm/Mev in Ge or 2.4 mm/Mev in Si 
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therefore better alternatives have to be found. Nevertheless, surface 

barrier detectors can still serve as transmission ( dE/dx ) detectors 

for beta spectroscopy. The energy response of the dE/dx detectors 

would have to be known, and this requires energy calibration with 

various mono-energetic sources. 21 Normally the beta spectrum after 

the so-called unfolding process deviates greatly from the anticipated 

spectral shape. 

A semi-conductor behaves like a perfect diode. If reversed 
biased voltage is applied, a depletion zone is developed with the 

depletion depth D given by 22 

1 

Eq.4-l D = K ( V + v0 )2 

2:rr N 

where K is the dielectric constant of the material: 

N is the net density of electrically active centers in 

the doped region; 
* v0 is the built-in potential under equilibrium conditions; 

V is the applied voltage. 

The important features of Eq.4-l is that 
1 

D y2 and 

D 1/N 

The depletion depth can be increased by applying a high 

bias voltage. There is a limit to the high voltage, however, 
** above which avalanche breakdown of the detector would occur. 

* 
** 

~ 0.3 volt for germanium, and 

About 250 KV/cm 

0.7 volt for silicon. 

.. 
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The depletion depth can also be increased by decreasing 

the amount of doping. However, there is again a physical limitation 

due to the failure of humans' ability to create high purity crystal. 

Purity of one part in· 108 is readily available for germanium, but 

such a level of impurity is not acceptable even when cooled to the 

liquid nitrogen ( LN ) temperature of 77°K 
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The number of impurity charge carriers ( N ) can be electrically 

compensated by drifting lithium into the semi-conductor under the 

infuence of an electric field at high temperature. 23 Such lithium 

drifted germanium detectors have found wide spread usage in gamma 

spectroscopy. In the area of low temperature beta studies, pioneering 

work has been done by Bill Brewer, 24 in which lithium drifted beta 

detectors were used at a temperature of 17°K Heaters and thermo-

meters had to be provided since the detector chambers were situated 

right in the 1°K liquid helium ( LHe ) bath, but the heat leak 

did not present itself as a great problem. The shortcoming of the 

lithium drifted detectors lies in their instability at room temperature. 

When the detector has to be warmed up periodically with the cryostat 

as in the present work, detector deterioration may become a major 

concern. Lithium drifted silicon detectors are much more stable at 

room temperature, but the most successful 

beyond the lower limit of about 40°K 25 
ones fail to operate 

Charge trapping is the most serious problem for detectors 

operating at low temperature. Traps exist in the material due to 

the impurity centers or crystal imperfections. Traps provide inter

mediate pathways tlrrough which recombination or generation processes 

can take place, but they are of no serious concern to cryogenic 

experimenters. More serious are the traps which exhibit selectivity 

for holes or electrons. Trapped carriers are not easily re-excited 

at low temperature, and ~ocalized storage of charge may occur. 



This is called polarization, and the collection of carriers is in

hibited in the detector due to the intense localized electric field. 

In essence, the amount of trapping centers determines the low temp

erature limit of a detector. 
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Trapping centers cannot be compensated by lithium drifting. 

However, recent development in the area of high purity germanium 

technology produced a break-through. Now, high purity germanium 

detectors can be made with impurity level of one part in 1011 

or better, and some of these detectors have been demonstrated to 

function properly down to 6°K •25 

The detector used for this work is a high purity germanium 

detector with the depletion depth slightly greater than l/2 mm thick. 

It has worked consistently well at a temperature below 1.2°K, but 

it tends to polarize after a period of about twelve hours. It also 

exhibit the phenomenon of radiation damage, as it deteriorates faster 

when the count rate is increased. A forward voltage of 1 - 2 volts 

may be applied to s~eep out the trapped charges after each counting 

period. 

Gamma-rals Response 

A perfect particle detector is one which can discriminate 

against any gamma background. In favorable cases where the end

point energy of the beta particles is greater than all the gamma 

energies, this is not an important criterion. Although the gamma 

rays are going to contribute significantly to the beta spectrum at 

the low energy side, beta asymmetry can still be determined from the 

high energy side of the beta spectrum. 24 

Unfortunately, practically all mixed allowed beta transitions 

are accompanied by gamma rays of higher energies. The 744 kev, 

935 kev and 1.43 Mev lines of 5~n were detected on top of the 
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beta spectrum when the detectors reported in Ref. 24 * were used . 

other means must therefore be employed to reduce the gamma response 

to a minimum. One possible technique utilizes an arrangement as 
26 illustrated in Figure 8 A transmission detector is placed 

detector. Since the thin dE/dx detector in front of a thick E 
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is relatively transpa.:tent to the gamma rays, coincident counts between 

the transmission detector pulses and the full E detector pulses 

** should reveal a beta spectrum relatively free of gamma background. 

This arrangement is abandoned, however, for technical reasons which 

will be discussed later. 

For positron emitters, an additional technique may be 

applied. Positrons may be stopped completely in a medium, and the . 

anninilataon photons may be detected in coincidence with external 

gamma detectors. Besides the problem of low efficiency, this method 

is unable to detect-.· the beta particles as a function of their energy, 

therefore the (v/c) ·';(l~p~mdence of the beta asymmetry is lost 

Back-scattering from the Detector 

It has been estimated 24 that around 30% of all electrons 

would be back-scattered from the surface of the detector. The partial 

deposition of energy .of these back-scattered beta particles results 

in a large count rate at the lower enelt'gy portion of the beta spectrum. 

In order to have a good beta spectrum, means must be provided to 

eliminate the counting of these back-scattered electrons. The 

arrangement as illustrated in Figure 8 is capable of doing just 

that with an appropriate choice of the window on the transmission 

detector pulses. The arrangement was abandoned in this work for the 

following reasons: 

* Depletion depth of 1.5 mm 

** Other effects such as Compton electrons can interfere severely 

with the beta spectrum. 
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1) A low temperature transmission detector is not available 

at the present moment. A layer of lithium has to be drifted into 

the high purity germanium crystal to form ~he n- contact. This 
.. * layer should not be made too th~n if the detector is to be functional. 

The use of a silicon transmission detector operating at 77°K was 

judged to be unwise for this work because, as mentioned previously, 

a "hot" detector prohibits the achievement of low temperature of 

the source, and therefore reduces the degree of orientation of the 

nuclei. 

2) The most serious problem with low temperature beta 

spectroscopy arises from the interference of the Compton electrons. 

For nuclear orientation experiments, the chambers in which the beta 

particles are in flight are invariably small. For unfavorable cases 

such as 5~ , a large amount of Compton electrons are produced 

from the interactions of the numerous gamma rays with the cryostat 

walls, copper fins and the detector chambers' walls. The arrangement 

of Fig. 8 cannot fare better in this significant area than any other 

detector. 

* About 100 microns. 



Fig. 9. The average range of electrons in germanium and silicon 

as functions of the electron kinetic energy. 
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CHAPI'ER V 

Fundamental Experimental Difficulties and their Solutions 

It is probably instructive at this point to consider the 

problems encountered in the present work. The designs and experi

mental set-up are directed to overcame these difficulties. 

The Gamma Response of the Detector 

The decay scheme of 5~n is given in Fig. 6 . 33% of 
52

YLD decays by positrons emission (end-point energy 

40 

580 kev ) to the third excited state of 52cr , which in turns decays 

by the cascade emission of 744 , 935 , and 1434 kev gamma rays. 

The spin and parity sequence is 6+(13)6+(y)4+(y)2+(y)O+ 27 

The fact to be noted is that .for every positron emitted there 

is a total of nine high energy gamma transitions plus two 511 kev 

annihilation photons. Because of the high gamma background, the 

detector should be as insensitive to gamma rays as possible. For 

this purpose, a high purity germanium detector with depletion depth 

of slightly in excess of l/2 nnn was used. The range-energy relation

ship of electrons in germanium and silicon is given in Figure 9 

According to the graph, electrons of up to 700 kev in energy should 

be stopped completely by the detector. Electrons in excess of 

700 kev deposit only partial energy, and in general exhibit a skew 

and poorly resolved spectrum. 

The gamma response of the thin detector used in this work 

is very small. Figure 10 shows the absorption cross-section of 

gannna rays in germanium due to various processes. 28 Appendix 3 

contains a discussion on the theoretical aspects of the gamma reponse 

in germanium detectors. A 22Na source of 50 mr/hr was placed 

one inch from the detector chamber window ( maintained at LN temper

ature ) • The total count rate with the threshold cut-off. level 

set at 100 kev was less than 50 counts/sec. , and the 511 kev 

line was hardly distinguishable. 
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Fig. 10. Cross-section in barns/atom for photoelectric absorption, Compton 

scattering and pair production of gamma rays in germanium. To obtain the 

mass absorption coefficient for germanium in cm2 jg multiply by 8. 27 X 10- 3 

IJ!ultiply by 4 .J-12 X 10- 2 to obtain the linear absorption coefficient per em. 
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To fUrther reduce the gamma efficiency, the source is 

kept far away from the source{ Figure 11 ). 
2 

The detector has a surface 

area of 0.63 em , and the solid angle subtended is .less than * 0.1% . 

The Compton Electrons 

The most serious problem in low temperature beta studies 

is the abundance of Compton electrons. Even though a thin detector 

is insensitive to the gamma rays, it has no means to distinguish 

the beta particles from the Compton electrons. 

Campton electrons are produced from the interactions of 

the gamma rays with the cryostat walls, the detector housing, the 

copper fin and whatever object happens to be within the experimental 

chamber. Fig'~ ··11 · illustrates an arrangement in which a magnetic 

field can be used to guide the beta particles from the source to 

** the detector. Any Compton electrons produced from the cryostat 

walls will not be detected since they will miss the collimator of , 

the detector as they spiral down the cryostat. Ultimately they 

will all be absorbed by the cryostat walls again. 

By keeping the detector housing far away from the source, 

interactions between the gamma rays and the detector housing is min

imized. Interactions between the gamma rays and the copper fin 

unfortunately cannot be reduced. It is believed that most of the 

Compton electrons detected in the present work originate from this 

process. 

An earlier attempt without the long solenoid produced 

-l<· Collimator radius R = 8. c(5 em ; the detector surface area is 

A = .GJ cm2 The solid angle = A/41!R2 .. o.GJ/!~ rt 8.'(~./~ 
-- 0 . 0006 5 = 0 . 06 5% 

** The same field is used to polarize the iron foil. 
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a spectrum which indicated an overwhelming proportion of Compton 

electrons. The experimental set-up was basically the same as that 
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of Hef. 24 ( Figure 12). An 1/2 mm lithium drifted ~ermanium detector 

maintained at 0 17 K was used. The spectrum is shown in Figure 13; 

even though the statistics are poor, it does not resemble a positron 

spectrum. 

Summary 

In short, all the gamma ray related problems are solved 

by the use of a thin detector and a long focussing solenoid. The 

thin detector reduces the photon efficiency to a minimum, whereas 

the long solenoid optimizes the beta particles efficiency relative 

to the gamma rays and Compton electrons. 
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shown in Figure l3. 
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Fig. 13. The beta spectrum obtained without the long solenoid. 
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CHAPI'ER VI 

The Apparatus 

' l, .I 

The adiabatic demagnetization technique has been well described 

in the literature, 29 and the general aspects of the method will 

not be mentioned here. This chapter is dedicated primarily to the 

special features of the apparatus which are relevant to the present 

experiment. 

The Liquid Helium Dewars System ( Figure·l4) 

The set of dewars holding the liquid helium was originally 

designed for the definitive experiment on time reversal invariance. 

The following criteria were met: 

1) Time reversal invariance experiment involves taking 

~-y coincidences. The tail end of the system was made slender so 

that the gamma detectors may be placed as close to the source as 

possible to increase the solid angles. 

2) The entire system was made long and slender so that 

the bath life of the liquid helium may be prolonged. It has been 

estimated that the duration of maintaining low temperature of the 
0 source is determined by the time it takes for the 1 K bath to become 

empty 3? Since the count rate is expected to be low for coincidence 

experiments, every effort was made to prolong the period in which 

the nucl.et~:remain oriented. 

3) Although the 4°K bath may be refilled at any time 

during the entire experiment, it is a good practice not to disturb 

the entire system during the data gathering process. There is always 

the possibility that the:vibrations induced during the refilling of 

the 4°K bath may alter the position of the source. It is also 

possible to blow out the liquid helium already there accidentally, 

and cause the superconducting magnet to transition. Therefore, 

a liquid nitrogen (LN ) heat shield was built to reduce 



Fig. 14. Schematic diagram of the dewars system • Superinsulating 

aluminized mylar sheets were used in the OVJ to cut down radiation 

into the LN and LHe dewars. 

Standard notations are: 

OVJ- Outer Vacuum Jacket; 

IVJ- Inner Vacuum Jacket; 

4.2° Bath-Liquid helium bath at normal atmospheric pressure; 
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0 1 Bath- Liquid helium bath pumped to a pressure of about 60 microns; 

77° Bath- Standard liquid nitrogen (LN) bath at atmospheric pressure. 

The heat shield is made of copper. 
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the radiation heat influx from room temperature into the 4°K bath. 

A summary of the general performance of the dewars is 

given in Appendix 4 

The Cryostat ( Figure 15 ) 
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The cryostat is characterized by the use of the indium 0-rings. 

Since the cryostat has to be opened up frequently to change the 

* source and the cooling salt, joints which are trustworthy, consistent 

and easy to operate are highly desirable. A well designed and well 

machined indium 0-ring joint satisfies all the above requirements. 

A typical indium 0-ring seal is illustrated in Figure 16 

It consists basically of a groove semi-circular in cross-section. 

A flat flange is used to compress the indium 0-ring which is situated 

in the groove. The indium 0-ring is made out of an indiUm wire 

having the same radius as the r.adius of the cross-section of the 

groove. The joint of the 0-ring is made carefully by overlapping 

the two ends of the wire { Fig. 16 ) • When the flat flange is compressed 

against the indium 0-ring.by tightening the connecting bolts, indium 

is being squeezed out of the groove. It should be pointed out that 

the sealing edges are between the two surfaces of the flat flange 

and the flange containing the groove (Fig •. 16). Therefore both 

flanges should be finely machined although the bottom of the groove 

need not be. Also, since the thermal contraction is larger for 

the indium than for the stainless steel down to liauid hel'ium temperature. 

the layer of indium squeezed between the two surfaces should be as 
** II 

thin as possible. For smaller flanges ( 1 - 2 in overall diameter) 

* This means ~ - leak tight. 

** Approximately a couple of mils. 
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Fig. 15. The cryostat. 
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Fig. 16. Schematic diagrams.of a typical Indium seal and an Indium 

0-ring. Note the sealing edges and the overlapping of the Indium wire. 
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with six or eight Number 8-32 tightening bolts, the two sealing 

surfaces can be tightened until they are practically flush against 

each other. But with larger flanges such as those sealing the salt 
" pill can ( about 4 ), it is impossible to squeeze the indium layer 

to less than two mils. A torque of 60 in. -lbs. applied evenly 

over each bolt has been found to be sufficient to provide vacuum 

safe operations without a single incidence of failure. · 

One should be cautioned about the ways of connecting the 

tubes to the flanges. One would be well advised to weld all the 

tubes to the flanges rather than hard-soldering them. Intense heat 

has to be applied to the entire flange during silver-soldering, and 

the flange may wobble as a result. 

The Long Focussing Solenoid( Figure 15 ) 

The solenoid used to guide the beta particles from the 

the source to the detector has a coil constant of 300 gauss/amp. 

It is made out of ten layers of 10/16 Supercon T48 superconducting 

* wires wound on a stainless steel tube with a 1" O.D. Each layer 

consists of 343 turns of the wire, and the overall length of the 

solenoid is 5t inches. The detector and the source are arranged 

to be within the volume of the solenoid and each one inch away from 

the opposite ends of the magnet.This serves to prevent the beta 

particles from experiencing the non-uniformity of the fringe field. 

The critical current of the magnet is still unknown. It failed to 

transition at 110 Amps. (33 Kilogauss ) - the limit of the D.C. 

** power supply •. 

* 10 mil diameter niobium-titanium superconducter coated to an 

overall diameter of 16 mil. The wire is insulated with CuO 

- made by Super con Division of Norton Corp.,. Natick, Mass. 

** The power supply is a Harrison 6260A, made by Hewlett-Packard 
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The Detector Chamber ( Figure 17 ) 

It should be kept in mind that the detector chamber is 

submerged within the 1°K liquid helium bath. Therefore all the 

electrical feed-throughs and the thin beta window must be ~ tight 

( leak tight to superfluid liquid helium ). 
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The window for the beta particles was made out of a 1/4 

mil aluminized mylar sheet·. It was epoxied onto the brass surface 

with epoxy treated for low temperature vacuum operations. The epoxy 

1-ras a mixture of 5 parts of EPON 826 and 1 part of DER 736 The 

catalyst may be either VERSAMID 125 or 140 , mixed 1:1 with the 

epoxy, and softened by warming it with a heat gun. A very thin layer 

of the ~ure was spread over the brass surface, and the mylar 

sheet was carefully laid on top and cured at 60°C for 24 hours. 

* The window was leak tight below LN temperature , and it was capable 

of handling a pressure differential of one atmosphere. 

Glass feed-throughs have. been tried, but they were found 

to crack after a few thermal cycles. Ceramic feed-throughs were 

a lot more stable to thermal cycling, but care must be taken when 

the feed-throughs are soldered onto the chamber wall. 

The detector contacts were made out of brass coated with 

indium. Atop plate with a 5/16" hole, serving both as an additional 

collimator and a contact, was tightened down with three Number 0-80 

screws onto the detector which was resting on the other contact. 

Indium coatings were necessary to remove some of the strain as well 

as to provide better electrical contacts. 

* Mylar is permeable to Helium gas at room temperature, but not 

at LN temperature or below. 

• 
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Fig. 17. Schematic diagram of the detector chamber showing also 

the mounting of the high purity germanium beta detector. 
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'!'he Cooling Mnr;net_ ( Fir:ure 18 ) 

The cooling magnet for the adiabetic demagnetization technique 

must be as large as possible. The present cooling 

magnet is made out of superconducting wire wound around a ~ metal 

cylindrical coil form measuring 12 11 long, 5.8" I.D. and 7·375" O.D. 

* The magnet windings consist of eight layers of Supercon 30/4-core 

wire in the bottom layers, and twenty layers of Supercon 24/multi-core 

** 1-lire in the top layers. In between each layer are two 3 mil sheets of 

glass cloth compressed to a thickness of about 4 mil. These layers 

of glass cloth are important not as layer-to-layer insulators, but 

as spacers in between which 1;qu:1~.:HEHium -m~y. be·· absorbed to cool 

each winding more effectively. 

The magnet has a total of 13452 turns, and its coil constant 

is 499 Gauss/amp. It transitioJlS at 142 amps. ( '(l Kilogauss) , and 

was normally run at about 100 amps ( 50000 Gauss) in this work. 

The magnet leads are made out of two brass tubes 3/8" O.D. 

and 65 mil thick. Superconducting Pb/Sn have been soldered onto and along 

*** the brass tubings so that below the critical temperature· the Pb/Sn 

solder would take over t.Q.e:~~~iage oii': ·tae:,:current. The .leads are 

cooled by venting the evaporated liquid helium exhaust through their 

central ducts. 

---------------------------------------------------- ------------- ---
x- Four strains of centrally located niobi um/ti tani um superconduetor 

embedded in copper to make an overall cross-section of 30 mil 

in diameter. 

** A total of 54 strains twisted 1" per turn and coated with 

copper to an overall diameter of 24 mil. All the wires are 

insulated with CuO by simply oxidizing the copper. 
0 

-x-H About 10 K 

• 
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Fig . 18 . The 1 2" superconduct i ng cool ing magnet . 



The Salt Pill ( Figure 19 )· 

The salt pill construction is characterized by the use 

o f nylon supportin~ legs instead of the usual pitch~bonded graphite 

rods. Nylon is a lot stronger than graphite especially against 

shearing f'orces. With the high field magnet, nylon rods would be 

less susceptible to breakage should the pill. be accidentally mis

aligned relative to the center of the magnet. 
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Nylon is a poorer thermal resistor below l°K when compared 

to pitch-bonded graphite.3l * Therefore the heat conduction path 

length must be increased to maintain a comparable level of thermal 

resistivity. This is achieved by the addition of two extra inter

mediate chrome alum guard pills,,,. The space for these extra component s 

is made available due to the larger-than-usual magnet volume. 

The CMN and chrome alum slurry have been made in the 
18 24 usual manner. ' Care must be taken not to over-fill the CMN 

** pill, otherwise the salt may overflow after the first thermal 

cycle. The thermal contacts to the CMN salt are provided by copper 
*** . fins silver-soldered together at one end and machined to a rod 

l/8" in 'diameter and 12" long. The .total surface area available 

for direct contact with the CMN slurry is 3600 cm2 

A trial run was . made using 60co in a cobalt single 

crystal as a thermometer. The gamma anisotropy indicated that the 

pill stayed below 10 mK for 12 hours and warmed up to above l) mK 

in another 6 hours. 

* At below l°K , the resistivity of nylon 

and that of pitch-bonded graphite is about 

** At most a 75% filling factor. 

is about 260 ergs/sec-cm-°K 

50 ergs/::. •-:•· - em- °K . 

*** Made out of 5 mil thick 99.99% pure copper, annealed before 

assembly. 

• 
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.F'ig. 19. Schematic diagram of the salt pill assembly. 

KA stands for Chrome Alum, CrK( so4) 
2 

.12H20 · 

CMN stands for Cerium Magnesium Nitrate, Ce2Mg
3

(No
3

)12.24H20 
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The Beta Detector 

The high purity germanium crystal ( p type) is about 0.8 mm 

thick and has been cut into a hexagonal shape. Lithium has been 

diffused on one side to form the n- contact. The p- contact has 

been provided with the evaporation of a thin layer of chromil.Ull on 

the opposite side. Beta particles should enter through the p-contact. 

* Before installation, the detector was etched with the 

chromium plated side well covered with a piece of tape. The detector 

was washed in pure methanol and dried immediately in dry nitrogen. 

The depletion depth is about 0.5 mm , and it can be achieved 

with a voltage of just 5 volts. The total surface area is about 
2 0.63 em . 

The Gamma Detector( Figure 20 ) 

An axial gamma detector was placed at the end of the dewars 

system ( Figure 14 ). The detector used was a lithil.Ull drifted coaxial 

germanium detector kept cool at the LN temperature by means of a 

LN chicken feeder. The energy resolution of the 52Mn and 
60

co 

lines is about 1%. 

The Electronics ( Figure 21 ) 

The electronics involved the usual amplifiers and pulse 

shapers. The time constant was set at l ]..!sec .. for both the integrator 

and differentiator. A FET pre-amplification stage has been provided 

for the S pulses. The leakage current was not detectable less 
-8 ) than 10 amp. when a 10 val ts bias was applied to the beta detector. 

The electronics noise came mainly from the rather high cable capacitance. 

* The etching solution is 1 part HF, 1 part fl.Ulling HN0
3 

and 

'7 parts cone. HN0
3 

at room temperature. 



VACUUM TIGHT 
ALUMINUM 

HOUSING 

GERMANIUM 
CRYSTAL 

N-CONTACT 

33 mm ____ __,.. 

+ 
5mm 

40 mm 

25 mm 

62 

XBL 728-1411 

Fig. 20. Schemat~c diagram of the gamma detector. The LN cooling 

system and the vacuum system are not shown. 
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The long cryostat necessitated the use of rather long coaxial cables 

( about 7 ft. long ). The electronic noise worsens with increased 

cable capacitance. The cables used were two seven feet semi-rigid 

* coaxial cables with Teflon dielectric, copper central conductor 

and silver coated stainless steel wall. They had a characteristic 

impedance of 50 ohms, and a capacitance of· 29.5 pf/ft. Being 

rigid, they were less susceptible to electronic noise induced by 

mechanical vibrations. It was found that the overall performance 

of the electronics improved and optimized with .the ::;etting of' the lower 

discriminator level at 30 kev for the 5~n experiment, and 40 kev 

f th 6oc . t or e o exper:unen . 

* Uniform Tubes No. 141 Semi-Rigid Cable. 
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Fig. 21. The electronic blocks diagram. FHA stands for Pulse Height 

Analyzer; SCA stands for Single Channel Analyzer. 
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Commercially available 

pure )''~a~ rolled down to about 

* 1/2 mil natural iron foil ( 99.99% 

6 mg/cm2 . The foil thickness 

was a compromise between the thermal conductivity of the foil and 

the probability of multiple scattering of the beta particles within 

the source. A thin f.oil would reduce the amount of multiple scat-
··>~>-

tering of the beta particles, ~ut it is offset by the reduction of 

the thermal conductivity of the foil, which may make a high degree 

of polarization of the nuclei unattainable. 

at the 

5 ~/hr. 

Using a 1/4" collimator, the iron foil was irradiated 
+ 88" cyclotron with 32 Mev p for 3 hours at a rate of 

The foil was then annealed in a quartz tube with a torch 

and then mounted onto the copper fihS of the salt pill as shown 

in Figure 22. Bi/Cd solder was used for all the soldering of the 

source since superconducting solders ( such as Pb/Sn solder ) would 

be expected to be poor thermal conductor~~2 

55co and 56co were also produced in the process. 55co 

was produced by the reactions 56Fe ( p,2n ) and 57Fe ( p,3n ) , 
52..-n and its quantity was competitiVe with that of M five hours 

after the irradiation. But its short half life ( 18 hours ) rendered 

it harmless to the experiment after a period of two days. 56co 

1vas produced mostly by the reaction 58 Fe ( p, 3n ) , and its half

life is longer than that of 51Mn ( 77 days ). But since 58Fe 

* 1/2 mil corresponds to 9.8 mg/cm2 of Fe. 
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Fig. 22. The mounting of the source. The copper wire used is of 

No. 24 gauge. The source foil is circular, 3/8" in diameter. 
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is much less abundant compared to 54Fe in nature*, the total positrons impurity 

due to 56co as determined by the intensity of the 850 kev line 

was found to be less than 4%. 

Experimental Proc~dure 

The nuclei were cooled following the usual adiabetic de

magnetization procedure. After the source has become cold, a polarizing 

** field of -10.5 KG was applied. The current through the long 

focussing solenoid was read directly off a digital voltmeter which 

measured the val tage drop across a 50 mv /100 A shunt. The power 

supply was set at the current regulated mode with remote sensing 

to minimize current fluctuation due to the inconsistency of the power 

cables. 

Six consecutive ten minute runs were taken, and the data 

fram.the beta and gamma spectra were recorded onto a magnetic tape. 

Between each run, the beta detector bias voltage was dropped from 

+10 v. to -2 v. to avoid polarization of the detector.The beta 

spectra were checked carefully for any evidence of gain sgift or 

anomalous behaviors of the detector. There were none. 

After six runs, the polarizing field was gradually decreased 

to zero. The polarity of the magnet leads was then reversed, and 

the field was brought back to +10.5 KG. Six more runs were taken. 

The gamma spectra indicated ®~significant warm-up due to eddy current 

heating. 
. I . 

The pill was now'allowed to warm up by stopping the pumping 

of the 1 °K liquid helium bath as well as introducing about 300 
micron of helium exchange gas. The polarizing field was allowed 

* 0.33% of 58Fe in comparison with 5.82% of 54Fe. 

** The positive direction is the direction downwards towards the 

beta detector. 



68 

to remain at +10.5 KG throughout the entire warming up procedure. 

After half an hour, the exchange gas was pumped out and 

three warm counts were taken. The polarity of the field was then 

reversed to -10.5 KG and three more warm counts were taken. 

The two sets of warm counts ( three runs each) were compared care

fully for any evidence of effects introduced by the difference in 

field polarity. There was again none. 

Results 

The counts of the six cold runs with H == -10.5 KG were 

combined, as were the six cold runs with H == +10.5 KG, and the 

six warm runs with H == ±10.5 KG. Combination of the data was done to 

simplify data ana.lysis as well as to improve the statistics. Each 

separate run was compared carefully with other runs to check for 

any inconsistency. The beta spectra are plotted in Figure 23. 

Energy calibration. of the beta detector was done after 

the experiment . A l37cs source * was used and the detector 

maintained at 4°K • The local maxima of the spectra in Figure 23 

agree well with the energy calibration scale. 

The temperature reached was determined from the 744 kev 

line anisotropy of the gamma spectra. Since the gamma.detector 

has excellent energy resolution, background corrections should be 

routine. The final temperature is 8 mK , which corresponds to a 

polarization of 76% ( B1 == 1.22 ). 

* Gamma energy == 66.2 kev; 

K conversion electron energy == 626 kev; 

L conversion electron energy = 635 kev. 
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Fig. 23. The observed beta spectra of 5~n. The energy per channel 

has been calibrated separately with 137 Cs. 
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Data Analysis 

Compton Electrons 

Starting·with the Eq.3-2 , one can write: 

where Q1 (o) is the solid angle correction factor. 

Since Compton electrons from scattered y rays would also be 

detected, Eq.7-l should contain one more term: 

where D. c 

D. w (0) c y 

is an arbitrary constant, and 

W (0) is the angular distribution of the gamma rays in 
y 

the 0° direction: 

where Q2(o) and Q4(o) are the solid angle corrections. 

Eq.7-2 is a consequence of the interactions of the gamma 

rays with the copper fins ( see Chpt. 5). There is no way to determine 

Q2(o) and Q4 (o) exactly, but they can be estimated to be about 

* 0.9 or larger. The solid angle correction factors Q2(o) and 

Q4 (o) are therefore taken to be 1 in the data ana-lysts. The intensity 

of Campton electrons is estimated to be about · lo% of the beta spectrum; 

* The angle subtended by the source to the copper fins is about 

5° . Cos 2(5°) = .992 ; Cos4(5°) = .984 Therefore the solid 

angle correction factors should be larger than .9 

- . 



; ~ 

i,} d a I • \} \..J -i .r •--' ~) J ) '-· '>\~ \.J' 

an uncertainty of 10% in Eq.7-2 produces only an uncertainty of 

1% in Eq.7-1. With Q2(o) = Q4 (o) = 1 , WY(o) can be read 

directly off the gamma spectra. Thus W (0) can be written as: 
' y 

w (o) = 1 - o y 
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where o is the decrease in count rate of the gamma spectra 

when the nuclei are oriented. 

Eq.7-1 is re-written as: 

W((),O) = 1 +~A B1 "'(I+l)/3I Q1 (0) + .6c(l-o) 

where the inclusion of the term (3 , (3 = v/c , is to emphasize 

the energy dependency of the correlation function. 

The .6 is a function of the energy, but the whole term 
c 

.6 (1-o) is independent of the direction of the field ( only postive 
c 

or negative direction). 

The hyperfine field of 51Mn in Fe is negative, there

fore Eq.?-4 may be written as: 

. where W+ ( W_ ) is the correlation function when the 

polarizing field is in the positive ( negative) direction. 

Subtraction of Eq.7-5 from Eq.7-6 yields: 

Eq.?-7 W+((),O) - W_((),O) 
2 w (13' 0) 

0 



where the warm count W0 (~,0) is simply: 

w (~ ' 0) = 1 + 6. 
0 c 

6. can be determined from the sum of Eqs.7-5 and 7-6 
c 

Eq. 7-9 
1 + 6. (1-5) c 
1+6. c 
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The asymmetry parameter A can be determined from the com-· 

bination of Eqs.7-7 and 7-9 . 

Pile-Up 

The introduction of the long solenoid allows one to collect 

beta particles with a large solid angle, since the purpose is to 

increase the beta efficiency. A field of 10.5 KG corresponds to 

a solid angle of about ~ ( 25% ) for the beta particles between the 

energy of 100 kev and 580 kev. Assuming isotropic emission, 

one of the positrons would be detected for every four positrons 

emitted. Since only 1/3 of all decaying 51Mn emit positrons, 

therefore about 1/12 of all decaying 51Mn would result in a 

count in the beta detector. It follows that about one out of' every twelve 

Campton electrons detected would be detected simultaneously with 

a positron. The pile-up intensity from this mechanism is expected 

to be about 10% of the Compton electron background. 

Another serious source of pile-up stems from the fact that 

annihilation photons are emitted after a positron is stopped within 

the detector. Most of these amnilU.l:e.tion photons originating from 

within the detector see only a depletion depth of about 1/2 mm, the 

thickness of the detector. However, about 3% of these photons 

would be emitted perpendicular to the detector thickness, and the 

depletion depth they see would be of the order of 8 rom • About 5% of 

the 511 kev photons in 8 mm thick germanium produce photoelectric effect 

. ' 
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(see Figure 10). Compton interactions 'between the 511 kev photons and 

the germanium atoms also contribute to the pile-up intensity. Therefore 

pile-up would occur to more than 5% of .all the positrons detected. 

The first mechanism provides about 1% pile-up in the 

* observed beta spectra whereas the second mechanism provides about 

5%· It should be pointed out that the second mechanism occurs to 

all p?sitron emitters, and the introduction 

dbe s rio~ 't;t.ffe ct the probability of pile-up. 

su~porte,dc:by a. comparison between the 5~ 

of a focussing solenoid 

The present view is 

and the 60co . spectra. 

From Fie;ufe 23 and Figure 30, it is obvious that there is a lot 

less pile-up in the 60co beta spectra ( negatron emitter ) than 

in the 51Mn spectra, ( positron emitter) • 
.'.}.: . . \ 

Pile-up pulses are usually large, and are basically res

ponsible for the high energy end of the beta spectra beyond the 

~nd-point energy of the beta particles. While there are numerous 

high energy Compton electrons, they can only deposit part of their 

kinetic energy when their energy exceeds their range within the 

detector(which is about 700 kev ). Therefore only pile-up can explain 

the existence of counts beyond the energy of 700 kev in the spectra. 

Three observations may be made about the pile-up phenomenon. 

First of al.l, the percentage of pile-up as mentioned above is in

dependent of the source strength. This is quite unlike the usual 

y~y pile-up in gamma Spectroscopy when the count rate is too high. 

Secondly, because the pife'up pulses also involve positrons (or negatrons), 

they uhould exhibit beta o.symmetry just like normal pulsea except 

for the v/c term ) • ·Thirdly, they tend to reduce the count rate at the 

low energy prot ion and increase the count rate at the high. energy 

portion of the beta spectra. 

* ~Je assume a lCJl/u contribution of Con1pton eleet;rnns in the l,t>i;lt. 

1Jj,lt:<.:tl'ti.; 



The pile-up .due to the coincidence between the Compton 

electrons and the positrons adds a term to Eq.7-4 

6 ( 1 + t3' A/(I+l)/3I B1 Q1 ) W (0) pc . y 

where 6 is an unknown constant,· pc 

* t3' is a certain average of the velocity of all the positrons; 

the probability of the Compton electrons detected is pro

portional to W (o) . y 

The pile-up due to the coincidence between the positrons 

and their own annihilation photons add the following term to Eq.7-4 

where 6 pa is an arbitrary constant; 

t3" is another averlitgE! velocity of the posi trans. 

Both t3 ' and t3" should not deviate more than 0. 05 from 

the most probable ve'i.ocity , which is about 0. 7 It is not terribly 

important to ~now the values of the average velocity. For positrons 

energy between 150 kev and 500 kev, the velocity ranges from 

0. 60 to 0. 85 , which is only a :~5~ change. 

Eq.7-4 can now be re-written as: 

W(t3,0) = 1 + f3 A/(I+l)/3I B1 Q1(o) + 6 (1-5) 
c 

+A~: ( 1 + f3 1
' A/(I+l)/Jr B1Q1 ) 

+ 6. ( 1 + f3 I A/(I+l)/3I BlQl ) (1-5) pc . 

* This should be very close to the most probable velocity of 0.7 

. . 
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Scatteripg 

A good discussion on electron scattering may be found 

in Ref. 33 • The following rules may be used qualitatively: 

·. 1) Single scattering predominates in a thin scatterer 

such as the iron source foil. 
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2) Single scattering cross-section is roughly proportional 

to the Rutherford scattering cross~section. The probability 

for electrons to be scattered into an angle e with respect 

to the incident direction is ~ 1 / sin4e/2 The back-

scattering probability is very Small in a thin foil. 

3) Multiple scattering is significant in thick scatterers. 

This is the major cause of back scattering. 

One of the major shor'b~aming of the present experimental 

arrangement is the relatively large probability of source scattering. 

However, since the source foil is thin, a positron with a positive 

velocity component would continue to spiral towards the detector 

after single scattering. Source scattering affects only the final 

energy of the particle but not its general direction. Since some 

of these positrons with relatively large v/c end up in the low 

energy end of the beta spectra, the asymmetry parameter A calculated 

from the lower energy portion of the spectra is expected to be too 

high( Eq~ 7-1). 

A potentially more dangerous scattering mechanism is due 

to the backscattering from the copper fins. This mechanism admixes· 

the particles going in opposite directions. A systematic asynnnetry 

may exist even when the emission is supposed to be isotropic. 

However, when the difference W+ - W_ is taken , the admixture of 

directionally opposite beta particles causes a reduction in the 

observedasymmetry. It is indeed unfortunate that atheoretical 

calculation on all the scattering mechanisms is an impossibility. 
But it is safe to assert that most of these mechanisms lead to a 

ne~ decrease in the observed asymmetry. 



Back scattering fram the detector has been discussed before. 

It is basically reponsible for the large count rate at the very low 

energy end of the spectra. 

Scattered beta particles exhibit asymmetry also, and they 

add another term to Eq.7-12 of the order 

Eq.7-13 

where f3" 1 is expected to be close to the value of 0.7 . 

Eq.7-12 becomes: 

- 5 (6 + 6 ) 1 ( 1 + 6 + 6 + 6 + 6 ) c pc •. c pc pa s 

where f3 is the velocity of the positrons detected as 
a 

indicated by the energy scale of the beta spectra, but 

it contains the adlnixture of positrons which energy has 

been altered due to either scattering or pile-up. 

f)a is given by: 

Eq. 7-15 f) a =: f) ( 1 +(f) I /f3) (1-5 )6 + (f3 I! /f3 )6 + (f3 II I /f3 )6 ) pc · pa ~ 
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Fig. 24. The renormalized beta spectrum of 5~ af'ter the Compton 

• · electrons and some of the pile-up effects have been accounted for. 



The following observations may be made: 

1) The term o (6 + 6 )/(1 + 6 + 6 + 6 + 6 ) c pc c pc pa s 

when we take .the difference w - w 
+ -

In fact, 

disappears 

and the asymmetry A can be calculated. 

78 

2) The order of magnitude of all the spurious effects due to scattering, 

pile-up and Compton electrons may be known by taking the sum 

w+ + w_ • In fact, 

( w + w )/2 :::: 1 + 5(6. +6. )/(1 +6 +6. +6. +6. ) · + - c pc c pc pa s 

where o , the decrease in gamma rays in the 

0° direction, can be determined from the gamma anisotropy. 

If we ignore the terms 6. and 6. , then we can calculate the pa s 

factor · (6 + 6 ) • We can use the knowledge of (6 + 6. ) to c pc c pc 

renormalize the beta spectra, i.e., to subtract the contributions 

due to the Compton electrons and some of the pile-up. Figure 24 

indicates that the renqrmalized spectrUm is just about lc:t/o less 

in intensity than the war.ID beta spectrum. 

3) The terms 6.pa and 6.8 tend to be opposite in sign. At high 

energy end of the spectrum, scattering tends to reduce the count 

rate whereas pile-up tends to increase it. At the low energy end, 

pile-up tends to promote more positrons into the higher energy channels 

of the spectrum, whereas scattering causes more higher energy particles 

to lose part of their kinetic energy. 
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Fig. 25. The Kurie plot of the observed beta spectrum of 51Mn . 
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4) Eq.7-15 can best be viewed as v/c mixing. The beta asymmetry 

is proportional to the true v/c of the beta particles. Scattering 

and pile-up mix up the true beta asymmetry of the positrons, and tend 

to cause the beta asymmetry to approach a value corresponding to the 

most probable v/c of 0.7 . 

The Kurie Plot 

The Kurie plot of the 5~n spectrum supports the arguments 

in the preceding paragraphs ( Figure 25). Scattering causes an increase 

in the count rate in the lower energy portion, whereas the Compton 

electrons and pile-up increase the count rate in the higher energy 

portion of the allowed beta spectrum. 

The Solid Angle Correction 

The solid angle correction factor Q
1

(o) is a function 

of' the field strength, the collimator size, the source foil size 

as well as the velocity of the positrons v/c • The value of Q1 (o) 

is therefore energy dependent. A c~pttter calculation ( see Appendix 5 ) 

indicates that the maximum angle subtended e ranges from e = 65° 
for ~ = 0.6 ( E = 128 kev ) to e = 52.5° for ~ 0.88 ( E = 565 kev ). 

The same calculation also indicates that about 25% of the positrons 

would be bent by the field and collide with the thin source foil. 

When this happens, some of the energy is lost either due to single 

scattering or due to penetration • Although this adds to the complexity 

of the analysis, it affects mostly the asymmetry derived from the 

lower energy portion of the beta spectrum. 

The solid angle correction factor Q1 (o) calculation 

as described in Appendix 5 is depicted in Figure 26 as a function 

nf' the positrons' kinetic energy. A complete listin,Q; is also presented 

in Figure 27 • 

. . 
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Fig. 26. The values of the solid angle correction factor as a function 

of the energy of the positrons from oriented 51Mn. 



The Asymmetry Parameter 

Eq.7-16 is used for the calculation of the asymmetry 

parameter A The actual t3 = v/c is used instead of the t3 a 

in the calculation. To calculate ~a exactly, all the factors 

1:::. , t::. /:::. and 1:::. would have to be known. Unfortunately 
c s ' pa ' pc 

only the combined 1:::. + /:::. is known. It should be pointed out, c . pc 

however, that v/c ranges only from 0.64 to 0.88 for all the 

positrons in question. Furthermore., ~ represents a value samea 

where between ~ and 0.7 , the most probable v/c • Therefore, 
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the asymmetry parameter A determined from any channel of the spectrum 

is not expected to pose an error in excess of 10% . The value of 

A from the lower energy channels forms the upper linli t of th~ 

true asymmetry parameter, whereas the Value of A determined from 

the higher energy' channels forms the lower limit. 

The result is A = $~4'4).2';f O~Oll 

The ay.mmetry parameter reported here represents a least 

square fit of all the values of A as a function of the energy 

taken between E = 105 kev and E = 560 kev ( see Figure 28 ). 

The error is three times the standard deviation in the same least 

square fit. 

Assuming time-reversal invariance, the Fermi/Gamow-Teller 

mixing ratio is 

= -14.5 +0.6 
-0.7 

A plot of the mixing ratio as a function of the relative 

phase between the Fermi and Grumow-Teller matrix elements is 

given in Figure 29. A complete tabulation of the experimental results 

is given in Figure 27. 



..,) a ·. ~ '·· 

Fig. 27. A complete tabulation of the 5~ beta asymmetry results. 

SAC stands for the Solid Angle Correction factor. 

A(Fl) stands for the asymmetry after the degree of nuclear polarization 

has been accounted for. 

A(SAC) is calculated by dividi~g A(Fl) by the solid angle correction 

facto:r. 

A(V/C) is calculated by dividing A(SAC) by the term V/C A(V/C) 

gives:the values of the asymmetry parameter A as a fUnction of the 

positron energy. Comparison between the A(SAC) values and the.A(V/C) 

values indicates that the true values of V/C have been altered 

by the scattering and pile-up effects. 
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CHAPI'ER VIII 

The 60co Beta Asymmetrl Experiment 

The 60co experiment has been designed to, be performed under conditions 

as similar to the 5£Mn experiment as possible. A polarizing field 

of ± 6.9 KG was used instead, which would provide a similar solid 

angle correction factor. 

60 The decay scheme is given in Figure 5 • Co udergoes 

a pure Gamow-Teller transition to an excited state of 60Ni • Its 

s;,in sequence is 5+(t3 )4+(tE2)2+(yE2)0+ Since the two gamma 

transitions are "stretched", either one of them may be used to 

determine the temperature reached. Being a negatron emitter, 60co 

is expected to have a negative asymmetry of -1 

The spectra are given in Figure 30. 

The Kurie plot( Figure 31) indicates that it is a lot 

cleaner experiment than the 5£Mn experiment. This is not surprising 

since it doesn't have as many gamma rays associated with each beta 

transition. The pile-up effect diminished since it doesn't have the 

problems associated with positron emitters. 

The solid angle correction factor Q
1

(o) as a function of 

energy between 140 kev and 280 kev is plotted in Figure 32 , and 

a complete tabulation of the experimental results is given in Fig. 33. 

Figure 34 depicts the value of A as a function of beta 

energy between 140 kev and 280 kev , with the true value lying 

somewhere in between the two extremes of -0.95 and - 1.03 

A least square fit has been done with these values, and the result is 

A = - 0.971 ± 0.034 

where the error is three times the standard deviation of 

the same least square fit. This result agrees very well with the 

expected theoretical reault of A = - 1 • 
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Fig. 30. The observed beta spectra of 60co. 
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Fig. 33. A complete tabulation of the 60 Co beta asymmetry results. 

SAC stands for the Solid Angle Correction factor. 

A(Fl) stands for the asymmetry after the degree of nuclear polarization 

has been accounted for. 

A(SA:C) is calculated by dividing A(Fl) by the solid angle correction 

factor. 

A(V/C) is caleu.lated. by dividing A(SAC) by the term vjc. A(V/C) 

gives the values of the asymmetry parameter A as a function of the 

negatron energy. Comparison between the A(SAC) values and the A(V/C) 

values indicates that the true values of V/C have been altered 

'by the scattering and pile-up effects. 
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The values of the Co asymmetry parameter A . 



CHAPI'ER IX 

Critique of the Experiment 

The problems related to electron scattering are most 

susceptible to critic ism in a typical beta experiment. F'or accurate 

beta studies, the experimental chamber should be spacious so that 

the electrons may be free to move about. Due to the backscattering 

property, solid states detectors are relatively inferior to the 

beta spectrometers utilizing focussing magnets for the energy deter

mination.34 Nevertheless, the requirements for cryogenic designs 

are such that roominess is a luxury, and the adoption of a beta 

spectrometer within a cryostat is virtually impossible. The magnitude 

of the error lessens a great deal when the beta counts are displayed 

as an energy spectrum, as this enables one to pick the particles at 

the high energy end of the spectrum where scattering is the least. 

As mentioned in Chapter V , the inherent difficulty with 

the 51Mn experiment lies in the abundance of the gamma rays back

ground relative to the positron signals. To improve the signal-to-

noise ratio, a long guiding solenoid was used. Despite the obvious 

advantage manifested by the improved spectral shapes, there are 

three potentially dangerous shortcomings. The most serious of all 

is the increase in source scattering. But as argued in Chapter VII, 

single scattering events predominate in a thin film, and the back

scattering cross-section should be minimal. A less serious problem 

associates itself with the increase in the pile-up probability. 

This is undesirable only because of the v/c dependency of the beta 

asymmetry. Nevertheless, the fact that these two spurious effects 

c~nnot be determined precisely leaves one with some uncertainty 

about the result. Thirdly, the solid angle correction calculation 

demands a thorough knowledge of the geometric arrangements of the 

system. Obviously tl1ere is a limitation to an experimentalist's 

ability to accurately place and measure all the relevant geometri~ objects. 
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To alleviate any doubt concerning the accuracy of the 51Mn 
result, the following observations may become helpful: 

1) The experimental values of the asynunetry parameter A 

as a fUnction of energy set the limits within which the true value 
"' of A exists. The relative independence of A on the positron 

energy indicates that all the unwanted effects have not contributed 

det:i'imenta.J.ly to the experi.mental finding. 

2) Th t d "th 60c h · . 1 e asymme ry measure w1 o as a va ue very 

close to the expected theoretical value. 

It is natural to ponder over the possibility that systematic 

errors may still exist in the 5~ experiment. t3-polarized y 

coincidence experiments may provide an alternative approach to the 

problem, although they have their own handful of difficulties. 

As mentioned in Chapter II, an "in~ plane" nuclear orientation t3-y 

coincidence experiment provides the same information as the present 

work, and it also may be helpful in double-checking the result 

published in this report. 

Comparison with other Experiments 

Numerous experiments have been done on 5'}.m in the past 

with disappointingly conflicting results. Figure 35 tabulates a few 

of them to demonstrate the degree of discrepancy~ According to the 

"isospin selection rule ",*5 the Fermi matrix element should vanish 

since b.T = 1 for the transition 5~ ( T = 1 ) ~ 52cr ( T = 2 ) • 

But obviously the isospin "symmetry" T is highly distorted by the 

. charge-dependent electromagnetic interactions. It is doubtful whether 
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T itself is a good quantum number for a medium-weight nucleus Uke 
52Mn. 

* 1 = ~ = 0 except when b.T = 0 



96 

Fig. 35. A vs X in the case of 5~n. X is the absolute magnitude 

of the Fermi/Gamow-Teller mixing ratio if time-reversal invariance 

is assumed. 

The contributors are: 

F. Boehm (Ref. 37, 1958) 
E. Ambler et al ( Ref. 2, 1958) 
H. Postma. et al ( Ref. 38, 1958) 
S.D. Bloom et al (Ref. 39, 1962) 
F. Boehm ( Quoted in Ref. 39) 
H. Daniel et al ( Ref. 4Q, 1962) 
H.F. Schopper ( Ref. 41, 1966) 
L.G. Mann et al ( Ref. 42, 1965) 
J.A. Sawyer ( Ref. 43, 1968) 
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Nevertheless, a non-vanishing Fermi matrix element for many other 

similar nuclei very often is explained by the contribution of isospin 

impurities which arises from the Coulomb interactions between the 

protons. 

Using j-j coupling shell m~del, theoretical calculations 

have been made, and the value of lcvll~l/lcAIIMGTI ranges from 

- O.o4 to - 0.07 35,36 for 5~n. 

- It should be pointed out that the shell-model is rather 

inadequate for the description of the Coulomb effects and the mesonic 

effects within the nuclei. A large discrepancy still exists bet-.reen 

the shell-model calculations and the experimental results. 

The Fermi/Gamow-Teller mixing ratio reported here represents 

the largest negative value in comparison with other works. The 

asymmetry parameter A is about 70% larger than that measured by 
*2 Ambler et al, but the F/GT mixing ratio is still within the 

experimental error reported for the "in-plane" f3-y correlation 

measurement in the same report. Unfortunately, this experiment 

can only add to the already existing confusion about the true F/GT 

ratio value. Ferhaps it should be suggested here that due to the 

unfavorable decay scheme of 5~, systematic errors may be very 

large for all the experiments performed to date. However, even if 

this report is not taken seriously for its accuracy, it can still be 

inferred that a negative and non-vanishing interference term does 

exist, and 5~ is still a possible candidate for a future time

reversal experiment. 

* Ambler et al reported A= 0.232 ± 0.010 

.... 
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Time-Reversal Invariance 

Final words should be said on the prospects of the nuclear 

orientation p-y correlation experiment. The lesson learned in this 

work is that systematic errors are worse foes than statistical errors. 

It is true that good statistics is always being fought for by the 

experimentalists doing coincidence experiments, but systematic errors 

are more dangerous in the sense that they may lead one into completely 

different conclusions. 

The nuclear orientation ~-y correlation technique relies 

on placing the gamma detectors such that the plane defined by the 

H field and the gamma detectors in exactly perpendicular to the 

plane defined by the H field and the beta detector( Fig. 3) . 

But the magnetic rigidity of the electrons complicates the whole 

situation tremendously. The introduction of a polarizing field 

tends to cause the beta particles to follow a circular path. As 

depicted in Figure 36, a large field can easily cause.a low energy 

positron originally emitted "in-plane" to be detected by a " out

of-plane" beta detector. A simple calculation indicates that a field 

of 1 KG ( normally used to polarize the source foil) would be 

sufficient to bend a positron 200 kev in energy by an angle of 

18° when the beta detector is placed 1 em from the source. Although 

this 18° can be readily compensated by placing the gamma detector 

accordingly, the magnetic rigidity is energy dependent, and other 

positrons of different energy would yield an "in-plane" component 

for an "out-of-plane" arrangement. The source size and the solid 

angle correction may complicate significantly the data analysis. 

Furthermore, scattering makes the mixing of "in-plane" and "out

of-plane" particles unavoidable. 

The low energy end point of the 5~n beta spectrum does not 
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help the situation favorably. Even though 5~n may have a large 

Fermi/Gamow-Teller mixing ratio, perhaps it would be wiser to find 

other nuclei with more favorable decay schemes ( higher beta energy 

and lower gamma energy and intensity, such as 55co and 56co ). 

After all, the F/GT mixing ratio is just one of many factors respon

sible for the accuracy of a time-reversal invariance experiment. 
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APPENDIX 1 

Formulae for Bk , U k and F k 

Bk is defined as 

1 [ ( -l)I-m B = ( 2I + 1)2 C(IIk;m -m) W(m) k m 
1 

2k + 1)~ L: (-l)I-m (I I kl ( 2I + 1)2 ( 
m-m 0 W(m) 

m 

where C (IIk;m -m) is the usual Clebsch-Gordon coefficients 

and the 
(
I I kl 
m-m 0 the 3-j symbols. 

The more commonly used Bk are: ( After simplification) 

B1 = "/3I/(I+l) L m W(m) 
m 

B2 =y'5/I(I+l)(2I+3)(2I-l) L (3m
2 

W(m) - I(I+l)] 
m 

B = 3 
Y7 /(I+2)(I+l)I(I-1)(2I+3)(2I-l) 

L [5 m3 - (312 + 31 -1) m] W(m) 
m 

X 

B4 3/2 V l/(I+2)(I+l)I(I-l) (2I+5 )(2I+3)(2I-1)(2I- 3) X 

) : [35 m
4 - (30I(I+l) - 25) m2 + 3I(I+2)(I+l)I(I-l)] W(m) 

m 

where m is the eigenvalue of I
2 

, and W(m) is the 

relative population of these m magnetic substates. For Zeeman 

splitting, W(m) can be given by: 

n . ' 



{,} ) 
,, ,. ,-~ 

;J ..; :..) oJ \;,~ J J .. J tt 

W(m) exp( -m g ~ H I 'k T ) 

·~ exp( -m g ~ H I k T ) 

where H is the magnetic field applied or the hyperfine 

field; ~ is the nuclear magneton; g is the nuclear g-f'actor. 

For the transition Ii ( L ) If , Uk are given as: 

The F'k are given as: 

( ~~ {L L'k} 1-l 0 · I I I. 
~ . 

And: 

The are the usual 6-j symbols. 
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APPENDIX 2 

Pertinent Data Conce'rning 5~n 

Spin: 6 + 

Magnetic Moment: 3.075 ~ 

I{_vperfine Field in Fe: - 226.97 · KG 

u
2

(661) 13/14 

u
4

(661) 16/21 

l 

F ( 2246) 
2 -5/(154)2 

l 

F4 ( 2246) -4/9 X (17/77)2 

U2F2 - o. 3741 

U4l<\ - 0.1591 

·• -
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APPENDIX 3 

c:run:ma Response in Germanium Detectors 

The efficiency of a germanium detector depends on the 

photoelectric cross-section of the gamma rays in the material. 

Figure 10 indicates that the cross-section drops off extremely 

fast as the energy of the photons is increased. 
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An electron is ejected when a photon is absorbed via the photo

electric effect. This electron has an kinetic energy equal to the 

photon energy minus the binding energy of the electron. The electron 

in turns causes secondary ionization within the bulk material, and 

these ionizations are swept away by the intense electric field if 

they are within the depletion region. 

It is obvious that a thin detector has very low efficiency 

for gamma rays. Not only that the probability for the interactions 

with the photons decreases due to the lack of thickness, the photo

electrons produced when the photons are absorbed very often have 

energy higher than their range in germanium. Consequently most of 

the photoelectrons escape the bulk material depositing only a small 

fraction of their energy. Those produced at the center of the detector 

and ejected perpendicular to the detector thickness have a larger 

chance of producing significant ionization, whereas those produced 

at the periphery of the detector ultimately escape the detector if 

the detector is thin enough. Obviously there are many different 

combinations of the various mechanisms, but the point to keep in mind 

is that most of the energy transferred to the detector happen only at 

the end of the range of the electrons in the material. By keeping 

the detector thin, the electric signals produced by relative high 

energy gamma rays (such as the 511 kev annihilation photons )can be 

made small in their pulse heights so that they won't interfere with 
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APPENDIX 4 

Some Useful Data Concernigg the Dewars System 

The LN Tank: 

Dimension: 
1 II 

51'3 long, 11" O.D., 9" I.D. 

LN Volume: 25 litres. 

Boil-off Rate: 1-?? "/hr. when full ( more than 12" from top flange; 

1 "/hr . when half full. 

The 4°K Liquid Helium Tank: 

Dimension: 3" 79ft overall length, 7Gt" from the top flange 

to the beginning of the taper. 

LHe Volume: 18 litres when filled to 15" from the top flange. 

Boil-off Rate: 1/3 litre/hr. when the 1°K bath is pumped on; 

about 1 litre/hr. without pumping on the 
0 1 K bath, and the magnet current set at 100 A. 

Location of the Cooling Magnet: 

56t" from the top flange to the top of the 

first magnet winding. 

The 1°K Liquid Helium Tank: 

Dimension: 

LHe volume : 

75" overall length from the top of the T 

9-}" from the top of the T to the beginning 

of the taper. 

55 litres when filled to 15" from the top 

flange ( 23" from the top of the T ) ; 

this should be subtracted by the volume of 

of the cryostat which is typically 30 litres. 

Typical Bath Life: About 30 hours. 

.. -
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APPENDDC 5 

The SoJ..id An;gle Correction 

The magnetic rigidity of electrons have the relationship: 

where A.= e/mc = 1.75890x107 j2.997930x10
10 

B is the magnetic field in gauss; 

-1 -1 gauss em 

r is the radius of the electron path perpendicular to B 

~ = v/c of the electron. 
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Consider Figure 37.. At a given emission angle e , certain 

electrons emitted in an angle ~ will be bent by the magnetic field B 

and interact with the source foil again. It is obvious that the 

amount of .electrons free of interactions with the source is dependent 

on the angle e , the angle ~ , the energy of the electron ~ and 

the source foil size ( radius R) 

It can be shown that for a given angle e , ~ assumes values 

governed by the equation: 

1( - ~0 

Now , all possible ·~ are integrated: 

2rc - ~ ( e) 
0 
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MAGNETIC RIGIDITY 

XBL 728-1407 

Fig. 37· Schematic diagram of the geometry for the solid angle 

correction. 
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cp (o ) -
0 

R 
2-

r (1-f:3 )2 

..., ..., 
(1 - f:3 6 Sin6

(:J 

cos e 

Now, all possible e are integrated to obtain the solid 

angle correction factor 

The values of e range from 0 to an angle determined 

by the energy of the electron ·f:3 and the collimator size of the 

beta detector. The integration can be done with a computer. 
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