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Electron/Beta Spectrometry

Chadwick (1914): Some nuclides emit e-
with continuous energy spectra “p rays”

Y
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Active

.

Radioactive Ra sample in a
magnetic field g = e-.

1oubep

Observed later in decay of
neutrons and excited nuclei
(internal conversion) or nuclear
transmutation (S decay).

Iron-free “"Orange” spectrometer with axially sym-
metric toroidal magnetic field inside current loops

60 Helmholtz coils
every 60 arranged
in a circle.

Current: ~1000 A

Setup used in
nuclear reaction
studies (counters
for coincident

==L

porticle
counters

i ’ \ ‘ proportional . particles & y-rays)
@ & / \ counter

Different energies
correspond to
different locations
on focal detector

Circular e* orbit radius p in B field
p.=€-B-p
E, = p;/2m, — dE, = (p./m,)dp

e

aN _ [me]. dh Energy spectrum constructed
dE p. ) dp. from momentum spectrum

e



Electron and Beta Spectroscopy

Nuclei can deexcite via photon, (e*, e”) , or atomic-electron emission (internal conversion)

Conversion electron line spectrum for decay
of 203T| state E*=280-keV

Electron binding
energies in 203Tl K ”M
SO0 K 85.529 keV r|
L; 15347 keV |‘ L+l ‘|

400 |
L, 14.698 keV |
| I

|

200 ¢ Ly 12.657 keV i Ly |
» [ 1

M 3.704 keV A JN v

E,=E*-Eg < 280keV

|
0. || x0.2 |

Electron counting rate

Nuclei transmute in B decay dN
dE, »
g
(z,17) 5
0>0 B % B spectrum is 4
. )
e/ — eject continuous up 5
[
to E. = Q =
(Z£1,(I,1+1))_ 1 15
g 0 05 1.0 1.5

Electron energy (inMeY) Ee

Fixed differences Q and |AI| carried by more than one decay product - additional "neutrinos” v, v

~ e e lalala)




The Neutrino Hypothesis

g Observed Expected
2 spectrum of electron
2 energies energy
L)
k<]
2
E
-
z
E
e Endpoint of
spectrum
Two-Bodz Final State
Helium-3 (1, 2)
Tritum (2, 1) Recoil nucleus and

electron separate
with equal and
opposite momentumj

Qﬁ
oe-

(NND)—=>(N-1,Z2+1)+e,

=)

Tritium (2, 1)

& —

(N,2)— (N

Dilemma: continuous e- spectrum would violate
energy/momentum balance in 2-body process.

Wolfgang Pauli (1930) postulates unobserved,
neutral particle (“neutron” later ="“neutrino” (Fermi))

Three-Bodx Final State

Helium-3 (1, 2)

Electron and
neutrino share

the available
.A/ TSA energy.
A&
Electron Antineutrino

1. Z+1)+8 +¥ .
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Evidence for Neutrino

‘Fixed decay energy (Q value €-> Amc?)
but continuous e spectrum

(z,T) -
Q>0+ e « e- has spin I,=1/2
&/= eJeCt but |IfinaI_Iin|= OI 1 typica”y
(Z2+1,(I,1£1))  Electron capture produces recoil momentum
* Direct evidence by neutrino-induced reaction
. . 37A - 37C/
Recoil Experiment r+e — +Vv
p . N N
Py P n TOF )[I
com® @ - distance
) o= _
\pN :
- - Auger e 37Ar gas Recoil
= A _ ~ Detector I
Z p, =0 Z p, = D, ce Detector

i=observed

i=observed




Direct Evidence for Neutrino

Savannah River

reactor experiment

(fission fragments decay—>v
NS - 900 hrs with reactor on
Reines | 250 hrs reactor off

V,+p —> € +n Experiment: o = 7-10"1%
e*/e” annihilation

e’ +e > 2y(511keV)

Delayed n - capture y — rays

n, + °Cd — "°Cd” -»"° Cd + xy

prompt et-delayed capture y coincidences
Ergergytof

)", Detector|

Incident
antineutrino

Top triad
1

Gamma rays
n .
Neutro‘ Top-triad
— PRI event
Gamma rays cmnpdefnce counter
circuit
o
- N Neutron capture Neulron
e 3 A Bottom-
- - 9;021“":; triad event
E- CONCXIENCE) | counter
Positron §
annihilation

Liquid scintillator
and cadmium

...... circuit
[ ) >:)‘: T Positron
( prompt-

Detector Il i concidence P

— Postron circuit _<

( =




Fermi Theory of B Decay

Simple example: single nucleon orbiting core of

D n paired nucleons captures atomic 1s electron.
® e ® | Isospin wave functions y,, x,
& . Core\% Isospin operators ¢, 7, ,7. analog to spin operators
i) 7y | B2z, Br=-(12)z,
T, Xp= Xn T Xn=Xp
i> Y, = l//(F)Zp ‘f> Y, = l//(F)Zn initial, final s.p. nuclear states

|Fermi’s Golden Rule (Pauli) |

2
P, ﬂ‘f|HWI i)

‘2

'P(Ef)

1st order “Perturbation Theory” for i>f

ME of weak Density of final
interaction H states per unit

energy

Weak Interaction Hamiltonian (point-like) | GAF_: coupling constant,
| ' 7,: Isospin raising operator

d : delta distribution

Ay =G, ¢ -8(F,-F)-6(F,-F)-8(F,-F,) ~ G,



Weak Transition Matrix Elements

I> = Id3F l//;< (F) . GFZ,'\+ . l//,- (F) Electron Capture
6—\‘*--;__\ - \
o] 3 n
e +p—>n+V
A Lepton wave
functions

v, (F)f vary weakly
s over nuclear

v (F) volume >

> .
5 fm 10vm | [(ve. P = (O
2
2 3=k (=\a =
H.| =G j d’Fy, (F)w, (F)| =~
Nucl

, 2

2 2 2 3= X [=\na —

GF we(0)| Wv(0)| Kl//Nuc/core WNuclcore} J. d rwn (I’)TJ,VP (r)

\_ Nucl ]

=1, per def '=1(a|lowed tr)



Fermi Transition ME

H,[ ~ GZlw.(0) |v,(0)

Hydrogen-like e~ wave function

Z3 _24r
|we(0)|js =2 — € %  Bohr Radius a, =5 -10%fm
B

Plane-wave v, wave function

IO R
w (F)=—=e'*" Normalization volume, drops
\/V out in final calculations

2 1, 712 1

WV(O)‘ =V e’ | = v
5 2.73 1| Fermitransitions For P need to evaluate
2 A\ n . .
|Hﬁ| ~ Gf ———-—| (“super-allowed”): density p(E;) of final states:
wrd; V| NochangeinlI, n neutron-neutrino relative
phase space
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Neutrino Phase Space

2r ., 2 73 1 p=# final (n, v) states at energy E; EC:
Pr = 7 Gr a3 V. P(Ef) E; =~ E  neglect nuclear recoil energy
B
Ap, -Ap, - AD, ) (Ax - Ay - Az) > h® Uncertainty
5 ( il sz 2) ( = ) Relation
4zp=dp
< d’n, = 4zp’dp,dvV/h® ; p, ~E,/c
AN dn E?
E)=—2=—>%—=V
Ap P (Er) dE, 27°nc3
. Z7 1 E? 2. 73
Pif:ﬁGlfz 3 1/ | 5,33 :Gi 2243 3Ev2:"/lgs
h ra, V| |2z°h°c nh'C” ag

Use experimental data for 'Be EC decay to determine G >
Ge = 100 eV fm3. More exact average over many data sets:

Ge = 88eVfm?
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Branching in EC B Decay

. 3
v phase space depends on P, =G? 22423 _E?; E =E__=Q
Q=Enx 2 7HC 8
rate A increases with E, ., A(E oy ) < EZ oy

Jor (0.478MeV) (Q-0.478MeVY’

ﬂ‘gs Q2
Aex (0.382
A 0.861

gs

2
j =0.20

Experimental value correct magnitude
but disagrees quantitatively

(Zex/%4s),,, = 0-115

Reason: y, # y, because of nuclear spin change 37/2 - 17/2
“forbidden” transition
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Shape of the B* Spectrum

Beta decay other than EC (N-1,Z+1)+e +7,

- 3-body final state (N, Z) > { N
Neglect nuclear recoil energy. (N +1,2Z - 1) te +Vg

2 d(n,-n
Pif ] —E‘Hﬁ‘z p(Ef) 'O(Ef) B (dE ) Ef - Emax - Ee +Ev
f
dn, 4zp; , _4zV 1 dn, 4zp?
dp, 7;73 V:%C_Z(EmaX‘Ee)z p,~E,Jc . 7;73ev

plane waves for e,v — |Hﬁ|2 « 1/V? (problematic for e*, Coulomb)
Fixed E, — dp,/dE, ., =1/c

dn.-dn, = = a5 3pedpe . p2dp
an, V2 2
an - dE = 4741603 pgdpe (Emax Ee) zp(Ef)dpe
max
2
dN, _ G |Hg| 2| pmomentum
3,7 3 pe (Emax_Ee)

dp, 27°hc spectrum
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Shape of B* Spectrum/Coulomb Correction

Relativistic momentum-energy relation

2
E, =W = \/(pec)z + (mecz) Eax =W = Q (neglect nucl. recoil)
2
aw _ PeC p.C = sz — mic*
dpe 2 2\2
(PeC)” + (mec )
dN, GZ|Hg[ 2 GE|H[ 2 24 2
W " 23w P e W) =555 s W W2 = (W W)
Should use Coulomb vy, (r) # plane wave.
Electron cloud acts as barrier for e*. Nonrelativistic
dnN numerical correction factor (Fermi function)
e -
w] ) (@) e OF = 0f 2
€ € © {1-exp[-2m]|
_ . ez T
B+ 77.=ihuez2(for,6’)
dNe G,E-‘ f/‘ 2
1\ dp > 3h7C3 F(Z, pe)pe( max _Ee)
e
Pe

Barrier effect
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Total p* Decay Rate

Seek method to systematize data: Unit conversion

27°n W . b,

TO L= 7(;2 E .= m > T .= m—C

meC F eC e
dN ‘Hﬁ‘z 2 2

€ = eNe —l(gmax—g) for F=1, m =0
de 7,
‘mxdN.  (n2 Parameterization (Machner, 2005 )

A= de —=&=

" de t1/2 f(Z,E,..)=a(Z) EX

a(Z) = exp{-5.553 +7.3418exp(Z/213.86)|
b(Z)=4.148exp{-Z/51.6}

Coulomb Correction : Z>0 for f~,Z <0 for g*
f(Z,¢,,)= j deF(Z,¢) -Ne® —1- (&, —8)2
1 Universal numerical function,
independent of spectrum - Tables

‘ ‘ > Nuclear structure information

H. ‘n2 2
ﬂa = fi ° f Z E - 2 = X / =\ A -

7 ( v maX) t1/2 |Hﬁ| =G} I d’ry, (F)fy, (F)
Nucl

Phase space : f(Z,&,..), T,



B* Decay ft-Values

Experimental task: E.,,, and t;,, combination < nuclear matrix element

-(n2
ft L= f(ZlgmaX)tl/Z = 2-0—2 B
[H| ft =
‘H .‘2 Large ft:
B=1,-(n2=(2787 +70)s f slow transitions, small|H|2
o |Hi =B/t
13 Lyo 6107y “Super allowed” B transitions:
T T T T T T T T T T T T T T T 17T Large matrix elements, small ft
K i Frequency observed only for light nuclei
50 m seomomaien  Of ft Values (“mirror nuclei”) and AI=0,%1

B8 Third forbidden
3 Fourth forbidden

3
LN YF—L—0 logft=3.38
gao:—g p B
3k © o
g g v N v N
- D £ 1 1
10F e 8qo 8@0
3 4 5' ('3 % EIS é 101 12 13 14 1516 17 18 19 20 21 223 o
oot “Allowed” B transitions: AI=0,%1

Meyerhof, 1967
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