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Section V
Nuclear Decay

o Decay

o decay is due to the emission of a gHe nucleus

;’He is doubly magic and very tightly bound

o decay is energetically favourable for almost
all nuclei having A > 190 and for many A > 150.

Why o ?

Consider energy release (Q) in various possible
decays of 232U

n p H °H H ‘H H U U

Q 726 612 -1070 -1024 992 +541 -259 -3.79 -1.94
MeV)

o easy to form inside nucleus  2p Ti+2n T
(extent to which a exist inside nucleus still
unknown)
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Kinematics

A A—4 r, P
ZX—>Z_2Y+oc v %

Conservation of energy:
My = My -I-Ty + M, +Ta
T = kinetic energy = p2/2m (non-relativistic)

Energy release:
Q=Ty+ Ty =myx —my —m,

= By + Ba — BX
If Q> 0, decay energetically possible
2 2
_p . _P My
To = 2m, Ty = 2my Ta My

ST - R L QU-4/A)~Q

a_(1+ma/mY) —

Measure T, (e.g. magnetic spectrometer) = Q
= Info. about nuclear masses/energy levels.

Decay may be to the ground state of Y or to an
excited state, in which case y-decay will follow
— several lines seen in a energy spectrum.
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Dependence of t,,, on Q (Geiger and Nuttall 1911)

A very striking feature of o decay is the
strong dependence of lifetime on Q.

eg. 232Th Q=4.08MeV 14/, =14x10rs
BBTh Q=9.85MeV 11/, =1.0x10"" secs

A factor of ~2.5in Q = Factor 1024 in 1y, |

n
o
I

even N, even Z

._.
o
I

252F

254N° 246Fm
2400f 252N0
Ty

226y

logyo 11/, (SECS)

218Th

212pg 214Rpp 216R,

ey
o
I

I | I I ' | I

Q (MeV)

Smooth dependence at fixed Z
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Quantum Mechanical Tunnelling

The nuclear potential for the a particle due
to the daughter nucleus includes a Coulomb
barrier which inhibits the decay.

v(r) 4 Coulomb ~ 1/r

> I

Total energy of a = Q+V,-V,
KE. PE.
Classically, o particle cannot enter or escape.

Quantum mechanically, a particle can
penetrate the Coulomb barrier

— Quantum Mechanical Tunnelling
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Simple Theory (Gamow, Gurney, Condon 1928)

Assume o exists inside the nucleus and hits the
barrier.

o decay probability, A =f P

f = escape trial frequency, P = probability of
tunnelling through barrier

semi-classically, f ~ v/2R

v = velocity of a particle inside nucleus , R = radius
of nucleus

eg. Vo~ 35 MeV,Q=5MeV =T, =40 MeV

v 1 2T, .22 -1 m, =370GeV
2R 2R|m, 2055 Rhzifm

Obtain tunnelling probability, P, by solving S.E.
in 3 regions and using boundary conditions

Transmission probability, 1-d
: T E Vo
Vo L2
P=|1+ sinh“ ka
4Vy—E)E
—>

nek® 0 a
=Vo~E  m = reduced mass

2m
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For ka >> 1, P is dominated by exponential
decay within barrier

l.e. P ~ e_2ka

Coulomb potential, V, and thus k varies with r.
Divide into rectangular pieces and multiply
together exponents.

V(ir®}

— >r
Ar
Probability to tunnel through Coulomb barrier

~2k Ar _[on(v -0 )
— H e <K k= >

, LR
:exp<—2jRR [2m(vcz I 4|

J

Ee}cp;2G

1/2
where G =I Zm(v(]; )] dr

Is the Gamow Factor,
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_27'¢® _B
4TE)T T

aescapesatr=R’, V(R)=Q = R =B/Q
, 1/2 1/2
Ca o [R]2m B _
..G—J-R (hQ'j [r Q} dr
(2mB 1/2IR, 11 1/2dr
|2 R|r R’

Let r = R'cos29

1 17 1 L T
j[___} dr:j{ — ,} (- 2R’ cos9sin9) A9
R'cos®§ R

Forr>R V@@ 7! — 7.9

r R’
= [-2r"?sn* 9 39 =R"/?[sn 29 - 9]

1/2, \1/2 1/2TR
g o eeti)”
R R R
R
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Most practical cases R << R/,
so termin[...] ~ n/2

2
o[ )Rl 527
0 h 2 4TE 5

eqg.Z=90,Q~6 MeV = R ~40 fm» R
N Z,(3.9 /v\evT/2
0

G

e 11 2R 2G
Lifetime Tip==Fp5~ €

Ll’l Tl/z ~ 2G +LI12—R

V
° I I ,
Geiger-Nuttall 17,9 _ _ - + constant
Law 0 /
10 <
\\ ® 4n serics
logioh | - e s g Seiie
PO
Ata 2i6at
mp, & '¢Po
ol 2"!‘00 28,0
n’Em n,oE
2]!33‘ 2“[;.\ " 1233,,
Mpie ”}Em -
214Bi. ™ 227-“:
Jwi)o \ .ZJITh
N
-10~ 226R§‘:;1Ac
Bim 04 @’yTh
P.:\\ .23‘U
“SUA znu.
N2+ @
Th
. i i +152Sm 3\\‘
25 30 35

20 e
Z"Q-l/ 2
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» Simple tunnelling model accounts for strong
dependence of 14/, on Q.

» Also explains why decay to heavier fragments
e.g. 12C disfavoured

G ~m*?, G ~charge of fragment

Deficiences

» Assumed existence of one a particle in
nucleus and have taken no account of
probability of formation.

» Assumed "semi-classical” approach to
estimate escape trial frequency, f ~ v/2R,
and make absolute prediction of decay rate.

» If a emitted with some angular momentum, /,
radial wave equation must include a
centrifugal barrier term

¢ ¢+1Dh% ! =relative am. of aand
= daughter nucleus
m = reduced mass
which raises the barrier and hence

suppresses emission of a in high /¢ states.

2m 12
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Angular Momentum and Parity
Selection Rules in o Decay

Nuclear Shell Model o has JP=0*

Angular momentum

X->Y+a
Spin JX Jy
14
Jx =Jy @6‘

¢ ranges from Jy + Jy to |Jy - Jy|

Parity
Parity is conserved in o decay.
Orbital wavefunction has parity (-1)’

X.,Y same parity = / must be even
X.,Y opposite parity = ¢/ must be odd

e.g. if X,Y both even-even nuclei in their
ground states = shell model JP=0* = /=0

More generally, if X has J?=0*, the states

of Y which can be formed in o decay are
JP=0+1,2*, 3,4, ..
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B Decay

e electron, e* positron (an’ripar‘ricle)
B- h—>p+e +v, AX—) Y+e +Ve

P pon+et +v, AX—) Y+e +V,

electron _
capture P+e —N+ve AX—>Z Y +Ve

B decay is a weak interaction mediated by the
W: boson (see Particles course) 5
ck

P
eg.
I =

W+ bosons are massive M, ~ 80 GeV/c?

Yukawa () ~ e My
Potential r

Range = 1/M,, ~ 2 x10-18 m << nuclear size
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Examine nuclear stability against B decay by

plotting the nuclear mass on an axis L'r to
N-Z plane.

B decay, A is constant, Z changes by +1
= m(A,Z) is quadratic in Z.

m(A,Z)

stable nuclei

>/
SEMF. mAZ)=Zm+(A-Z)m,

2 2
2 a.Z N-Z
—ayA+ agA /3+AC1/3 +aa( ) ) —-0(A)

Most stable nuclei when 9™A.Z) _,

m(A,Z)

Tstablc
| 1
48 50 52

| l o

Z 48 50 52
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Kinematics
Q = Energy release in decay (as in o decay)

= Q> 0, decay possible
B Q=my —my —mg —m,
e.C. Q — mX _ my + me - m\, me_ ~ me_|_

M(A,Z) =m(A,Z)+Zm,
Atomic Nuclear
mass mass

B Q= MX - N\y —m,

Br Q=Mx -My-2m, —m,

e.cC. Q:MX_MY_mv
Electron capture is possible if B* not allowed (Q<0)
4N Q:mX_my_me_mv
e ~Ty+ T+ T,

dE,
] =T, + T,
6 \ = Maximum T, = Q
. ‘e
4 : Mg << My,
3
2
1

21 ™, p°

On: Tv="— small
,38' Y T om

e
0 01020304 0506 07 08 09 1.0 111213

T, (MeV)
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Fermi Theory of B Decay

Use perturbation theory (weak interaction)

Transition 7, . = 2% |y |2 Fermi Golden
= pEE)

Rate = ‘ “ " Rule

M = <\|/f =4 \|1i> and p E¢)= density of final states

ey

H = energy operator that describes the weak
coupling between initial and final states.

Assume 4 particles in 3 decay interact at a
single point.

c p Gg = Fermi constant
n ] = strength of the
- —— ¢ weak interaction

Ve Gg/(hc)? = 1.166 x 107 GeV-2

In Fermi theory,

M =G p|yq Vp VeV, &
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Free particle yo=e®* y,=e7"

M =Gy I"’; S BTDE,

» Typically, e and v have energies ~MeV, so
D-T~10 << size of hucleus.

- Approximately, We, ¥y =1 [ Allowed
corresponding to (=0 states | Trqnsitions

for e and v
[c.f. Partial waves kr<<1 = /=0 ]

*
M =G Fj\pp Y, dr

where f w; y,dt is the nuclear matrix
element and depends on the degree of
overlap of the initial state n and final state
p wavefunctions (not predicted by Fermi theory)

» If p,n wavefunctions are very similar, the
nuclear matrix element is =1
= large M Superallowed

— B decay favoured. Transitions

eg. NP, fH—)ZSHe, 173N—>126
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Electron Energy Spectrum

Consider density of final states p E¢)

X—>Y+e+v

Number of e states in  dN . = 4n&dpe
h>

range p, — p, + dp,

Number of v states in gy v = 4np_Vde

range p, — p, + dp, h?
Total number of dN = 4n&dpe 4 =L Py - dpy,
states h° h°

Energy of final state Ef=Q~T.+p,cC
nuclear recoil negligible

AN 4Tt g 1

2 2

LpEe)= OB _[Fj — Pe Ef—Te) dpe
f C

Probability of B decay producing an e with
energy in the range T,—> T, + dT,and
momentum in the range p, — p, + dp,

dl“—7 ‘ PEE)

2
2 4 1
Z% M ‘2(1'17‘:] i pé(Ef _Te)zdpe
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al
dpe

N (o) =— ~p2(Q —Te)

The momentum of the e is modified by the
Coulomb interaction as it moves away from
the nucleus (different for e~ and e*).

= Multiply specfrum by Fermi function F(Z,E)
dl

N Pe)= p2(Q-T.)* F@Z,E)
< dpe 27_c3h ‘ ‘ e
' N
§|u ':rle 5 o) _ constant x (@ -T.)
© pe F (Z IE)
30 [ I I | = I ! I
N(p, |
\/P§ F(FZ,)E)%" Kurie Plot i
20~ 3H—>3He+e_+ve i
15 .
10- Q _

o

Y _' 3 14 16 18
T, (keV)
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v Mass

m, = O End point of electron energy spectrum = Q

m, =0 EszzTe+(p3+m3)l/2 c=1
:(Q_Te)2_ ¥ Pydpy = (Q T)
/2
pvdpv [(Q T) 2 (Q _Te)

Use electron energy spectrum to determine m, .
m, small = only significant effect where Te ~ Q
Experimentally very difficult due to low intensity.

Current limit,
m, < 3 eV/c? (c.f.m, = 0.511 MeV/c?)

J N(p.) \\
>

F(Z, E o .
Pe (A ) 3H—>3He+e +Ve .
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Total Decay Rate

Total Decay Rate, T'= I P AL dpe
0 pe
1 2 (Prw 2
['= M Q-T,) FRE)d
onh 3 ‘ ‘ '[O ( ) E;\'e\V:O

» If e is highly relativistic then T ~p_.,-m, and

n

5 5 W
‘F ~ D2 e ~ O ‘ Sargents Rule

» All the information about the nuclear
wavefunctions is contained in the matrix
element. Values for the complicated Fermi
integral,

fZ E)= ;Jf“‘ax p2(Q - T) FZE)dpe

m C
are ’rabula‘red‘.\ make f dimensionless

: : 1 : Ln2

21°h’ .
) (7, =Ln2 — | Comparative
mc M|*|  Half-life
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Comparative Half-lives

Lol
(=]

o
o

w
(=]

T T[T T T T[T T T T[T T T T[T T T T[T T T T[T]

'1

b ‘
|

Number of cases

[
(=]

10

A
J, .

B superallowed
] Aliowed

(] First forbidden
b4 Second forbidden
Third forbidden
E=JFourth forbidden

| ml

=0N=

3 4 5 6 7 8

Decays with

5 10 11 12 13 14 15 16 17 18 19 20 21 22 23

logioft,),

logyoft,, ~3-4 Superallowed
~4-7  Allowed

Lent Term 2004

> 6
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Forbidden
(i.e. suppressed,
small M)
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Angular Momentum and Parity
Selection Rules in 3 Decay

Fermi theory, M =Gy j Yy S AL UG
R
e,V
So far have ignored angular momentum of
e and v.

» Superallowed Transitions

M ~ j‘l’; ypdrx1  logyfr, ~ 3-4

» Allowed Transitions
Angular momentum of ev pair relative to
nucleus, 7 = 0.

e_i©+@'% ~1 logioft,, ~ 4-7

There are two types of allowed transitions
depending on the relative spin states of the
emitted e and v.

e, v both have spin 1/2
Total spin of ev system, S,,=0or 1
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X—>Y+e+v Jx =Jy ©S,,

Fermi transitions S,, =0

I
o

nTopT+e  T+v, L AT
JX - Jy S;rv =0
Gamow-Teller transitions S

=1

ev

nT—>pT+e T+v, T AT =+l

Y

Jx =Jdy S,, =1

nT—>p¢+e T+v,T AJ=0

v 0—0 Forbidden
Jo=Jyxl S, =+l

I-I—

Total number of spin states of ev = 4
(3 6-T, 1 Fermi)

No change in angular momentum of the ev pair
relative to the nucleus = Parity unchanged
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» Forbidden Transitions  logioft,, > 6

Angular momentum of the ev pair relative to
the nucleus 7> 0.

DT o1 {p+g) T {(p+3) I ...

14 0 1 2
P=(-1)’ even odd even
Allowed 1st 2nd

forbidden forbidden

Transition probabilities for large ¢ are small
— forbidden transitions.

Forbidden transitions are only competitive

if an allowed transition cannot occur
(selection rules). The lowest permitted order
of “forbiddeness” will dominate.

In general,
nth forbidden = ev system carries
orbital angular momentum / = n, and
S., 0 (Fermi) or 1 (G-T).
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Examples

34¢1(0")345(0")

140007 ) 4N(1)

n(1/27) - p(1/2")
Far(7/27)->3%k(3/21)

87Rb(3/27)>87 sr(9/2")

Lent Term 2004 Nuclear / V.Gibson
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Parity Violation in § Decay

Parity is conserved in nuclear interactions.
B decay Co® Wu et. al. Phys. Rev. 105 (1957) 1413

Co®9 5NPO 4 e +V,
JP=5+ JP=4+ AJ=1 no parity
Pure G-T transition

Look at direction of emission of electrons

g‘ﬁ§ B
)

Under parity r - —r and p — —p but i does
not change (E =Fxp — —Fx—P :E)

B H

If parity is conserved, expect equal numbers
of electrons parallel and antiparallel to B
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| | | | | | | ]
1.2 B asymmetry _I
E
e § 1. | B
w ~
R
21® 1.0
&
= =
8 § 0.9
S 08
0.7 | | I ] 1 | I |
0 2 4 6 8 10 12 14 16 18
Time (min)

mm) Parity violation in the weak interaction

The weak interaction couples preferentially to

S

left-handed particles . p

right-handed antiparticles - P

Hence,
COéO e_ Ve
—> < > >
J=5 J=4

is preferred in order to conserve a.m.
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v Decay

Emission of y-rays (electromagnetic radiation)
occur when a nucleus is formed in an excited
state (e.g. after a, B decay or collision).

The treatment of radiative transitions in nuclei
is generally the same as for atoms, except

Atom Ey~eV A~108fm I ~10°s!
Only dipole transitions are important

Nuclei Ey~MeV A ~102fm T ~ 10! s
Higher order transitions also important.

Collective motion of many p's lead to
higher transition rates.

Two types of transitions:

Electric (E) transitions arise from an oscillating
charge which causes an oscillation in the
external electric field.

Magnetic (M) transitions arise from a varying
current or magnetic moment which sets up a
varying magnetic field.
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initial J,

T

final Jf

» In the simplest case, the photon carries away
angular momentum ¢ when a proton in the
nucleus makes a transition from its initial a.m.
state J; to its final a.m. state J¢

ji :Z@jf

J,—J, <4<

J+3,

and

» The photon has intrinsic JP=1"= /> 1

.. Single y emission is forbidden for a
transition between two J=0 states.

0—0 transitions can only occur via internal
conversion or emission of more than 1.

» The transition probabilities obtained using

Transition T, . _<n M|[*p @) FermiGolden

Rate Rule
M = <\|1f 0 \|/i> and p E; = density of final states
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Electric dipole radiation (E1) /=1
Insert dipole ma’rmx element into FGR

37T

see QM IT after averaging over initial
and summing over final states

I'ise = 5 ‘\Vf‘eﬁ\lfﬁ‘
£oC h

For an order of magnitude estimate of this

rate,
‘ \Iff‘eﬁ\lfﬁ‘ ‘GR‘Z R= radi2us of nucleus
e
F—EOLEYR a:4nsohc By =ho
h=c=1
Ey=1MeV,R=5 fm §
FEL)=024 MeV3fm®
_ 024 o1 nc = 197 MeVfm
(19726 5x107 22 7= 6.6 x 1022 MeVs
=10 s (c.f.atoms I" ~ 10° s71)

As nuclear wavefunctions have definite parity,
the matrix element can only be non-zero if
the initial and final states have opposite parity
T >—er
. E1 transition = parity change of nucleus
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Magnetic dipole radiation (M1) ¢ =1

Matrix element

2
K‘l’f\w\‘l’ﬁ‘
1 = magnetic moment, o = Pauli spin matrix
. eh
Typically, (uo) ~ S =M Nuclear magneton
m
P
Proton
h R
A=—n~02fm ~— for R=5fm
m 25
- 2
PR I R
FED [(2m, ) &RZ2 —

Magnetic moment transforms as angular
momentum

N

—_

erx \7—P—> e(— 7:)>< (— v) —erxv even

.. M1 transition = no parity change of nucleus
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Higher order decays (E¢, M¢ where 7 > 1)

If the initial and final nuclear states differ by
more than 1 unit of angular momentum
= Higher multipole radiation

The perturbing Hamiltonian is a function of
electric and magnetic fields and hence of the
vector potential A

(wela' @) ys)

A for a photon is taken to have the form of a
plane wave

Ae_ﬂ::'}:l—ﬂ:;-}—i(]:;.})z L (— j]::-li:‘)n
Il.

2
Dip/gle Quc;\drupole Ov}opole...
¢ 1 2 3
El E2 E3
M1 M2 M3

Each successive term in 2 is reduced from the
previous one approx by a factor kR.

For k ~1MeV, R~b fm kR~H5 MeVfm ~ 0.025

[kR[2 ~10% [ @y e M
T E) I E1)
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The matrix element for E2 transitions ~ r?
i.e. even under a parity transformation

In general, E/ transitions Parity = (-1)
M/ transitions Parity = (-1)"1

Rate 1 103 10 10°..
El EZ2 E3 E4 ..
M1 M2 M3 ..

Parity v % vooXx
change

In general, a decay will proceed dominantly
by the highest order process permitted by
angular momentum and parity.

e.g. if a process has AJ = 2, no parity change,

it will go by E2, even though M3, E4 are also
allowed.
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Example 117 7sn

7/2

11/2

mal | iR

M1 | /2

3/2+ N ]/2+ M1 (E2 also allowed)
11/2° — 3/2"M4

more likely than 11/2” —1/27(EB)
7/2" — 3/2" E2

M2 } less likely
M3

7/2" —>11/2

7/27 —>1/2"

Information about nature of transitions is
useful in inferring J* values of states.

This discussion of rates is very ndive. More
complete formulae can be found in books.
Also collective effects may be important

» many nucleons participate in transitions.

» If nucleus has a large Q — rotational
excited states enhance E2 transitions

Lent Term 2004 Nuclear / V.Gibson 163



Example: Part IT Paper 3 Question C12 (1999)

The nucleus'®Tb undergoes B~ decay tosDY.
Careful study of the B~spectrum reveals the
presence of two components, with endpoint

energies E,,.

158
65

Tb also undergoes electron capture

(EC) to four excited states of 2°Gd. The relative
strength f of each component, and the energies Ey
of the corresponding associated ¥ rmy(s) are:

Decay f E,/MeV Ey/MeV
B 1% 0.628 0.218,0.099
B- 13% 0.845 0.099
EC 38% 0.963,0.781,0.182,0.079
EC 41% 0.945, 0.079
EC 3% 0.182, 0.079
EC 4% 0.079

1) Indicate the observed 3 and y transitions.

2) What is the likely nature of the lowest Y¥ing
excitations of the Dy and Gd nuclei, and hence
what are their likely spin prity values?

3) Using the relevant selection rules, make spin
parity assignments to all the levels involved.

4) Explain your reasoning, specifying the nature
of each of the ¥ itansitions (i.e. E1, M1 etc) and
the B Tansitions (i.e. allowed, forbidden).

Lent Term 2004
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Internal Conversion

The direct transfer of nuclear excitation
energy to atomic electrons (internal conversion)
competes with y decay.

The atomic electron is emitted with energy

Q = excitation energy
T.=Q-B, B, = atomic B.E. of e

Observe X-rays or Auger electrons as vacancy
is filled. Electrons emitted from different
atomic shells appear at different energies. The
effect on the nucleus is same as for y emission.

_Rate @" >a+e) T.

Internal Conversion |4 —
Coefficient Rate a" »>a+y) I

a ~ 10-2-104 for few 100 keV < Q < few MeV

Main characteristics: o ~ Z3
o decreases rapidly with n
a decreases with Q
o increases with multipolarity

JP = 0*—0* transitions (e.g. 10, °9Zr) even-
even nuclei are allowed by internal conversion.
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B decay spectrum:

See internal conversion lines superimposed
oh continuous spectrum.

n—>pt+e +v,
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The Mossbauer Effect

Measurement of small energy differences with
extremely high precision using the natural
width of nuclear states.

Basic idea:

Nucleus in excited state emits y to g.s.

initial state Q Ei

Y
<—© VAV, Ve Es
Recoiling nucleus Y
final state .
P
E:=Ef+E, +——
1 | f Y om
p = nucleus recoil momentum = p = E,
E2 1
E, =AE-— -
4 2m AE = E,’ E
Ey*AE———  Emission
2m
£, ~AE+2E
Similarly, for y absorption =y 28T
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EMISSION AE ABSORPTION [

» Ey varies due to natural width of energy levels

e.g. 17971Ir° t~14x10%0s, E =0.13 MeV

h _ I _
r="=5x10°evVy —~10
T Ei

» Initial state is in thermal motion = Doppler
shift

I, ~few1o 'eV>>T  room
temperature
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Mossbauer Experiment (1958)

191 Ir 191 Ir

Emitter Absorber v detector

Absorption of y's can only occur for energies
in the overlap region. If absorption occurs,
re-emission is |so‘rrop|c expect reduced
Intensity I

>

Expect AE E,
High T
St 9
AE E,
High T — T’y increases Low T — I'y decreases
Larger overlap Smaller overlap
More absorption Less absorption
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However, Mossbauer found that at low temp the
absorption increased.

I'y reduced BUT nucleus bound in crystal lattice

0)
- Mnucleus — Mcr'ys‘ral

negligible recoil

A E Ey Source velocity (cm/s)

-2 0 +2 +4

05

Mossbauer effect

Percent absorption

=
=]

-1 0 1 2
Energy change (105 eV)

The Méassbauer effect can be used to measure
energy differences ~ same order as width of the
resonance (e.g. 102 eV Ir,10%eV Fe).

Most applications determine the properties of the
physical or chemical environment of a nucleus.
When the emitter and absorber are in different
environments, the emission and absorption peaks do
not occur at precisely the same energy. The
relative velocity required to obtain maximum
absorption is measured.
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Gravitational Red Shift
Principle of Equivalence:

Effects of a local uniform gravitational field
cannot be distinguished from those of a
uniformly accelerated reference frame.

Emitter Uniform
h| gravitational

Absorber ’ field.

v detector

P P P P P o

Nucleus in emitter has additional
P.E. = mgh = Egh/c?

E( ghj Ef(1+ ghj AE(1+ ghj
C C C
Radiated photons are Doppler red-shifted
AE, gh

~107 10 m

Experiment (Harvard-Tower: 1960 Pound and Rebka)

AE °’Fe sensitivity F/Ey~3x10 13
E—V = (49024 0.041)x10
Y (c.f. 4905x10 ' expected)
One of the most precise tests of GR
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