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Nuclear Structure in the 1950's

Rutherford: Most of the mass is located in
a small, dense center of the atom
=> Nucleus

Nuclei consist of protons and neutrons

Electron scattering (up to 15.7 MeV) [3]
and fast neutron scattering => Nuclei have
a finite radius

1A =100,000fm

o I I I
I  tcken from ref. [4] Form of the charge distribution unknown

Alf - No knowledge of the substructure of
R=rp-A3tm nucleons and others than electromagnetic
Interaction



Robert Hofstadter

*Feb. 5th 1915, TfNov. 17th 1990

study of physics from 1935 at Princeton
University, PhD in 1938

from 1938 research on photoconductivity in
willemite crystals and during the war at the
National Bureau of Standards

in 1950: Associate Professor at Stanford
University initiating a program on electron
scattering but also doing research on
scintillation counters

from 1953: Main interest in electron scattering
experiments and nuclear structure

1961 Nobel Prize in physics

cf. ref. [1]




Structure Determination by Elastic
Electron-Nucleus Scattering

- Electron is the ideal probe: point-particle and only electromagnetic interaction

- At“low” energies (< 1 GeV): elastic scattering, no disintegration of the nucleus

- Interaction type depends on de Broglie wavelength of the electron (virtual
photon): elastic and inelastic scattering

- calculation of the cross-section: Born approximation and Fermi’s Golden Rule

taken from ref. [2]
(a) (b) (c)




Rutherford and Mott Scattering

Rutherford scattering: Mott scattering:
non-relativistic, no recoil - relativistic electrons, point-like
particles, recoil still negligible:
only interaction between Me <8 <M,
electric charges - spin-less nucleus/electrons have
spin

point-like, spin-less particles
. backscattering suppressed
(d_0> _ o (helicity conservation for 3 ~ 1)
dQ /) 16E2sin* (%)

do o’ 0 )
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point-like exponential Gaussian uniform Fermi
sphere function

Gaussian “sinc-like”

o]

Dirac fermion proton 8Li nucleus 40Ca nucleus
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F16. 14. The general layout of the equipment at the halfway
point and the accelerator. Experiments, limited by the spectrom-
eter to 190 Mev, are carried out in this area. taken from ref
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F16. 17. Schematic diagram of scattering geometry employed
with the gas target chamber.




taken from ref. [7,8]
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F16. 17. Schematic diagram of scattering geometry employed
with the gas target chamber.




Experimental Apparatus

F16. 15. The semicircular 190-Mev spectrometer, to the left, is
shown on the gun mount. The upper platform carries the lead
and paraffin shielding that encloses the Cerenkov counter. The
brass scattring chamber is shown below with the thin window
encircling it. Ion chamber monitors appear in the foreground. taken from ref. [7]
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Fic. 1. The elastic and inelastic peaks at l°87 Mev in carbon at a 103
scattenng angle Of 80 o taken from ref. [7,9] taken from ref. [5]




diffraction minima of
heavier elements are

(44 92
washed out

data agree well with a
Fermi-type model of the
nucleus

minima occur at the
oy 1
same position => R ~ A3

12

Form Factor Measurements

107 | | |

ELECTRON SCATTERING

ARBITRARY UNITS

DIFFERENTIAL. CROSS SECTION DIVIDED BY cos® - /sin® £

Fic. 2. Experimental results for several nuclei. The differential
cross sections, divided by cos*(8/2)/ sin*(8/2) to display diffraction
structure, are plotted s A!sin(0/2). The solid lines are smooth
curves drawn through the experimental points. They have been
shifted arbitrarily in the y-direction. The dashed vertical lines
indicate approximately the location of the first, second and third
diffraction (“[)S. taken from ref. [6]



Results on the Nuclear Charge
distribution

- uniform charge distribution with smoothed surface (Fermi-model) [6,7]

- model takes only two parameters [6,7] -
1 ‘5 250 -\ . ' 1
c=(1.07 £ 0.02)- A3 fm : N
t=(24+03) fm 2 s
£ 200 S E—
b ‘ S
U= Tp/pe=0.1 = Tp/pe=0.9 = 2z-In9 s =75~\~ ——— ——
100 - ; 180 +—F%- : — '
C”‘i‘ ol B
| e
| oo o-H
O50"|— | \\\ \
) 075 =
QSO =+~ - \
C‘IOJ 025 —— ° X
taken from ref. [5] ‘ l s ot 07em A

taken from ref. [5] Rodiol gistonce (107~ om)
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Results on the Nuclear Charge
distribution

- uniform charge distribution with smoothed surface (Fermi-model) [6,7]

- model takes only two parameters [6,7] = *~

c=(1.07 £ 0.02) - A5 fm Lo T ——
= (24 + 03) fm RZTO'A%fm - S

TABLE IV. Results of the analysis of nuclei in terms of the
Fermi smoothed uniform charge distribution. All lengths are in
Fermi units, charge densities in 10* coulombs/cm?. The accuracy
of these results is thought to be: radial parameters, +-29%,; surface

cO

~P

Charge density ¢ — 1
3
o
| 3
]
l
|

thickness parameter, +=109%. For lighter elements, the errors are 180 +——f————— |
probably larger. The accuracy for gold is higher. R is the radius B

of uniform charge distribution having the same rms radius as the 125 -Q_}:;: - —
Fermi distribution. ‘aken from ref. 7] N —y‘_!!‘_‘;\‘_\\!— —

Nucleus c ¢ R c/At=r R/AY =y, i \\ \ \

20Ca® 3.64 2.5 4.54 1.06 1.32

23 V5! 3.98 2.2 4.63 1.07 1.25 aso - )

27C0% 4.09 2.5 4.94 1.05 1.27 .

49In1s 5.24 2.3 5.80 1.08 1.19 ) ‘

515b122 5.32 2.5 5.97 1.07 1.20 BT \

79 Aut?? 6.38 2.32 6.87 1.096 1.180 xtgy \ =L

g3 B12%9 6.47 2.7 7.13 1.09 1.20 0+

taken from ref. [5]
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Nucleon Structure - How large are
the Proton and Neutron?

v? | steradion

- charge und magnetic
moment distribution of

proton and neutron /

- idea: use electron
scattering method on
nucleons

. 1954: first experiments by
Hofstadter showed that
proton has a finite size
(0.74 fm)

0

30 50 70 90 10 130 =
taken from ref. [5,11,12] Leboratory ongle of scotiering (in degrees)
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Rosenbluth Formula - Electric and
Magnetic Form Factors...

(

. Rosenbluth (1950): higher electron energy -> magnetic scattering

. scattering of point-like particles with spin:

do) a’ EleJr-QQ T_Q2
dQ)  4E2sin* (4) E \2) T2 My

- cross-section measurement: counting number of electrons

scattered in a particular direction and knowing the incident
electron flux

. account for finite size of the nucleons (Rosenbluth formula):

do

dQ

E/ 2 2
) = (d—(T) — . <GE + TG cOs? (9) +27GM sin <Q>>
Rosenbluth df R b 1 + T 2 2
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Electric and Magnetic Form Factor

- Fourier-transforms of the charge/magnetic moment distribution
in the limit @* <4m} = @Q°~q’

Cr(Q?) ~ Gp(q?) = / dr p(r) '

G1(Q?) ~ Gar(q?) = / dr p(r) i

- normalisation of the form factors to the charge/magnetic

moment:
GL(Q*=0) =1 Gp(Q*=10)=0
G (Q* =0) = 2.79 G (Q* =0) = —1.91
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Dirac- and Pauli Form Factors

- relation to electric and magnetic form factors
GE:Fl—TFQ GM:F1—|—F2

. I'1 Dirac form factor: spread out charge distribution and
magnetic moment

- I'5 Pauli form factor: anomalous magnetic moment (x=1.79)

et [ cos? (%) 1 5  q° 2 0
F= ARy [2F+ F }tanQ()+ 2F2}
4E? <sin4() 1+ 2E sin” (4) { b Am? (F1 + pF) 2 52

N[D(0|D

FP =1 n =
FP =179 F}=-191
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Proton Structure Results | (1956) ..

o
b PROTON ,
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Proton Structure Results |1 (1961)
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form factors split at higher
momentum transfer

charge and magnetic moment
RMS radii can be extracted
independent of the
distribution model

(r?) = [—6%532)] e

results as of 1961 [cf. ref. 15]:
R. = (0.75 4 0.05) fm
Ry, = (0.97 4 0.10) fm




The Structure of the Neutron

- neutrons only available
in the deuteron

- at large momentum
transfer neutron
essentially free

- Cross section approx.

sum of proton and
heutron cross section
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The Structure of the Neutron

et , Proton form factors % \ ‘ ‘
2 pgo- . St i < .ol \ _ Neutron form foctors '
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- ! , &
(. O J—
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The Proton Radius - Today

Spektrometer A 0
Rl Spektrometer B taken frorT‘ref. [19] ]
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The Proton Radius Puzzle

The proton radius measured by spectroscopy of muonic hydrogen
differs by 7o from the proton radius obtained using the electron
scattering method and spectroscopy of “normal” hydrogen.

The atomic orbit of the muon osmf- + } Sl seom JL:?”—

is much closer to the proton : | % SRS

. m E Mainz, Hydrogen CODonTo% Mﬁff!ﬁ i

SINCe t ~ 200 %0‘860_ .?grzazy' 1980+ ’ CODATL
Me ® o

0.840 T . Dispers‘on{ + Muonic 2010‘
| . | | { + hydrogen |
=> higher sensitivity of the | .

muon energy levels to the
proton size [21,22]

® Electron scattering measurements

® |aser spectroscopy measurements of atomic
hydrogen and hydrogen QED theory

® Reanalyses of electron scattering measurements

® CODATA least-square adjustments

1 1 1 1 1 l 1 1 1 1 1 1 1 1 1
1962 1963 1974 1980 1994 1996 1997 1999 2000 2001 2003 2007 2008 2010 2011
Year

R. = 0.84087(39) fm R™®) = 0.8791(79) fm
R,, = 0.87(6) fm R") = 0.803(17) fm

cf. ref. [22] cf. ref. [23,24,26]
24

taken from ref. [19]



Summary - Electron Scattering

- nuclei have Fermi-type charge distribution described
by two parameters, the radius c which depends on
the number of nucleons and a surface thickness t
which is constant for all nuclei

- nucleons have a finite size and can be described by
an exponential charge/magnetic moment distribution

- development of the electron scattering method which
is used today to measure the form factors of nuclei/
nucleons

25



Questions?

Thank you for your attention!
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Measurement of the Form Factors

do\ _ (do GRQD +TCU(QY) o o e 20
(37) = () e | 2GR (@) a5

147 2 |
0.016 : I : 1.0
i G _ AP
HE - i 0.8} = Ce
2|3 o
~ [ = - ; E = G /2.79
|6 0.014
s|s 06  f_ !
-
} "f‘; t=G/(-1.91)
0.4 ?k;&
0.012 - }q.%
?;L;
) 0.2} }' b, 1
0.010 - 0 ¥ s 3 ¢ 3 3
N\ @G"
| | | E |
0.2
0 0.05 0-10 v 0 02 04 06 08 10 12

2 taken from ref. [27] 02 [(GeV/C)2]
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